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Introduction

MicroED is a method for crystallographic
rotation data collection from vanishingly
small crystals in an electron microscope

Software for MicroED data processing can be
divided into specialised packages, and those

borrowed from X-ray crystallography 420 nm
Specialised Borrowed/adapted )’;
ADT3D MOSFLM L
PETS2 R e
XDS
CrysAlis’™
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What is DIALS?
Diffraction Integration for Advanced Light Sources diamond

® A decade and a half of development
International open-source software collaboration @ e
General framework and toolkit

Single crystal rotation and stills, MXand CX
X-rays, electrons, neutrons

H BERKELEY LAB

Science and
Technology
Facilities Council

DIALS East
DIALS West

P@ https://dials.github.io/
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DIALS data processing flowchart
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DIALS CLI

Main programs: $ dials.find_spots imported.expt
dials.import
dials.find_spots Histogram of per-image spot count for imageset 0:

. . . . 646 spots found on 72 images (max 25 / bin)
dials.find_rotation_axis .
dials.index " .
dials.refine_bravais_settings e e v wmese s reer x
dials.reindex O
dials.refine AR EE  EE R LS £ EE RS E 55
dials.integrate R
dials.symmetry
dials 't‘”’o—theta—r‘e-F:i'ne Saved 646 reflections to strong.refl
dials.scale

dials.export

About 90 dials.* commands in version 3.25.0
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DIALS for MicroED

Since 2018 various features for MicroED have been added to DIALS

Distortion correction map
Beam drift modelling
Refinement diagnostics
Image format readers
Spotfinding for Ceta-D etc.
Rotation axis determination
Serial ED indexing

Beam centre determination

General strengths of DIALS include:
e Open-source extensible framework e Scripting ¢ Multi-crystal analysis
e Familiarity for Structural Biologists ® Support from DLS/CCP4/LBNL
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Diffraction geometry: from MX to ED

Typical MX geometry, Pilatus 6M detector
Scattering vector at 29.9°

434 mm

X-ray (12 keV)

Real ED example, Timepix quad

= 1200 key) Scattering vector at 0.72°
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Ewald construction

X-ray diffraction

Photon energy 12 keV (A = 1.03 A)
Scattering vector at 2 A

20 = 29.9°
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Ewald construction

Electron diffraction

Electron energy 200 keV (A = 0.0251 A)

Scattering vector at 2 A
20=0.72°

yz

[

$

39
/

Y

Pl




Challenges

Almost flat Ewald sphere, high detector distance and low diffraction angle
® Joint refinement of detector and unit cell may not be possible

e Refined detector and unit cell parameters may be poor

® Indexing from a single image is challenging

® |t may even be difficult to determine the direction of rotation

® The beam centre may be unknown and can drift

® Lens distortions may introduce systematic error in observed positions

The biggest headache remains handling image formats!
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Importing data

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

@ Adxv Magnify ©® @ /home/david/microED_data/ko0a/Frame_value_100.bin
= image:| frame_value_100.bin [1] & Jump to image:[1
Load file SaveAs..
L

PR T AT TR

2 ]
: Picture: slow=-1.090 / Fast=-68.250 pixels.
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Image format plugins

dxtbx.install format --user [/path/to/format/class.py] [URL]
https://github.com/dials/dxtbx_ED formats

* dagewa Reinstate old version of FormatNexusSINGLA for use with DIALS 3.10.0 ...

ODDO0 0D Db DO D DD DD DDODDODODDOG

FormatCBFGatanOneView.py
FormatCBFJungfrauVIEO1.py
FormatCBFMiniTimepix.py
FormatFalconlIRaw.py
FormatMIB.py
FormatMRC.py
FormatNXmxSINGLA.py
FormatNexusSINGLA.py
FormatSEReBICpedestal.py
FormatSMV4DSTEM.py
FormatSMVCetaD_TUl.py
FormatSMVFalconlll.py
FormatSMV_TVIPS.py
FormatTIFF_DE.py
FormatTIFFgeneric.py
FormatTimepixRaw512x512.py
FormatVelox.py

README.md

black formatting

Correct rotation axis

Generalise the single panel detector model to any number of pixels
black formatting

QD Merlin formats (#6)

QD Merlin formats (#6)

Reinstate old version of FormatNexusSINGLA for use with DIALS 3.10....

Reinstate old version of FormatNexusSINGLA for use with DIALS 3.10....

