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Abstract 

Over the past decade, electron diffraction methods have aroused more and 

more interest for micro-crystal structure determination. Compared to tradi-

tional X-ray diffraction, electron diffraction breaks the size limitation of the 

crystals studied, but at the same time it also suffers from much stronger dy-

namical effects. While X-ray crystallography has been almost thoroughly 

developed, electron crystallography is still under active development. To be 

able to perform electron diffraction experiments, adequate skills for using a 

TEM are usually required, which makes ED experiments less accessible to 

average users than X-ray diffraction. Moreover, the relatively poor data sta-

tistics from ED data prevented electron crystallography from being widely 

accepted in the crystallography community. 

The thesis focused on both application and method development of continu-

ous rotation electron diffraction (cRED) technique. The cRED method was 

first applied to a beam sensitive metal-organic framework sample, Co-CAU-

36, and the structure was determined and refined within one working day. 

More importantly, the guest molecules in the pores were also located using 

only electron diffraction data. To facilitate general users to perform cRED 

data collection for useful data, software was developed to automate the over-

all data collection procedure. Through combination of hierarchical cluster 

analysis tools, the automatically collected data showed comparable quality to 

those from recent publications, and thus were useful for structure determina-

tion and even phase identification. To deal with dynamical refinement for 

ED data, a frame orientation refinement algorithm was designed to calculate 

accurate frame orientations for rotation data. Accuracy for the method was 

validated and compared to an existing software, and the behavior of TEM 

goniometer was studied by applying the method to an experimental data set. 

 

Keywords: electron crystallography; structure determination; structure re-

finement; metal-organic framework; guest molecules; software development; 

automation; hierarchical cluster analyses; high-throughput data processing; 

data merging; frame orientations; least-squares optimization; data pro-

cessing; TEM goniometer. 
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Abbreviations 

1D one-dimensional 

2D two-dimensional 

3D three-dimensional 

ADP atomic displacement parameter 

ADT automated diffraction tomography 

API application programming interface 

CC correlation coefficient 

CCD charged coupled device 

COM component object model 

cRED continuous rotation electron diffraction 

DABCO 1,4-diazabicyclo[2.2.2]octane 

DLL dynamic link library 

DM digital micrograph 

ED electron diffraction 

FOM figure of merit 

FT Fourier transform 

HCA hierarchical cluster analysis 

HRTEM high resolution transmission electron microscopy 

IZA international zeolite association 

MicroED micro-crystal electron diffraction 

MOF metal-organic framework 

PEDT precession electron diffraction tomography 

PSF point spread function 

PXRD powder X-ray diffraction 

RED rotation electron diffraction 

SCXRD single crystal X-ray diffraction 

SDK software development kit 

SerialED serial electron diffraction 

SerialRED serial rotation electron diffraction 

sRED stepwise rotation electron diffraction 

STEM scanning transmission electron microscopy 

TEM transmission electron microscope 
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Chapter 1. Introduction 

Studies into the arrangement of atoms in solids are essential in understanding 

the behavior, property, and nature of different materials. Crystallography and 

structure determination methods have continued developing since the first 

observation of X-ray diffraction by crystalline materials
[1]

 in 1912. They 

have been applied to various structures from many fields, ranging from ma-

terials science and chemistry to structural biology. So far, a total of 48 Nobel 

prizes were given to the field of crystallographya.  

Bragg’s law describes that when X-rays pass through a crystal, they diffract 

strongly since the wavelength is comparable to the repeating interplanar 

distances. From the relationship among the wavelength, diffraction peak 

positions and interplanar spacings, scientists were already capable of “solv-

ing” some simple structures at earlier times. Diffraction intensities were, 

then, found to be more useful for quantifying the components of the inter-

planar distances by Fourier analyses. The first widely-accepted formulation 

came out in 1935 by Patterson
[2]

 (a.k.a. the “Patterson method”), about 20 

years after the Bragg’s formulation. It is widely known that the phase infor-

mation is lost in the diffraction patterns. The method provided a way to 

avoid missing phases of the diffraction spots by summing up the squared 

structure factors to yield a Patterson map describing all possible difference 

vectors in the unit cell. The drawback of the Patterson method is that it can 

encounter difficulties when there are a large number of atoms in the unit cell 

(thus the number of difference vectors is increased by a factor of N
2
, where 

N is the number of atoms). The method for direct calculation of the unknown 

phases (a.k.a. the “direct methods”) was proposed almost 20 years later, by 

Hauptman and Karle in 1953
[3]

. Instead of focusing on real space difference 

vectors, the direct methods simply optimizes phase values according to the 

observations. With development of these phasing methods, Single Crystal X-

ray Diffraction (SCXRD) gradually became the mainstream technique that is 

widely developed and used for structure determination. 

The electron diffraction technique began after the discovery of the wave 

nature of electrons. Vainshtein and Pinsker first conducted a structure analy-

sis using electron diffraction in 1949, where the electron diffraction patterns 

of BaCl2·H2O single crystals revealed the first Fourier map. Since then, re-

searchers found that the direct methods applied equally well for electron 

                                                      
a https://www.iucr.org/people/nobel-prize 
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diffraction data, and structural studies of various compounds were success-

fully performed
[4]

. 

Early work using electron diffraction analysis was laborious, and in most 

cases, other microscopy techniques, such as HRTEM, were necessary to 

locate atoms and confirm the structures. However, the instrumentation and 

computational methods for full automation of X-ray crystallography were 

concurrently being developed for both data collection and processing. In 

terms of data collection, people integrated rotation, precession and/or oscilla-

tion into the actual data collection to sample reciprocal space in a more com-

plete manner. These could easily be semi-automated with proper mechanical 

designs. In line with the development of different data collection geometries, 

the corresponding data processing methods to optimize the data collection 

parameters, as well as implementation of the direct methods using modern 

computers, were gradually performed and validated. Now, several commer-

cial software and hardware packages are available for fully automated struc-

ture determination. This means that one simply needs to mount the crystal on 

an X-ray diffractometer and grab a cup of coffee while the structure report is 

being automatically generated. 

But then, why did people still need to use electron diffraction techniques? 

Because a certain number of materials could not be studied using X-ray dif-

fraction. These include materials with crystals too small for X-ray diffrac-

tion. Electrons, on the other hand, interact with materials much more strong-

ly than X-rays. This made electron crystallography unique, and thus was 

never abandoned, although its development was dwarfed by the fast devel-

opment of X-ray crystallography. 

One of the bottle necks of the experimental development for electron diffrac-

tion technique was that the electron microscopes had to be operated with 

high vacuum (otherwise electrons would be scattered by particles in air). 

Before CCD cameras came to the electron microscopy field, image recording 

had always been done with films. The experiments could never be continu-

ous since the films had to be changed constantly. This prevented 3D electron 

diffraction techniques to develop before the start of the 21
st
 century.  

The development of modern electronics made 3D electron crystallography 

possible, and the X-ray diffraction implementations were simply adapted to 

modern transmission electron microscopes (TEMs).  

The Rotation Electron Diffraction (RED) technique was developed in Stock-

holm in TEM mode, while in Mainz, Germany, the researchers performed 

nano-diffraction with a rotating sample in Scanning TEM (STEM) mode, 

recording all the diffraction patterns using the CCD camera, and algorithmi-

cally back-projecting the patterns in 3D after data collection, which is named 

as Automated Diffraction Tomography (ADT). Precession was also intro-

duced to increase sampling of the 3D reciprocal space. This was analogous 
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to the rotation method in X-ray crystallography. Since then, other groups 

started to apply the 3D electron crystallography methods and succeeded in 

determining structures of single nano-crystals. Such methods include Mi-

croED, Fast Electron Diffraction Tomography, etc. Especially MicroED has 

received a lot of attention and was listed by Science as one of the ten main 

scientific breakthroughs in 2018b. 

3D electron crystallography breaks the size limitation imposed by traditional 

X-ray crystallography. There have been a lot of examples of successful 

structure determination with 3D electron crystallography. However, it has, in 

many cases, been used only as a complementary technique (i.e. only for unit 

cell determination and preliminary structure determination). A more detailed 

and careful confirmation was usually performed using the established X-ray 

diffraction techniques, such as PXRD. This is because the intensities ob-

tained from electron diffraction are not as reliable as those from X-ray dif-

fraction due to multiple electron scattering. For X-rays, the interaction with 

matter is weak enough to prevent multiple scattering. Although multiple 

scattering of X-rays has been well studied
[5]

, kinematical approximation for 

X-ray data is usually valid assuming only single scattering events. This is 

usually not valid in electron diffraction. Multiple scattering happens so that 

the intensities of most diffraction spots are affected. Dynamical theory for 

electron scattering has been developed
[6,7]

, but has not yet been widely ap-

plied to the treatment of actual electron diffraction data. In most cases, peo-

ple are still using software developed for X-ray crystallography to treat elec-

tron diffraction data. Although the accuracy of the structure models can be 

confirmed, the data statistics were usually unsatisfactory. This questioned 

“reliability” by traditional crystallographers. To improve the data statistics, 

special treatment method for electron diffraction data has to be further de-

veloped. 

Moreover, studying nano-crystals with electron diffraction has long been 

criticized for being subjective in crystal selection, as well as the representa-

bility of the data from the statistical point of view. Because of the lack of 

automation techniques, every data set has to be collected by a highly skilled 

TEM user, which makes it tedious, if not impossible, to manually search for 

“all” kinds of crystals without any bias to collect data on, and to ensure the 

result to be statistically significant. Hence the development of automated 3D 

electron crystallography is highly desirable. Fortunately, modern TEMs usu-

ally provide full access to the programming interfaces of the lens and deflec-

tor system, as well as the camera. This offers us a unique opportunity to au-

tomate the whole data collection procedure via software programming.  

 

                                                      
b https://vis.sciencemag.org/breakthrough2018/ 
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1.1. Aim of the thesis 

This thesis aims to demonstrate the current status and application of the con-

tinuous RED (cRED) method on beam sensitive materials. The implementa-

tion of such a method provided high quality ED data for structure determina-

tion, along with other new findings. Moreover, further developments of elec-

tron crystallography methods for both data collection and data processing are 

shown.  

A MOF structure, Co-CAU-36, was successfully solved and refined using 

only cRED data. We demonstrate the power and efficiency of the current 

cRED in terms of accurate structure determination and guest molecule loca-

tion. It can even provide traces of H atoms from the electrostatic potential 

map. 

We demonstrate that cRED data collection can be fully automated by com-

bining microscope programming and hierarchical cluster analyses (HCAs). 

Application of the automation method showed that the quality of the com-

puter-collected data is comparable to that of manually collected data. The 

work opens up new horizons for future structure analysis with electron dif-

fraction, as well as serves as an inspiration to experimental method devel-

opment via microscope programming. 

Determination of accurate orientations of ED frames is important for data 

integration and dynamical structure refinement. An orientation fitting meth-

od was developed to calculate accurate frame orientations for rotation data 

sets. The method was validated with simulated data and was found to outper-

form the previously implemented orientation refinement method in the soft-

ware DIALS in terms of overall accuracy. The method was used to determine 

the angular accuracy of the goniometer on our TEM. The results can be po-

tentially used to address dynamical scattering calculation for electron dif-

fraction data. 
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Chapter 2. Background 

Structure analysis is essential for understanding the properties of different 

materials. Since Bragg and Bragg first observed X-ray diffraction from a 

crystalline solid in 1912
[1]

, X-ray crystallography has been developed  for 

structure determination. SCXRD and PXRD techniques are mostly used for 

structure studies. XRD data collection is quite straightforward nowadays, 

and X-ray diffractometers are available in nearly every lab with various 

commercialized solution packages that allow even inexperienced users to be 

able to collect useful data. Data processing methods are also mature and 

well-programmed, since the physics and mathematics of XRD have been 

well understood and formulated. However, the crystal size required for ap-

plication of SCXRD techniques should be larger than a few microns, which 

can be hard to obtain for some materials. Although PXRD can sometimes be 

used to study crystals with smaller sizes, significant expertise is required for 

data processing and structure analysis. Modern synchrotron sources provide 

another alternative for slightly smaller crystals, but high cost and low availa-

bility of such experiments prevent researchers from easy access. Even so, 

there is still a limit of micron size for the crystals. 

Electron crystallography provides unique opportunities for studying nano-

crystals, because electrons interact with matter much more strongly than do 

X-rays. Electron crystallography encompasses various subjects, such as 

cryo-EM single particle analysis, HRTEM, ED, etc. In this thesis, I will sole-

ly focus on ED. A brief view of crystal size limitations for different crystal-

lographic methods is summarized in Figure 1. 

 

 

Figure 1. Size limitation spectrum for different crystallographic methods. 
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2.1. Electron crystallography 

2.1.1. Basics of crystallography 

When a wave passes through an ordered lattice, the reflected wave fronts 

interfere. The relationship between the incident angle (θ), wavelength (λ) and 

the spacing of the lattice (d) follows Bragg’s Law: 

 2 ∗ 𝑑 ∗ sin(𝜃) = 𝑛 ∗ 𝜆 1 

where n characterizes the order of reflection. High order reflections (with n ≥ 

2) are much weaker compared to the first order reflections (with n = 1) be-

cause of the rapid decay of scattering probabilities (a.k.a. atomic scattering 

factors) with regard to the scattering angles. Equation 1 gives the relation-

ship between the observed reflection position and the lattice d spacing. For a 

widely-used Cu source, the Kα edge corresponds to a wavelength of 1.54 Å, 

which coincides with the length of a C-C single bond.  

For electron diffraction, the wavelength can be calculated using a relativ-

istic-corrected de Broglie formula.  

 
𝜆 =  

ℎ

√2𝑚𝑈𝑒(1 +
𝑒𝑈

2𝑚𝑐2)

 
2 

where h is the Planck constant (6.63 ×10
-34

 m
2
·kg/s), m is the mass of one 

electron (9.1 ×10
-31

 kg), e is the charge for one electron (1.6 ×10
-19

 C), c is 

the velocity of light in vacuum (3.0 ×10
8
 m/s), and U represents the accelera-

tion voltage for the studied electron (in the unit of V). A 200 keV accelerated 

electron should thus have a wavelength of 0.02508 Å. 

 

2.1.2. Ewald sphere reconstruction 

Equation 1 can be rearranged to be: 

 
1

𝑑
=

2sin (𝜃)

𝜆
 3 

That is to say, only when the reciprocal of the d spacing is equal to 2sin (𝜃) 

times the reciprocal of λ, the Bragg condition is satisfied and the electron 

waves will have constructive interference. We can then see diffraction spots 

corresponding to the d spacing and scattering angle 2θ. If we construct a 

sphere with a radius of 1/λ and a reciprocal lattice with different 1/d’s, it can 

be deduced via basic trigonometric calculation that the diffraction satisfies 

Eq. 3 only when the spots lie on the surface of the sphere. Such a sphere is 

called the Ewald sphere in crystallography. When the crystal is rotated, dif-
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ferent spots will be cut by the surface of the Ewald sphere, thus resulting in 

continuous changes in the diffraction patterns (see Figure 2). 

 

2.1.3. Optics in a transmission electron microscope 

Transmission electron microscope (TEM) is a widely-used tool to perform 

detailed studies for various kinds of materials. Modern TEMs can usually 

specify spatial resolution down to Ångström level. With the development of 

image correctors, probe correctors and monochromators, combined with 

some image processing (ptychography) methods, the resolution can even go 

well below sub-Ångström level
[8]

. A normal TEM consists of a condenser 

lens system, an objective lens system, an intermediate lens system and a 

projector lens system. Condenser lenses cut the size of an electron beam 

right after it is emitted from the source. In order to increase the spatial reso-

lution especially for STEM, a probe corrector may be introduced in the con-

denser system. Objective lenses define the imaging quality because the ob-

jective lens system re-focuses the beam after specimen. There can also be an 

image corrector after the objective lens system to compensate for the lens 

aberrations and increase the imaging resolution. Probe and image correctors 

are often referred to as “Cs corrector” as a whole, which are nowadays usu-

ally available in high-end TEMs. An intermediate lens focuses the actual 

imaging to be on the image plane (for real space imaging) or the back focal 

plane (for diffraction). The projector lens finally maps the information onto 

the detector or screen. A schematic figure of the optics of a TEM is shown in 

Figure 3. 
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Figure 2. Ewald sphere Construction. Only the orange spots in the reciprocal 

lattice which lie close enough to the surface of the sphere are going to show 

up in the diffraction pattern. In the rotation geometry, when we continuously 

rotate the crystal via the goniometer, the reciprocal lattice is rotated accord-

ingly and different diffraction spots will be cut by the Ewald sphere, result-

ing in a continuous change of the diffraction patterns. 
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Figure 3. Schematic structure and optics of a TEM. 

 

2.1.4. Reciprocal space and crystal symmetry 

A diffraction pattern of a thin specimen is comparable to the Fourier trans-

form (FT) of the corresponding real space image, provided that the image 

successfully shows the aligned structural features. In an FT of an image, 

both the amplitude and phase of a Fourier component are stored; however, it 

suffers from the artifacts on the image which lead to a lower resolution in the 

FT compared to an actual diffraction. On the other hand, with diffraction 

patterns, we can only estimate the amplitude of the Fourier components (by 

looking at the intensities), while the phase information is lost. Phasing the 

Fourier components is essentially what crystallographers try to solve. Only 

with the phase information can a crystallographer perform inverse FT to get 

a real space map of the scatterers (electron densities). Atomic scattering fac-

tors f’s are decaying functions of the scattering probability over the scatter-

ing angles. A real space image can be viewed as a superposition of all (2D) 

atomic scattering functions (convoluted by the point spread function (PSF) 
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of the detector). Performing FT on the atomic scattering factors gives a so-

called structure factor (as is defined in crystallography): 

 𝐹ℎ𝑘𝑙 = ∑𝑓𝑗,ℎ𝑘𝑙𝑒
2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)

𝑁

𝑗=1

 4 

which just means to perform FT on the sum of atomic scattering factors be-

fore it reaches the detector. 𝑓𝑗,ℎ𝑘𝑙  for electrons can be found in the litera-

ture
[9]

. The squared amplitude of 𝐹ℎ𝑘𝑙, or in other words, the probability of 

observing each Fourier component, corresponds to the intensities of the dif-

fraction spots. We try to refine the structural model by minimizing the ob-

served structure factors and calculated structure factors, which can be ex-

pressed as a nonlinear optimization problem: 

 min
∑ ||𝐹ℎ𝑘𝑙,𝑐𝑎𝑙𝑐| − |𝐹ℎ𝑘𝑙,𝑜𝑏𝑠||ℎ𝑘𝑙

∑ |𝐹ℎ𝑘𝑙,𝑜𝑏𝑠|ℎ𝑘𝑙

 5 

The key of structure determination is hence to find the optimal solution of all 

(𝑥𝑗, 𝑦𝑗, 𝑧𝑗)’s that minimize the cost function in equation 5. The cost function 

is normally referred to as the R value in crystallography. Once the problems 

are defined mathematically, it is easier to understand what the crystallog-

raphy programs are trying to do. 𝐹ℎ𝑘𝑙,𝑐𝑎𝑙𝑐 is actually more difficult to calcu-

late than it seems, since there is a lot of scaling involved in the calculation to 

compensate for any experimental or physical effects. 