Correct warning message
Basic format class to read 4DSTEM images from a system at
Allow IMAGE_PEDESTAL, if present, to set the pedestal
black formatting
black formatting and campsite improvements (#2)
lack formatting
Add FormatTIFF_UED_BNL for the UED instrument at BNL. Images
black formatting
Reference yamtbx by @keitaroyam

Initial commit

41a60a2 13 days ago {© 68 commits

2 years ago

2 years ago

2 years ago

2 years ago
15 months ago
15 months ago
13 days ago
13 days ago

3 years ago

3 months ago
9 months ago
2 years ago

3 years ago

2 years ago

4 months ago
2 years ago

2 years ago

5 years ago
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https://github.com/dials/dxtbx_ED_formats

Data format standardisation

The format zoo CAU-36 example

File Actions File Actions
' ] -
ht‘ image: — ﬂ b L5 hd Image: == ﬂ b
T Load file SaveAs... 1000001.img 1] Previous  Next Load file SaveAs... 1000001.mre 1] Previous  Next

Click and drag to pan; middle-click and drag to plot intensity profile, right-click to zoom  / Click and drag to pan; middle-click and drag to plot intensity profile, right-click to zoom A
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A solution to the format woes?

e EM formats often lack important e
diffraction metadata Sqelier o> el
@ % ®OO®
e Thisis a roadblock for - j
: ©{ ==
autoprocessing o 3 L —
® Perhaps we can follow the path /
taken in the X-ray (MX) world: l,
Raw data
HDF5 «— NeXus «— NXmx ~ "41‘2

Autoprocessing

Figure from Waterman et al. (2023). A standard

data format for 3DED/MicroED. Structure.
10.1016/j.str.2023.07.004.




Automatic data processing at eBIC

AutoED

[ ]
" detect

analyse
convert ”fﬁ( D

rocess i
D a P Diamond cluster
<=
Ny
= metadata hg
ED data
e
<
'
. Diamond a | D
fstascope filesystem X :
y unit cell mtz file
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Spot-finding

® The default method for
spot-finding is optimised
X-ray photon counting
detectors (HPADs)

File Actions

hl.i Image: —

lond fler e Ao frame_27_Lamo04_S1_master.h5 [319]

Q & Jump:|319

Previous Next

for

® This works well for HPADs used
for electron diffraction too

...though they are not counters!
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Click and drag to pan, mouse wheel or double click to zoom
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DIALS

Diffraction Integration for Advanced Light Sources




Spot-finding

= ht.‘ Image: — < > Jump:|64
® It does not work so well for Losd e swvens.. _ Lamoa 2 e mecled oo Nt

e S :
RO BT e R

integrating detectors with A S TR 3._-:;:::!3:-{; L n_ Fe
non-Poisson response and kR 5 _' o o T S T
imperfect calibration T A R e e
. o - . 1 : -# - x
-
g : ,

Click and drag to pan, mouse wheel or double click to zoom
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Spot-finding

Zooming out, a lot of noise peaks

File Actions

s

a re Vi Si b | e R"/f» “I:‘ |mage:Lamoa—cz_o%l"m[—5‘4’—]J Prgus th sumpfes  stackft

This makes indexing very difficult
The radial profile algorithm
is designed to cope better in such
cases

It is based on the statistics of the
observed pixel values, rather than
a specific model for the detector
response

Explore settings interactively with
the dials.image viewer

el
Click and drag to pan, mouse wheel or double click to zoom
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Beam centre determination

The problem is historically common in MX, though much less so at modern
beamlines. However, with 3D ED the issue has become prevalent again!

Line tool in the image viewer: Interactively Inversion and midpoint algorithms: designed
determine the bisection of a line between two  for use with 3D ED data with either high

points background or visible Friedel pairs
.
Panel Start Mid End 2 '(a:) maximum | OVerlap
0 941.00,933.16 1032.75,1027.66 | 1124.50,1122.16 .
2| inverted
’ 556 Line profile g 1 ! ;
1000 Q i X
- ‘ .
800 ._;i :'I '! :
600 4 :'. \ s ': ! \ i
400 O”"I'""""I'--'---_I gt T | — I' P
200 10 _(b) average
0 . )
0 50 100 150 200 250 -
Pixels g 'g |
g 05F |
2= |
. /A—/A . '\‘\J
— I
Y \-=
L] oof a

400 450 500 550 600 650
Pixel Index y
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Rotation axis determination

® Not so straightforward as with an X-ray beamline!
e Rotation axis orientation varies with lens settings in the microscope
® Can't even easily distinguish between correct axis and its inversion

‘ ® correct rotation
inverse rotation, ED
inverse rotation, MX
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Rotation axis determination

® An incorrect rotation axis makes it impossible
to find the reciprocal lattice

e dials.find rotation_axis performsa
coarse and then fine search to locate the
rotation axis with sub degree precision

® A cylindrical projection of difference vectors
is used to assess each step

azimuth=-38.50" | var=1.13

theta ()

P@ Algorithm described in Kolb et al. MRS D IALS

Symp. Proc. Vol. 1184 (2009)

Diffraction Integration for Advanced Light Sources




Rotation axis determination

® An incorrect rotation axis makes it impossible
to find the reciprocal lattice

e dials.find rotation_axis performsa
coarse and then fine search to locate the
rotation axis with sub degree precision