Depending on the symmetry, some 𝐹ℎ𝑘𝑙’s in theory can only have zero inten-

sity. This leads to systematic absences for some reflections. This can be used 

as a direct indication of the space group of the crystal. However, this is not 

absolutely true for ED in practice, because of dynamical scattering events, 

where some symmetry-forbidden reflections appear. 

 

2.2. Overview of 3D electron diffraction methods 

3D electron diffraction (3DED) methods have emerged during the past dec-

ade and have been applied to nano-crystals from different research fields. 

3DED methods overcome the size limitation of X-ray techniques where only 

crystals of size larger than a few microns can be studied. Various studies 

have shown that 3DED methods can effectively help to determine the nano-

structures of different kinds of materials, including zeolites
[10]

, MOFs
[11,12]

, 

and even proteins
[13,14]

. 

The 3DED methods basically follow the rotation geometry as was imple-

mented in the X-ray field
[15]

. In a TEM, a goniometer is used in general to 
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rotate the crystal of interest, but the detailed implementations may differ 

among the various 3DED methods. Two fundamental categories for the 

3DED methods are the discrete sampling methods and the continuous sam-

pling methods. 

 

2.2.1. Discrete sampling methods 

The method samples the reciprocal space by using discrete steps. Many of 

the early developments of 3DED use discrete sampling, such as Automated 

Diffraction Tomography (ADT)
[16]

, Rotation Electron Diffraction 

(RED)
[17,18]

, etc. In ADT, the sampling is combined with a certain precession 

angle using the beam tilt deflectors, thus also called as the Precession Elec-

tron Diffraction Tomography (PEDT)
[19]

. Precession samples the reciprocal 

space in all directions around a certain beam tilt angle and is believed to be 

minimizing the dynamical effects from the electrons. For RED, the discrete 

sampling combines coarse goniometer tilt (e.g. ≥ 1.0°) and fine beam tilt 

steps (e.g. 0.10°) in order to perform finer sampling of the reciprocal space. 

The accuracy of goniometer rotation is relatively low (usually ±0.1° accord-

ing to TEM specifications). 

 

2.2.2. Continuous sampling methods 

With the development of fast electron detectors such as the Medipix detec-

tors, continuous data acquisition has become possible since the read-out time 

of these detectors are usually within a few milliseconds. The continuous 

sampling methods record the diffraction on the camera over a certain expo-

sure time, while continuously rotating the goniometer. In this way, the rec-

orded images are an integral over the desired exposure time, thus the intensi-

ty extraction for the continuous data is usually both easier and more accurate. 

Several studies have applied the continuous methods on different kinds of 

materials
[11–13,20–22]

. The methods are named differently, e.g. MicroED
[21]

, 

cRED
[11]

, etc.  

A schematic for comparison of the discrete sampling method RED (notated 

as sRED, or stepwise RED) and the continuous sampling method cRED is 

shown in Figure 4. 
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Figure 4. Schematic figure comparing sRED and cRED. In the conventional 

stepwise RED (sRED), reciprocal space is sampled discretely, and thus only 

point intensities are recorded on the diffraction patterns. In order to extract 

the 3D intensities, each reflection needs to be modeled accurately in order to 

integrate the 3D profile, which is practically very difficult to perform be-

cause a lot of experimental parameters are not accurate enough. Instead, 

cRED takes an integral of intensities over a certain exposure time, and thus 

is more similar to the data collection in X-ray crystallography. This facili-

tates data reduction. Missing wedges do exist for cRED during the read-out 

of the detector, which usually accounts for less than 3% of the data (depend-

ing on the actual exposure time). Figure reproduced
 
from [12] with permis-

sion of Wiley-VCH. 

 

2.2.3. Data reduction for RED 

In a typical RED experiment, hundreds of frames are collected in the form of 

images. Crystallographers need to know the positions of the reflections and 

their intensities in order to perform the optimization described in equations 4 

and 5. The process from the raw image data to the extracted intensity data 

(.hkl) is called data reduction. There are a few points to highlight for the data 

reduction. 

 

2.2.3.1. Necessary calibrations 

2.2.3.1.1. Pixel size 

Pixel size is needed in order to scale the collected images to fit the actual 

reciprocal lattice size, which depends on the camera length used. This is the 

key parameter for accurate unit cell determination from diffraction data. A 

calibration of pixel sizes is done using diffraction powder rings from stand-

ard samples (e.g. Au nano-crystals). For different camera lengths, the pixel 

sizes can either be interpolated from results of two points, or be calibrated 

respectively. 
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2.2.3.1.2. Rotation axis 

An accurately determined rotation axis is the key to back-projecting 2D 

frames into 3D. The calibration of rotation axis can be done in the software 

REDp
[17]

. By estimating by eye the alignment of the 3D reciprocal space in 

the “3D raw” view, the rotation axis can be found qualitatively. The quanti-

tative rotation axis refinement can be done with the help of the software 

PETS
[23]

 using a data set with reasonable data quality
[24,25]

. PETS maximizes 

the number of matched spot positions for all 2D patterns to the calculated 

reflection positions via a sequential search of the rotation axis. The accuracy 

for this method can reach 0.1˚. 

 

2.2.3.1.3. Distortion from the lens system 

The collected images can be geometrically distorted because of aberration 

effects of the TEM lenses. An earlier study showed that the distortion could 

be described well by an elliptical model (thus also called elliptical distortion), 

and the errors most probably came from the projector lens
[26]

. The effect of 

the distortion is that a diffraction pattern is elongated by certain percentage 

in one direction, and shrunk in the perpendicular direction. One practical 

way to calibrate the elliptical distortion is to take uncorrected powder ring 

diffraction patterns, and performing model fit for the rings to calculate the 

azimuth angle and magnitude of distortion. The software CRISP
[27]

 is 

equipped to fit the distortion (see Figure 5). 

Our JEOL JEM-2100 LaB6 TEM has an elliptical distortion of 83.37° in 

azimuthal direction with a stretching magnitude of 2.4% (as is used in soft-

ware Instamatic, which will be discussed in Chapter 4). The result was opti-

mized for images taken from the Timepix detector using the method de-

scribed above. 
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Figure 5. Calibration of elliptical distortion in CRISP. The powder ring dif-

fraction pattern of gold nano-paticles is used to determine the azimuth and 

magnitude of the elliptical distortion. One has to manually click on a few 

points on the pattern that lie on the same ring, and the program fits the 

picked points to an ellipse model. In that way, the center as well as the short 

and long axes of the ellipse can be calculated.  

 

2.2.3.2. Unit cell determination 

With a back-projection of each corrected ED pattern in the 3D reciprocal 

space, a 3D reciprocal lattice is reconstructed and the unit cell can be deter-

mined from the lattice by looking at the histogram of the difference vector 

space and picking the three shortest and linearly independent vectors
[28–30]

, or 

by conducting a more advanced Fourier analysis on the reciprocal lattice 

vectors
[31]

. 

Since electron diffraction is a relatively new area in crystallography, a lot of 

the data reduction is still done with the well-developed X-ray crystallog-

raphy software. Although a few programs have been developed to deal with 

RED data particularly, such as REDp
[17]

 and PETS
[23]

, the intensity extraction 

part of these programs needs further development, since there are many ex-

perimental parameters that need to be optimized. However, the current trend 

is to use the software that are designed for X-ray crystallography to perform 

data reduction
[32]

. Software like XDS
[33]

 and DIALS
[34]

 provide good flexibil-

ity to tune certain parameters to adapt into ED experiments.  
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2.3. Structure determination with RED/cRED 

RED has been developed by our group since the past decade to help structure 

determination of nano-crystals, especially zeolites, MOFs, and proteins. To 

date, over 100 structures have been solved using the RED technique. 

The conventional RED technique has been helpful in structure determination, 

but it was difficult to be set up as a standalone method because the intensi-

ties that were reduced from the data were inaccurate, which would normally 

lead to high Rint values, high R1 values, and etc. Therefore, the conventional 

RED generally serves as a supplementary technique in structure determina-

tion. PXRD data is usually required for refinement
[35]

 to confirm the struc-

ture. 

As previously discussed, the cRED method provides more accurate intensity 

measurements, since it integrates over the exposure time itself. Consequently, 

the method yields better diffraction intensity estimates via Gaussian profiling 

of the frame intensities. Tiny missing wedges during the read-out of the 

camera as well as the dynamical effects will yield minor inaccuracies, but 

such can be minimized with the intensity profiling techniques, as imple-

mented in the software XDS. Over the past three years, a number of new 

structures have been determined using cRED
[11,12,14,36]

. More importantly, 

cRED data alone can often be used to refine the structures with valid data 

consistency and model accuracy
[12,37]

. Rint values and R1 values lower than 20% 

are now common with our newly developed method, which much exceeds 

data collected through sRED. Compared to sRED, cRED data behave more 

like X-ray diffraction data and the atomic displacement parameters are 

chemically more reasonable
[38]

. 

 

2.4. Method development for electron diffraction 

2.4.1. Development of data collection methods for cRED 

The principle for data collection using cRED technique is relatively simple: 

to record a stream of image data with a desired exposure time while rotating 

the goniometer. The emergence of fast pixel-array detectors for electrons has 

made this possible.  

 

2.4.2. Current method and difficulties to collect high quality 

cRED data 

In our lab, a fast pixel-array direct-electron camera, Timepix, manufactured 

by Amsterdam Scientific Instruments (ASI), has been installed on the JEOL 
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2100 LaB6 TEM. The camera specifies a read-out time of 8 ms, and theoreti-

cally no background noise is generated. In practice, one does observe some 

drifting electrons for neighboring pixels since the electron might be hitting 

the junction area of several pixels, or scattered by a pixel device and drifting 

to a nearby pixel. However in general the detector has been working well 

and helped us to collect higher quality ED data compared to traditional CCD 

cameras, e.g. the Gatan Orius Camera which had been used extensively for 

sRED experiments. 

A serious problem that an experimentalist always has when performing 

cRED data collection is the drift of sample during rotation. This is because 

almost all TEM goniometers are designed in the way that rotation can hardly 

be exactly eucentric, i.e. the rotated point is strictly along the rotation axis 

for every position. In sRED, one can always adjust the position of the crystal 

with regard to the beam in between the discrete goniometer steps. This is not 

possible in cRED. At the beginning we were aware that the direction of drift-

ing was usually perpendicular to the direction of rotation axis, and per-

formed empirical manual tracking without seeing the crystals. This some-

times works, but requires a lot of expertise in data collection and also a bit of 

luck since the drifting is not 100% predictable to be always perpendicular to 

the rotation axis. Consequently, unexpected changes in the overall diffrac-

tion intensities between the frames are often introduced
[38]

. 

 

2.4.3. Possibilities to program the microscope with Python 

Modern TEMs provide interfaces allowing nearly full access to the lens, 

deflector and stage system. One can approach the interfaces in different 

ways, and a lot of early efforts have already been made into a few existing 

software. A lot of these happened mainly in the field of Cryo-EM, where 

single particle analysis experiments are performed and it is not practical to 

manually find and extract images of millions of particles. The software built 

up connection with the TEM, and were able to change the lens, deflector and 

stage settings from the programs. These software include SerialEM
[39]

, Legi-

non
[40]

, and a few other single particle data acquisition programs. Inspired by 

these, one of the previous postdocs in our group, Dr. Stef Smeets, was able 

to develop a new software Instamatic
[41]

, originally for the purpose of col-

lecting SerialED
[42]

 data. The software is written in Python. This actually 

gives us possibility to develop our cRED method also in Python, and eventu-

ally it was integrated into Instamatic. With Python-controlled TEM, we are 

able to design some new data collection routines to overcome the sample 

drifting issue
[38]

. Furthermore, it offers unique opportunities to design and 

automate the whole data collection procedure. 
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2.5. Development in data processing methods 

Crystallography used to be exclusively for X-ray. Since the discovery of 

Bragg’s law, X-ray crystallography has been studied for over 100 years. The 

physics of X-ray scattering is deeply understood; the data collection methods 

are optimized and the corresponding data processing is so accurate that the 

difference between theoretical calculation and experimental observation can 

be less than 1%. 

Meanwhile, ED data processing is still challenging. Right now ED data pro-

cessing mostly depends on the X-ray crystallography software. However, 

there are some fundamental differences between interaction of electrons with 

matter and that of X-rays. In many cases, the data processing is still result-

oriented, and some parameters in data processing which were developed for 

X-rays do not make sense when it comes to electrons. Moreover, since elec-

trons interact with matter much more strongly than X-rays, multiple scatter-

ing in electron diffraction needs to be taken into account, while for X-rays, it 

is often sufficient to perform a kinematical approximation. The multiple 

scattering nature of electron is also known as “dynamical effects”. 

 

2.5.1. Existing methods for dealing with dynamical effects 

A proper treatment of dynamical effects in ED data is still necessary for 

3DED methods. The software JANA2006,
[43]

 however, successfully treats 

dynamical effects. It refines the crystal thickness and frame orientations 

based on a minimization of the differences between simulated diffraction 

frames and experimental diffraction patterns, where simulations are per-

formed using a dynamical calculation approach
[44]

. The algorithm has been 

proven very effective for PEDT data
[45]

, and even H atoms can be seen after 

the dynamical treatment
[46]

. We arduously tried to adapt experimental pa-

rameters for our cRED data without any precession for data processing in 

JANA2006, but the dynamical refinement improved the quality very little. 

This can be because precession integrates the orientations over a certain 

precession angle in all directions, while the cRED method integrates in only 

one direction. Methods for treatment of dynamical effects are needed, espe-

cially for cRED data; algorithms for refining the crystal thickness values and 

frame orientations for cRED should also be re-designed. 
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Chapter 3. Structure determination of Co-

CAU-36 Metal Organic Framework using 

cRED (Paper I) 

MOFs are modular structures constructed by metal ions and linkers. Their 

pore properties can be flexibly tuned simply by using different linkers, 

which consecutively yields various chemical and physical properties
[47–51]

. In 

this chapter, structure determination of a cobalt tetraphosphonate MOF, Co-

CAU-36, is presented and discussed. The structure was determined and re-

fined purely with cRED data, and for the first time the positions of the guest 

molecules in the pores of a MOF structure could be determined and refined. 

Furthermore, glimpses of H atoms could be seen from the electron density 

map without doing any dynamical refinement for ED, albeit their signals 

were comparable to the noise. 

 

3.1. Structure determination of Co-CAU-36 using cRED 

data 

Co-CAU-36 is a metal-organic framework that was synthesized via a high-

throughput method
[52–54]

. The reagents are shown in Figure 6. The crystals 

are rod-like, and the diameters of the rods are less than 1 micron, as shown 

in the SEM images in Figure 7. The overall crystallinity of the sample is 

varied, with wide crystal size distribution and presence of non-crystalline 

phases. Thus, the PXRD pattern quality was insufficient for structure deter-

mination and refinement (see Figure 8). 
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Figure 6. The chemical reactants for synthesis of Co-CAU-36. (a) The metal 

source (CoCl2·6H2O). (b) The solvents (DABCO and water). (c) The organic 

linker (Ni-H8TPPP). 

 

 

Figure 7. SEM images for Co-CAU-36 with (a) 10000 (b) 5000 magnifi-

cation. The morphology is rod-like with a typical diameter of less than 1 

micron, which made it difficult to obtain high quality PXRD patterns. Part of 

the figure reproduced
 
from [12] with permission of Wiley-VCH. 
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Figure 8. PXRD pattern for Co-CAU-36 and a Pawley fitting profile. The 

fitting gave a unit cell of a = 21.642(1), c = 9.0166(8) Å with a tetragonal 

space group. Reproduced from [12] with permission of Wiley-VCH. 

 

cRED was thus applied to determine the crystal structure of Co-CAU-36. 

The experiment was performed using a JEOL JEM-2100 LaB6 TEM, with an 

accelerating voltage of 200 kV and data collection temperature of 96 K (liq-

uid N2). The hybrid direct-electron detector, Timepix, from Amsterdam Sci-

entific Instrument (ASI), was used for recording the diffraction patterns. A 

typical data set takes about 2 to 4 min to collect, which is about 20 times 

faster than sRED. 

Eight data sets were collected in total during one single TEM session (~ 4 

hours) on different crystals. The unit cell was first determined in REDp from 

one of the data sets to be a = 22.17 Å, b = 21.91 Å, c = 9.06 Å, α = 90.05°, β 

= 90.66°, γ = 91.58°, and then confirmed by performing a Pawley fit against 

the PXRD pattern (Figure 8). The result is reasonably close to a tetragonal 

cell. The space group of Co-CAU-36 was determined by cutting through the 

3D reciprocal space for the specific planes, hk0, 0kl and hhl, according to the 

International Table of Crystallography Volume A
[55]

. The reflection condi-

tions were: 0kl: l = 2n; 00l: l = 2n after looking through the eight data sets. 
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The corresponding possible space groups are 𝑃42𝑐𝑚 (No. 101), 𝑃4̅𝑐2 (No. 

116) and 𝑃42/𝑚𝑐𝑚 (No. 132).  

Reduction of the data sets from cRED was done with the software XDS
[33]

. 

Unit cell parameters were refined to be a = 21.980(5) Å, c = 8.960(2) Å, 

which is only 1.6% and 0.6% difference from the result of Pawley refine-

ment (a = 21.642(1) Å, c = 9.0166(8) Å, see Figure 8). The extracted intensi-

ty file was fed directly into the software SIR2014
[56]

 with scattering factors 

of electrons
[9]

 for ab initio structure determination. The three possible space 

groups were treated in a trial-and-error manner in both XDS and subsequent 

SIR2014 processing, and the choice of 𝑃4̅𝑐2 (No. 116) showed significantly 

lower initial R1 value (0.213) than the other two (0.277 and 0.397 for 𝑃42𝑐𝑚 

and 𝑃42/𝑚𝑐𝑚 respectively) from the initial running results using software 

SIR2014. Therefore, the space group of Co-CAU-36 was determined to be 

𝑃4̅𝑐2 (No. 116). 

The initial structure that came directly from SIR2014 already contains the 

porphyrin linker and the metal positions (Figure 9). Moreover, clusters of 

guest molecules were also observed from the initial solution map, whereof 

one cluster showed significant similarity with the guest molecule DABCO, 

which was used during the synthesis.  
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Figure 9. Initial solution from SIR2014 for data set #5. The porphyrin in Co-

CAU-36 was clearly directly identified from the data. Moreover, traces of 

DABCO molecules beside the porphyrin could also be observed. 

 

The structure was refined with SHELXL
[57]

 against all individual data sets as 

well as a merged data set (using XSCALE) from experiments #2, 4, 5 and 8, 

which were chosen because of their higher data resolution. All the eight in-

dividual data sets allowed stable anisotropic refinement without applying 

any geometric restraints to the framework atoms, as shown in Table 1. Simi-

larity restraints (SIMU) for atomic displacement parameters (ADPs) were 

applied to C atoms on the porphyrin; isotropic approximation (ISOR) com-

mand for the ADPs of the O atoms on the phosphonate group was also used. 

Furthermore, a few geometric restraints (DFIX, DANG) were applied to 

atoms on the DABCO molecule. SWAT was also used to better model the 

diffuse guest molecules in the pores. 
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Table 1. Refinement results for all eight data sets plus a merged data set 

(from data set # 2, 4, 5 and 8). Reproduced from [12] with permission of 

Wiley-VCH. 

Dataset Rint R1obs R1all Complete

plete-

ness/% 

Resolu-

tion/Å 

No. 