® A cylindrical projection of difference vectors
is used to assess each step

azimuth=128.90° | var=2.66
Rotation axis determination | Maximum @ 128.90°

theta ()

>
+ + +
gt T p ASans TRV,

++ ++
+++++++++++++++

Algorithm described in Kolb et al. MRS D IALS

Symp. Proc. Vol. 1184 (2009)
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Refinement of detector distance

® In MicroED the Ewald sphere is flat

® Itis usually impossible to refine the effective
detector distance and the unit cell
simultaneously

e Typically, fix detector distance throughout

processing

Rely on good calibration, though hard to get

<1% error

® Leads to error being expressed in the unit cell
parameters

_\\\
[
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Restrained refinement

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

Fix detector distance to properly calibrated value...

...or if the cell is known, provide a restraint to the target unit cell

refinement.parameterisation.crystal.unit_cell

{
restraints 9
i (a — ay)
tie to_target Ry =
{ a
values=99.06,31.01,54.30,90,107.7,90
sigmas=0.01,0.01,0.01,0.01,0.01,0.01
}
}
}

https://dials.github.io/documentation/tutorials/3DED/MyD88.html

(CPd DiaLs
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Effect on unit cell clustering

® Restraints tighten up the distribution of unit cells
This affects the results of unit cell clustering in programs such as BLEND,

or dials.cosym
® Isita better description of the population of cells?

Histogram of unit cell parameters

bk

305 31 315 32 325

Histogram of unit cell parameters

Ty

%2 54 56 58 60 30 31 32 33 34 95 100 105

Frequency

Frequency

a(A)
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Multi-crystal methods

® DIALS can handle multiple crystals
simultaneously

e Multiple lattice indexing is often useful
for nanocrystal data

® Joint refinement improves unit cell
estimation

® Joint scaling helps improve data
completeness and averages out
systematic errors

® The reciprocal lattice viewer can give a
rough idea of completeness prior to
scaling

Pl

Show in crystal frame
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Multi-crystal methods

® After joint scaling, multiplicity can be
assessed with the
cctbx.multiplicity viewer

N\
NANRA !
SNNNRRA L

N
COURTYIN |

\’ G
) W\ 2
"' _rmtt:
LIRS
/ VRN
. ARANYY

MyD88™R figures adapted from Clabbers et al. (2021).
Nat Commun 12, 2578. 10.1038/s41467-021-22590-6.

>0k

DIALS

Diffraction Integration for Advanced Light Sources



108

106

104 4

(R)

=

o

N
L

=

o

o
L

Parameter

98 4

96

8 9 10 11 12 13 14 15 16 17

Data set

59

Parameter (A)
w w w
()} ~ oo
1 ) !

(%]
[l
L

54 A

53 4

4

8 9 10 11 12 13 14 15 16 17

Data set

Parameter (A)

Parameter (°)

Multi-crystal unit cell refinement

Independent unit cell variation can be large
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Multi-crystal unit cell refinement

Joint refinement against 20 target (dials.two theta refine) provides a
best overall cell

a b
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Multi-crystal scaling with dials.scale

® Rapid re-scaling when adding or subtracting individual datasets
e Automated adjustment of parameters, reflection selection
® Successive cycles of scaling and filtering using CCl/2

<I/a(1)> vs batch Scale and Rperge VS batch
L BRLALLAY | TRRETETE
"] Q qﬁ _“! J .'j f, Ak o AEYEE T
0 L | . 'V\ i 3 A \ ,’\ \ | A
; o

0 200 400 600 0 200 400 600




Serial ED

® Beam-sensitive samples

- Bl T
B
® More materially (and shot) | :
efficient than XFEL - B
® Higher resolution than E o L
19%8° .33% i @

80 .. o7 G3%%e.
* e8ets e e+
10988, 338
I L o%%e il

conventional 3DED

® Time-resolved studies via @ 2 3 1
UED

e Various modalities:
snapshot, discrete tilts,
narrow rotation wedges

Pl

Smeets et al. (2018) J. Appl. Cryst. 51
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Serial ED indexing

® Each pattern has only 2D information

® Determination of 3 basis vectors from a
single pattern is not generally possible

® Using prior knowledge of the unit cell we
can fit the best orientation of that cell to
the pattern, where we have two observed
directions and one inferred

® 3 methods in DIALS can be used for this:

single image 56° wedge

© real space grid search
o low_res spot match

o pink_indexer

Pl
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Example: triclinic lysozyme, Glacios + SINGLA

a =25.20, b =30.90, c = 33.27
a=288.06, B=71.04, y = 69.69
P1

200 keV (0.02508 A)

Unit cell restraint required




Example: triclinic lysozyme on Glacios

Successes by indexing method

Number of successful methods
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Runtimes by indexing method
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