Refls 

Average 

I/Sigma 

Cell 

Dim/Å 

Tilt 

range/° 

1 0.3147 0.1891 0.2412 98.9 1.00 2247 3.39 22.126, 

8.969 

100.4 

2 0.1642 0.1567 0.1781 90.6 0.90 2142 5.20 22.250, 

8.770 

75.4 

3 0.2402 0.1587 0.2169 92.4 1.00 2041 3.66 21.696, 

8.852 

71.8 

4 0.2050 0.1486 0.2010 98.9 0.90 3111 5.70 22.241, 

8.924 

91.6 

5 0.2269 0.1356 0.2133 96.7 0.83 4008 3.70 21.980, 

8.960 

101.7 

6 0.2542 0.1517 0.2188 79.0 0.95 1970 4.34 21.812, 

8.704 

92.4 

7 0.2932 0.1530 0.1869 99.8 0.90 2290 3.97 22.240, 

8.780 

110.6 

8 0.2084 0.1454 0.2052 99.1 0.90 3047 5.06 21.782, 

9.012 

81.5 

Merged 0.2472 0.1444 0.1643 99.8 0.90 3103 9.00 21.980, 

8.960 

--- 

 

The final refined structure is shown in Figure 10. Possible H bonds can be 

formed between the DABCO molecule and the H atom on the phosphonate 

group (Figure 10a). The purple tetrahedra represent the phosphonate groups, 

and the blue ones are CoO4 groups. They connect to each other through cor-

ner sharing and form a 3D network with 1D chains along the c direction 

(Figure 10b and c). The pore size of this material is 9 Å (Figure 10d). 
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Figure 10. Structure of Co-CAU-36. (a) The details of the structure showing 

possible H bonds between the DABCO molecule and the phosphonate group 

on the porphyrin. (b) The 1D CoO4-PO4 tetrahedra chain along c direction. 

(c) The structure of Co-CAU-36 viewed along c direction. (d) The ball-

filling model of the structure with the guest molecules shows the pore di-

ameter of 9 Å. Part of the figure reproduced from [12] with permission of 

Wiley-VCH. 

 

To confirm the accuracy of our data, the atomic coordinates were compared 

according to the refinement results against different data sets, for all non-H 

atoms. There is a clear gap between the deviations of framework atoms 

(0.031(17) Å) and of the guest molecule atoms (0.098(65) Å for atoms in the 

DABCO molecule, and 0.16(12) Å for water molecule), which is quite rea-

sonable since framework atoms should have more fixed positions con-

strained by the network than the guest molecules in the pores. The numbers 

also confirmed the consistency of our data. 

The precision of our structure refinement is validated by a comparison of 

simulated PXRD pattern versus the experimental pattern (Figure 11). Peak 

positions and intensities match very well between the simulated and experi-

mental patterns, which is a direct confirmation of the correctness of our de-

termined structure. 
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Figure 11. Comparison of simulated PXRD pattern (the bottom pattern with 

thinner line) versus the experimental one. Overall peak positions and peak 

intensities matched each other well, even for the higher angle data (see inset 

at top-right). Reproduced from [12] with permission of Wiley-VCH. 

 

3.2. Traces of H atoms 

Traces of densities of H atoms were also observed from the data. A previous 

study showed that the H atoms on the coordinated H2O molecules could be 

located in some inorganic crystals, by applying dynamical refinement using 

JANA2006
[46]

. A few recent examples have also shown efforts from electron 

crystallographers to resolve H atoms without performing dynamical refine-

ment
[58,59]

. In our case, the data was not yet refined dynamically. Little resid-

ual electron densities can be clearly observed between O3 and N3, which 

correspond well to a relatively position-fixed hydrogen atom (H03 in Figure 

10a) bridging N3 and O3 via a hydrogen bond (see Figure 12). Moreover, 

densities corresponding to the hydrogen atoms on the benzene part of the 

porphyrin were also clearly shown when the hydrogen atoms were removed. 

Despite multiple observations of H atoms, we could not explain the higher 

density level appearing at many other places. At this moment, it is still too 

early to claim that cRED data is capable of resolving H atoms, but at least it 

looks very promising.  
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Figure 12. Densities between O3 and N3. The red dashed circles indicate 

positions of O3 and N3. There is an H atom in between (reflected by the 

little density blobs between O3 and N3 in all four subfigures), forming a 

hydrogen bond with the two atoms. We took away the H atoms and plotted 

the residual densities for different data sets. (a) merged data set from all 8 

individual data sets. (b) merged data set from 4 individuals (#2, 4, 5, 8). (c) 

individual data set #5. (d) individual data set #8. 

 

3.3. Conclusions and perspectives 

A MOF structure, Co-CAU-36, was determined and refined using only elec-

tron diffraction data. The data allowed not only direct structure solution us-

ing SIR2014, but also successful location of guest molecules in the pores. 

Refinements against different data sets showed an overall consistency of our 

data, and the atomic position differences for the guest molecules from differ-

ent refinement results were higher than framework atoms on average, which 

can be explained as the positions of the guest molecules being more flexible 

since they are not restrained by the framework. All eight individual data sets, 

as well as a merged data set, led to stable anisotropic refinements. This is the 

first example of successful establishment of guest molecule positions in the 

pores using electron diffraction data alone.  

We also demonstrated that traces of H atoms could be seen from the density 

map. This signifies our data quality, but we failed to explain some rather 
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high density levels appearing at many other places in the unit cell. There 

may be sources of error in data reduction, especially in the choices of XDS 

parameters. Moreover, the data collection followed a blind crystal tracking 

routine, which introduced some unexpected changing intensities between 

frames. To resolve H atoms, optimization of both data collection and data 

processing needs to be achieved. In particular, finding ways to experimental-

ly suppress the dynamical effects and effectively keep the crystal inside the 

beam, as well as modelling the experimental parameters in the data reduction 

procedure as accurately as possible must be accomplished. 

Note that the whole process of structure determination, from TEM sample 

preparation, to a preliminary refined model with all guest molecules located, 

took only about 9 hours. This is, of course, based on our expertise in data 

collection and well-established data processing routine, which are mostly 

programmable. We will show in Chapter 4 our efforts to automate the whole 

data collection process, which can potentially help achieve high-throughput 

structure determination and phase analysis. 
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Chapter 4. Development of SerialRED in 

Instamatic: automated data collection and 

high-throughput data processing (Paper II, III) 

The RED method has now existed for a few years. We showed in Chapter 3 

that the current cRED technique allows researchers to efficiently determine 

the structures for beam sensitive materials, possibly even locating the guest 

molecule positions. The cRED workflow is clearly defined based on our 

extensive experience in data collection and data processing over the past few 

years. With modern programming languages such as Pythonc, we aim to 

automate extensively the routine work of cRED. Python provides abundant 

libraries for numerical calculation (e.g. numpy, scipy), image processing (e.g. 

Python imaging library, scikit-image) and even possibilities for hardware 

programming through the Component Object Model (COM) interface (e.g. 

comtypes) or DLL interface (e.g. ctypes). Herein, we demonstrate our efforts 

to automate the overall data collection process, from particle recognition to 

image conversion for further data processing in other software. To process 

the large amount of collected data, we also developed Python scripts that 

allow automated data processing and strategic data merging using hierar-

chical cluster analyses (HCA). 

 

4.1. Early developments of cRED data collection 

software: cREDCollection 

4.1.1. Automatic image format conversion 

Since the current cRED workflow requires usage of different kinds of data 

processing software such as REDp
[17]

, XDS
[33]

, DIALS
[34]

, etc., different im-

age formats are required to allow input to these programs. Briefly, REDp 

reads MRC
[60]

 files; XDS only supports outputs from certain detectors (e.g. 

formats such as CBF
[61]

, SMVd (a type of format from ADSC detectorse), 

etc.). In our case, since the original images were stored in TIFF format from 

                                                      
c http://www.python.org 
d https://strucbio.biologie.uni-konstanz.de/ccp4wiki/index.php/SMV_file_format 
e http://www.adsc-xray.com/ 
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the default Timepix software “Sophy”, automatic conversion from TIFF files 

to MRC and SMV formats were desired after data collection. 

Image files usually consist of data block and a header. Data block stores the 

image array, while the header records all information needed to read the 

image data, and sometimes experimental metadata. For different data for-

mats, the data block is usually the same; the only thing we need to change is 

the format of the header.  

For MRC files, the header is a dictionary containing image size information. 

For the images from Timepix detector, we can simply define a constant byte 

array and use it as a header for all MRC files during conversion. An alterna-

tive is to use the mrcfile libraryf in Python. Instamatic adapted the MRC 

implementation from software Arachnidg.  

ADSC is an X-ray detector used for Synchrotron sources. The corresponding 

SMV output format is readable in both XDS and DIALS, which is the reason 

we decided to serve as one of our data formats. The header file is relatively 

easy to construct. Two things need to be noticed. One is that the length of the 

header has to be exactly 512 bytes. The other is that the image data type 

must be unsigned 16-bit integer, as is a standard for all SMV images. 

 

4.1.2. cREDCollection 

cREDCollection is a Python script specifically for cRED data collection. It is 

dependent on the Instamatic
[41]

 library, which was originally developed by 

Dr. Stef Smeets for SerialED data collection purposes. Further details of 

Instamatic will be discussed in Chapter 5. Importantly, the communication 

interface is setup in Instamatic with both the TEM and the camera (in our 

case, the Timepix camera), which makes the experimental cRED workflow 

programmable using Python. An outlook of cREDCollection software is 

shown in Figure 13. 

 

                                                      
f https://pypi.org/project/mrcfile/ 
g https://github.com/ezralanglois/arachnid/blob/master/arachnid/core/image/formats/mrc.py 
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Figure 13. Example run of earlier cREDCollection script. The live stream 

video is called from software Instamatic that builds up the communication 

directly to the Timepix camera. (a) The console output. (b) The live stream 

directly from the camera. 

 

With cREDCollection, our routine data collection workflow was streamlined 

in Python. It asks the user to define the saving path first. After data is col-

lected, the original data (TIFF files) is converted to both MRC and SMV 

files automatically. Furthermore, the oscillation angle is calculated for every 

data set, by taking the difference between the start and end angle, and divid-

ing by the number of frames. A much more accurate oscillation angle is ob-

tainable for data processing in XDS and DIALS. 

Currently the script is integrated to Instamatic for universal automated elec-

tron diffraction data collection purposes. 

 

4.2. Development of SerialRED 

The integration of cREDCollection and Instamatic allowed further automa-

tion of the cRED method, provided that the TEM is fully controllable via 

Python and that the abundant Python libraries for computer vision and fast 

image analysis are available. Early work
[42]

 has already enabled automatic 

search of crystals within a defined raster grid. For cRED, as discussed previ-

ously, we always had the problem of crystal moving out of the beam during 

diffraction data collection, while blindly tracking the crystal required a lot of 

expertise and, more or less, luck. Recently we developed a smart tracking 

routine that regularly defocuses the diffraction patterns by changing the dif-

fraction focus value
[38]

. This allows occasional visualization of the crystal for 

the user that consecutively allows manual tracking accordingly with the 
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tracking ball. With fast image analysis implemented in Python, a fully auto-

mated data collection method is developed, and is referred to, in the thesis, 

as serial rotation electron diffraction (SerialRED). Another intention to de-

velop SerialRED is that, although the structure determination and phase 

analysis have been possible with the previous SerialED in some cases
[42,62]

, 

the data reduction remains a challenge to accurately determine the frame 

orientations for a randomly oriented diffraction pattern. While the data re-

duction routines are well established for continuous data, the idea of combin-

ing SerialED with cRED eventually resulted in the development of Seri-

alRED. 

In short, SerialRED combines automatic crystal finding and dynamic crystal 

tracking during rotation to achieve fully automated cRED data collection. 

Automatic crystal finding is already realized in SerialED
[42]

 through local 

thresholding of each image view for particle recognition. Dynamic crystal 

tracking requires fast analysis of image registration and control of the beam 

shift and image shift deflectors in a TEM. The method has been implement-

ed on our JEOL JEM-2100 LaB6 TEM. 

 

4.2.1. Setup 

The continuous carbon film supported TEM grids (e.g. CF-400-Cu-UL grids 

from Electron Microscopy Sciences) are preferred for SerialRED experi-

ments, since we want to minimize the confusion for the particle recognition 

algorithm by suppressing the background contrasts. Normally, cRED data 

are collected using a selected area (SA) aperture to limit the size of the beam 

for diffraction. On the JEOL JEM-2100 LaB6 TEM, the SA apertures are, 

unfortunately, not motorized, for controlling via any software interface. In-

stead, we use a small condenser lens aperture combined with a slightly con-

verged beam to act as an “SA aperture”. Before running SerialRED, beam 

brightness of a desired size of the converged beam and the corresponding 

diffraction focus value are recorded.  

The rotation speed cannot be controlled from the software interface either. 

We used the engineering tool “Goniotool” to globally set the rotation speed 

in the JEOL machine, because cRED experiments normally prefer moderate 

oscillation angles to allow reasonable sampling of reciprocal space, as well 

as the chance to track the crystal back during rotation. A rotation speed of 

0.2 – 1.5°/s is, in general, preferable. Higher speed usually leads to less pre-

dictable stage movement. 

Crystal tracking under diffraction mode is realized by defocusing the diffrac-

tion pattern by changing diffraction focus using the intermediate lens (“IL1” 

in the JEOL TEM), which has already been described and discussed in our 

previous paper
[38]

.  
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Beam shift deflectors are used to spot and track the crystals of interest. In a 

JEOL TEM, beam shift refers to the “CLA1” deflector. The deflector needs 

to be calibrated to map the scaling and angle difference between the TEM 

system and the camera/imaging system. Since the change of beam shift af-

fects the beam position in both imaging and diffraction mode, it has to be 

calibrated for both modes. 

Image shift deflectors (“IS1” and “IS2” in a JEOL TEM) are used to stabi-

lize the diffraction pattern in both focused and defocused mode, to compen-

sate for the influence from the change of beam shift (also known as 

“descan”). They need to be calibrated in both focused and defocused condi-

tions under diffraction mode. 

Stage position also needs to be calibrated, but only under imaging mode, 

since we will use stage translation to center roughly the particle of interest to 

apply minimum beam shift. 

 

4.2.2. Crystal screening and recognition 

A scan area is defined in SerialRED before each experiment. The area is 

then calculated to a set of raster grids to loop the stage position over. At eve-

ry stage position, a low-mag image (typically 2500x) view is taken, and the 

image is fed into the particle recognition function to find the particles. The 

algorithm calculates a local threshold from the mean of the nearest pixel 

block with a certain block size, using the threshold_local function from 

scikit-image library. From our experience, the function works well even for 

images with very low contrast. 

All the recognized particles are then defined as connected areas, with the 

centers calculated as their positions on the image. The number of pixels in-

side each connected area can be viewed as the size of a particle. For cRED, 

we would like the particle to be isolated to prevent intrusion of the nearby 

particles into the beam during rotation. Therefore, in SerialRED, a distance 

matrix is first calculated to make sure a particle is “isolated” (i.e. the dis-

tances between the studied particle and the others are all above a threshold, 

typically set as 1 μm). If the particle is isolated, it will be centered to start a 

cRED experiment (see Figure 14). 
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Figure 14. Looking for “suitable” crystals for cRED data collection from a 

low-mag view. The distance threshold value in this case is 1.2 μm. The two 

particles on the upper side of the figure are too close to each other, and thus 

are labeled “unsuitable” for data collection. The particle circled blue is the 

only particle in the view which is isolated. The particles that are too close to 

the edge of the view (i.e. less than 1.2 μm in this case, within the red frame) 

are also excluded. Figure reproduced from Paper II. 

 

4.2.3. Automatic adjustment of Z height 

Z height adjustment is the key to minimize the sample drift during rotation. 

Modern TEM goniometer designs often follow a “swinging” model, i.e. the 

change of stage position in x and y affects the eucentricity in the Z direc-

tion
[63,64]

. In practice, the user always needs to adjust Z height manually be-

fore starting every cRED data collection at a new position. There have been 

methods for programming the Z height adjustment. We implemented the 

method described in an early paper
[65]

 to measure the image shift at different 

Z heights with 10° rotations, but the result did not seem to be satisfying 

enough. Also, the procedure was somewhat time-consuming. In the end, we 

implemented our own empirical method, where a 15° rotation is ordered at a 
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new position, the particle shift is measured every 2 degrees, and a corre-

sponding decision of 1 μm change of the Z direction is made to minimize the 

shift. This turned out to be more efficient, and the result has been satisfacto-

ry overall. 

 

4.2.4. Dynamic crystal tracking during rotation 

Despite all our efforts to minimize the sample drift during rotation, the grad-

ual movement of the sample is usually still inevitable during the rotation. 

While we attribute this to the internal design of the goniometer, that it cannot 

hold the eucentricity during rotation, we try to circumvent the problem by a 

dynamic tracking routine. In the previous work
[38]

 we already demonstrated 

that the crystal drift during rotation could be visualized by defocusing the 

diffraction pattern regularly and by performing manual crystal tracking. By 

losing around 10% of data in the 3D reciprocal space, more data sets with 

high tilt ranges could be achieved with minimal effect on the data quality. 

Since the defocused diffraction already visualizes the position of the crystal 

in the beam, it can readily track the crystal automatically. The frequency of 

defocusing the diffraction pattern is defined as “image interval”. For an im-

age interval of n, defocusing will be applied on every nth diffraction pattern.   

Particle recognition of the crystal inside the defocused diffraction pattern 

follows four steps (see Figure 15). The position of the defocused primary 

beam is first calculated by thresholding the summed intensities in both x and 

y directions. The center and radius of the beam can both be obtained (Figure 

15a). The image is then cropped according to the size of the beam to allow 

faster computation. In Figure 15b the inner red squared image is used for 

calculation of image variance, to judge if a robust tracking is necessary. Ex-

tensive change in the variance of the current image from the original image 

is an indication that the particle is moving out of the beam. Robust tracking, 

meaning setting the image interval to 2 to allow more frequent checking of 

the particle position and apply beam shift correction, is often very effective 

in keeping the particle inside the beam. The cropped image is analyzed using 

an intensity thresholding method and converted to a binary image according 

to the image contrast percentile in the intensity histogram (Figure 15c). Ul-

timately, a Gaussian filter is applied to the binary image, and the largest peak 

on the filtered image just corresponds to the particle position (Figure 15d). 

By calculating the difference vector between the particle and the center of 

the image, a corresponding beam shift will be calculated and applied to re-

center the particle. 
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Figure 15. Recognition of a particle inside a beam under defocused diffrac-

tion mode and calculation of the particle shift. (a) Thresholding the whole 

image to exclude all blank area for a faster image computation. (b) The 

cropped image and the inner image for calculation of image variance. (c) A 

binary image from (b) where the bright spots only correspond to a certain 

percentile range of the contrast. There is always a ring at the beam edge be-

cause of the intensity gradient. (d) Filtered image of (c) by applying a Gauss-

ian filter. The largest intensity spot corresponds well to the position of the 

crystal. The red vector characterizes the difference vector of particle shift, 

and can be converted to coordinates of beam shift using the calibration re-

sults. Figure reproduced from Paper II. 

 

4.2.5. Descan 

After applying beam shift, both the focused and defocused diffraction imag-

es will be translated. The two image shift deflectors are used to stabilize the 

patterns under both conditions. Since we aimed to eliminate the influence of 
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beam shift on the focused diffraction as well as on the defocused diffraction, 

there is a linear equation set to solve for the shifts in x and y for IS1 and IS2. 

The influence of beam shift on the focused diffraction pattern is calculated 

using the calibration results, and that on the defocused diffraction is calcu-

lated online every time when cropping the defocused image. As a result, the 

diffraction patterns over a data set have at most a few pixels shift after ap-

plying descan, which can be further aligned using some post-processing 

algorithm, e.g. performing cross correlation to subpixel accuracy and trans-

lating the images. The alignment of these diffraction patterns is essential 

since this is a basic assumption for both XDS and DIALS. 

 

4.3. Application and high-throughput data processing 

via hierarchical cluster analyses (HCA) 

SerialRED was applied to three zeolite samples to validate its ability for both 

structure determination and phase identification. Zeolites are another type of 

porous materials which have been arousing research interests since the dis-

covery of zeolites by the Swedish geologist Axel Cronstedt in 1756. The 

variety of properties that zeolites can have lead to many applications, such as 

laundry detergents (zeolite A), industrial catalysts (zeolite X, zeolite Y), etc. 

Zeolites have framework-type structures built up mainly by silicon and/or 

aluminum atoms (often denoted as T atoms), and oxygen atoms (O atoms). 

So far, 245 structural codes have been assigned to zeolite structures with 

different 3D topologies according to the International Zeolite Association 

(IZA)h. 

With a lot of data collected automatically, it becomes impossible for re-

searchers to manually go through all the data sets. To address this, we devel-

oped a few Python scriptsi (named as edtools) to run XDS in batches, and 

automatically parse the results and perform hierarchical cluster analysis 

(HCA). The scripts automatically run XDS in every subdirectory where an 

“XDS.INP” file is found. By parsing the “CORRECT.LP” files after XDS is 

run, the unit cell information is gathered to an Excel table as well as a 

YAML file. At this point, a first-stage HCA can already be performed by 

looking at the unit cell variations from different data sets. The distance d(i,j) 

between the ith and jth data sets can be calculated as an L2-norm of the dif-

ference of the six unit cell parameter numbers, as described in Eq. 6. 

 𝑑(𝑖, 𝑗) = (Δ𝑎𝑖𝑗
2 + Δ𝑏𝑖𝑗

2 + Δ𝑐𝑖𝑗
2 + Δ𝛼𝑖𝑗

2 + Δ𝛽𝑖𝑗
2 + Δ𝛾𝑖𝑗

2 )
0.5

 6 

                                                      
h http://www.iza-structure.org/ 
i Code available from: https://github.com/stefsmeets/edtools 
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A preliminary unit cell determination is done at this stage, and the user can 

choose to update all the “XDS.INP” files with the desired/calculated unit cell 

and space group information, and re-run XDS. The next step is to choose 

those data sets with similar unit cell results for scaling and merging using 

XSCALE
[33]

. The XSCALE input file is automatically generated when suitable 

data sets are chosen from the unit cell clustering dendrogram. Running 

XSCALE will generate a correlation coefficient (𝐶𝐶𝐼) table which character-

izes the correlation calculated from the intensities of common reflections 

between the data sets. The data sets with high 𝐶𝐶𝐼’s are more suitable to be 

merged since they are more likely to be “isomorphic”
[66]

. A second-stage 

HCA is then performed by taking the 𝐶𝐶𝐼 values into a new distance metric. 

As described in a previous study
[66]

, the new distance metric can be defined 

as:  

 𝑑(𝑖, 𝑗) = (1 − 𝐶𝐶𝐼
2(𝑖, 𝑗))

0.5
 7 

When a suitable 𝐶𝐶𝐼 cut-off is chosen, POINTLESS
[67]

 will be automatically 

run for all the clusters with higher 𝐶𝐶𝐼 values for a preliminary indication of 

space group. Finally, these merged clusters can be fed into the SHELX
[57]

 

suite for structure determination. The purpose of running edtools here is to 

choose efficiently the optimal combination of data sets for data merging. A 

brief diagram for the workflow of edtools is shown in Figure 16. 
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Figure 16. Flowchart for edtools. The aim of this tool is to efficiently deal 

with large number of data sets for smart data merging. 
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4.3.1. A phase-pure ZSM-5 zeolite sample 

SerialRED was run for 3 TEM sessions with a phase-pure ZSM-5
[68]

 sample 

mainly for method development purposes. The data was treated using 

edtools. It turned out that these data sets had quite good data quality. In total, 

250 suitable crystals were found for data collection and 126 data sets were 

with a rotation range of > 5°, of which 43 were > 20°. 

47 data sets can be indexed with the Laue group mmm and average unit cell 

of a = 13.26(47) Å, b = 19.24(67) Å, c = 19.81(52) Å, α = 90.0(1.7)°, β = 

89.9(1.2)°, γ = 89.2(1.5)°, which is the calculated average of the six unit cell 

parameters using the initial XDS running results (with no indication of unit 

cell and space group information). The reason why we use Laue group in-

stead of an exact space group is that we do not want XDS to perform any 

kind of symmetry related data operation at this stage. The unit cell histogram 

and the HCA result using unit cell variation are shown in Figure 17. In total, 

45 data sets were selected for merging and calculation of the correlation 

coefficients in XSCALE. 
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Figure 17. (a) The spread histogram of the six unit cell parameters found 

using the initial results from XDS without indicating any unit cell or space 

group information for ZSM-5. The spreads follow good Gaussian shapes, 

and the average numbers correspond well to a ZSM-5 cell. (b) Dendrogram 

from clustering of the unit cell variation. Unit cells # 43 and 44 in this case 

deviated more than the cut-off distance, and thus are excluded from data 

merging. Figure reproduced from Paper II. 
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After running XSCALE, the reflection-based HCA was performed and the 

corresponding dendrogram is shown in Figure 18. As described, POINT-

LESS was run at the same time when performing the reflection-based HCA, 

which showed that the underlined clusters (light blue and purple) were the 

best combinations in terms of data completeness and Rmeas. Therefore, these 

two clusters were selected in the end as the two optimal options to perform 

data merging with. 

 

 

Figure 18. Reflection based clustering for the 45 data sets of ZSM-5. The 

distance is defined as √1 − 𝐶𝐶𝐼
2, and thus the smaller the distance is, the 

higher the correlation should be. A rule-of-thumb is that a cut-off distance is 

0.4, indicating a > 90% 𝐶𝐶𝐼. Figure reproduced from Paper II. 

 

Structure determination using the two merged data sets was conducted with 

SHELXT
[69]

. Since we did not reveal the actual space group to XDS, we were 

also curious to see if SHELXT could find the correct one from data itself. As 

a result, SHELXT directly found the correct structure and space group. Ani-

sotropic refinements against the merged data sets were also stable even 

without any restraints. In order to make the bond distances and angles sensi-

ble, we scaled the unit cell lengths according to the expected Si-O bond 

length (1.61 Å) and added RIGU restraints to keep ADPs reasonable. The 

final refinements gave converged R1 values of 0.218 and 0.238 respectively 

for the two clusters.  
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Notably, when the refinement results are compared to the data from some 

recent publications
[37,70]

 on the same material using the same method but 

collected manually, they are nearly indistinguishable in terms of R values, 

I/σ values, data completeness and resolution, number of reflections, etc. That 

is to say, the computer collected data can be at least as good as those collect-

ed by human beings after performing data merging. A brief comparison of 

these data is shown in Table 2. 

 

Table 2. Comparison of selected data statistics from structure refinement of 

ZSM-5 with computer collected data and manually collected data from two 

recent publications. The data sets from both publications are selected based 

on the criterion of data completeness; the best ones are shown. 

 Data cluster 3 in 

Paper III (Com-

puter collected) 

Data z2 from 

publication 
[70]

 

Data #4 from 

Publication 
[37]

 

(unmerged) 

Rmeas 0.308 0.280 0.296 

I/σ(I) 2.7 4.1 2.7 

# reflections 

total (unique) 

17584 (4734) 37402 (3979) 22901 (4565) 

Data  

completeness 

91.9% 87.4% 88.2% 

Data resolution 0.77 0.87 0.85 

    

4.3.2. A mixed-phase sample of ZSM-5 and mordenite 

We performed a SerialRED experiment with a phase mixture sample of 

ZSM-5 and mordenite to test the ability of phase identification of the Seri-

alRED method. 123 suitable (the definition of “suitable” can be found in 

Figure 14) crystals were scanned over a period of 2 hours, and 89 consisted 

of a rotation range over 5°, which is usually a low limit for a data set to be 

indexable. The other 34 experiments failed before the rotation ranges 

reached 5° since the crystals may have already moved out of the beam. 

Initial running of XDS and plotting of the unit cell histogram showed clearly 

two peaks in the unit cell lengths (Figure 19), which corresponded very well 

to the unit cell parameters of the two phases (averaged unit cells: a = 

13.51(77) Å, b = 19.82(1.37) Å, c = 20.75(1.67) Å, α = 89.60(3.83)°, β = 
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89.84(2.52)°, γ = 89.51(2.49)° for the ZSM-5 phase, and a = 7.65(47) Å, b = 

13.99(1.23) Å, c = 14.36(1.19) Å, α = 82.82(1.98)°, β = 88.81(2.59)°, γ = 

89.66(1.62)° for the mordenite phase).  Subsequent reindexing gave 42 data 

sets of ZSM-5 phase and 11 data sets of mordenite phase. By performing 

reflection-based data merging, both structures were also directly determined 

from SHELXT. Non-restrained refinements were possible for both data sets, 

resulting in reasonable ADPs and geometries. 

 

 

Figure 19. The histogram of the six unit cell parameters from the initial run 

of XDS with no unit cell information indicated clearly. Two peaks are clearly 

seen in a, b, and c, indicating a phase mixture possibility for the mixed sam-

ple of ZSM-5 and mordenite. Figure reproduced from Paper II. 

 

4.3.3. A mixed-phase sample of PST-20 and ZSM-25 

The sample of PST-20 was studied a few years ago by sRED
[71]

. At that time, 

the structure could not be solved directly from ED data because of the rela-

tively high beam damage of the sample and low data resolution (2.4 Å as 

reported). We re-checked the sample and wanted to see if SerialRED was 

ready to handle these much more beam sensitive zeolites. A running of 4-

hour automated data collection gathered 148 data sets, of which 99 were 

with over 5° rotation. The histogram of the rotation ranges is shown in Fig-

ure 20a. 
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Figure 20. (a) Histogram of the rotation ranges for all the automated cRED 

experiments for the PST-20/ZSM-25 experiment. While there are indeed 

high angle rotations, many of the experiments actually failed in very early 

stages of rotation. (b) Rotation tracks for the experiments. In brief, the strat-

egy was to start each experiment from wherever it ended from the previous 

experiment. The blue lines are the rotation tracks towards positive direction 

(e.g. from -20° to +20°), while the green are in the negative direction (e.g. 

from +20° to -20°). Figure reproduced from Paper II. 
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The two structures are known to belong to the same zeolite group and share 

common building units. This actually created extra trouble for indexing. One 

thing also worth mentioning is the strong reflection problem. The repeating 

building units make certain reflections much stronger than the others, caus-

ing extra problems for direct structure determination. Because of the beam 

sensitivity, the data sets had lower resolution than that of the ZSM-5 and 

mordenite mixed phase sample (typically with a resolution of 1.5 Å). Be-

cause of this, we decided to provide the information of expected unit cell and 

space group information directly in XDS for this sample. 

In total, 29 data sets could be indexed using the expected cell of PST-20 and 

15 could be indexed for ZSM-25. Interestingly, 7 data sets could be indexed 

successfully in both unit cell settings. This is due to the fact that the diffrac-

tion patterns did look similar because of the structural similarity, and XDS 

would return a successful indexing as long as at least 25% of the spots got 

indexed. Reflection-based HCA could in this case more effectively tell apart 

the two phases. We initially set cut-off 𝐶𝐶𝐼’s to be 96.9% for PST-20 and 

92.5% for ZSM-25, which are usually good enough to filter out data sets 

corresponding to a single phase. However in this case, there was still one 

data set that could correlate well to both clusters (88.8% to ZSM-25 and over 

92.5% to PST-20). We had to manually exclude this data set from ZSM-25 

just because it had higher correlation with the PST-20 cluster. Therefore, 

eventually 7 data sets were clustered for PST-20 phase and only 2 for ZSM-

25 phase. 

Because of low data quality (especially in terms of the low resolution), struc-

tures could not be solved using SHELXT. We opted, for this sample, to use 

FOCUS
[72]

 as the structure determination tool, since it is a dual-space meth-

od known for incorporating chemical knowledge of zeolites to assist struc-

ture determination in order to compensate for low data quality. With a 48-

hour running, solutions for both structures were hit and they both corre-

sponded well to the already published structures. Refinements for both struc-

tures were also stable with some geometric restraints for Si-O bonds and O-

Si-O angles. High R values were observed but can be explained by the extra 

strong reflections caused by the repeating building units. 

 

4.4. Conclusions and perspectives 

We have demonstrated a fully automated SerialRED workflow for high qual-

ity cRED data collection through programming and development of the 

software Instamatic. With the large amount of data collected, HCA was im-

plemented using both unit cell variation and common reflection-based data 

correlation, in order to perform automated selection of optimal combination 

of data sets for merging. The application of SerialRED successfully deter-

mined structures of both phase-pure and phase-mixed zeolite samples, and 
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we found that it was even ready for very beam sensitive zeolites, such as the 

PST-20/ZSM-25 sample. The method was further applied on a MOF sample, 

PCN-416, after the thesis was drafted. More details can be found in Paper II. 

The method itself is still under development and many details can be further 

improved to achieve an overall higher rotation range for all data sets. For 

example, a better algorithm to adjust the sample height for eucentricity can 

potentially improve the tilt ranges, albeit we attribute the current overall low 

rotation ranges to a large extent to the instability from the goniometer and 

stage system. We have also chosen to start every rotation experiment from 

wherever it ends in the previous experiment (see Figure 20b), which is effi-

cient in terms of time for data collection, but is apparently not optimal for 

the purpose of increasing the overall rotation range. 

We hope that the work draws a blueprint for next-generation RED data col-

lection, and foresee greater applications of SerialRED on various types of 

nano-crystals, especially for mixed-phase samples such as pharmaceutical 

compounds. 
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Chapter 5. Method development with 

Instamatic (Software I) 

Instamatic
[41]

 is a Python-based software originally developed by Dr. Stef 

Smeets for purposes of serial electron diffraction (SerialED)
[42]

 data collec-

tion and is open-source on Github. The TEM interface part of Instamatic was 

first inspired by earlier work in single particle imaging data collection soft-

ware (i.e. Leginon
[40]

). An interface between the TEM and Python was set 

up, which opened a large number of possibilities of method development. In 

this Chapter, the principles of TEM hardware interfacing using Python is 

discussed, and examples of interfacing a Thermo Fisher Themis Z TEM are 

given. Finally, a few examples of how to program the microscope and de-

velop methods in Instamatic are also presented. 

 

5.1. TEM interfacing in Python through Component 

Object Model interfaces 

Modern TEMs provide full access to the lens, deflector and stage system for 

programming. One common way of developing methods in a TEM is to 

script through Digital Micrograph (DM). The benefit of DM scripting is that 

the hardware interface (e.g. with TEM, camera, etc.) is readily accessible, 

which is otherwise quite tricky and time-consuming to set up. On the other 

hand, DM scripting as a language is only used in the TEM field, and thus the 

development of standard data processing libraries is quite limited (although 

plugins can be used to call external methods). Meanwhile, TEMs often do 

provide standard Component Object Model (COM) interfaces that allow 

possibilities to program in other languages.  

COM interfaces were first introduced by Microsoft in 1993. They are com-

ponents to the TEM software and can be identified in Windows machines by 

their unique class IDs (CLSID). The interfaces can be initialized in many 

programming languages, such as Python, C++, Javascript, etc. After initiali-

zation, all the functions exposed in the COM object are accessible, which 

builds up communication to the corresponding hardware. 

This enables the microscope to be programmable in Python. With the abun-

dant Python data processing libraries, the flexibility to develop methods is 

much larger than scripting in DM. Furthermore, Python scripts run faster 
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than DM scripts in general. In JEOL and Thermo Fisher TEMs, the CLSIDs 

are constants and are listed in Table 3. In Python, these objects can be initial-

ized using the library comtypes. 

Camera interfacing is done differently in Instamatic. In general, a Dynamic 

Link Library (DLL) file for a camera is needed. A DLL is basically a collec-

tion of methods/functions that can be called from executable scripts. The 

DLL files are available if the manufacturers make the Software Develop-

ment Kit (SDK) available, which is usually the case. Instamatic interfaced 

the Gatan Orius camera with a DLL file originally developed by Dr. Wei 

Wan in C language for REDc programj, and the Timepix camera with the 

DLL file from ASI. Both DLL files can be initialized with a Python library 

ctypes, and the internal functions can then be mapped in Python. 

 

Table 3. CLSID for JEOL and Thermo Fisher (FEI) TEMs. 

TEM CLSID 

JEOL CE70FCE4-26D9-4BAB-9626-EC88DB7F6A0A 

Thermo 

Fisher (FEI) 

TEMScripting.Instrument.1 

Tecnai.Instrument 

TEM.Instrument.1 

  

5.2. Structure of the COM interface for Thermo Fisher 

(FEI) Themis Z TEM 

As is shown in Table 3, there are three CLSIDs which can be initialized as 

valid COM objects in the FEI TEM. The three objects are presumed to have 

the same utilities, but after our trials, we think that the three objects actually 

provide access to different parts of the TEM, some of which are in common. 

The “Tecnai.Instrument” object is designed for Tecnai machines and is to a 

large extent overlapping with the “TEMScripting.Instrument.1” object, there-

fore it is rarely used during implementation. A list of what parts these ob-

jects can give access to is summarized in Table 4. 

 

                                                      
j  https://www.mmk.su.se/zou/electron-crystallography-software/rotation-electron-diffraction-

red 
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Table 4. List of currently mapped accesses to the stage/lens/deflector sys-

tems in the Themis-Z microscope and their corresponding COM object. 

“tem” represents for the “TEMScripting.Instrument.1” object, and “tom” 

corresponds to the “TEM.Instrument.1” object. 

Lens/Deflector COM object 

 tem 

High tension tem.GUN.HTValue 

Gun shift/tilt tem.GUN.Shift.X 

Stage tem.Stage.Position.X 

Beam blanker tem.Illumination.BeamBlanked 

Diffraction shift (PLA) tem.Projection.DiffractionShift.X
1
 

Magnification/Function mode tem.Projection.MagnificationIndex 

 tom 

Stage speed tom.Stage.Speed 

Spot size tom.Illumination.SpotsizeIndex 

Beam align shift/tilt tom.Illumination.BeamShift.X 

Dark field tilt tom.Illumination.DarkfieldTilt.X 

Image shift tom.Projection.ImageShift.X 

Diffraction focus tom.Projection.Defocus 

Screen current tom.Screen.Current 

Lens stigmators tom.Illumination.*Stigmator.X
2
 

1: note: diffraction shift needs to be mapped to the multifunction knobs to be 

able to access 

2: “*” stands for “CondenserLens”, “IntermediateLens” or “Objective-

Lens”. 
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The acquisition object is also accessible through “tem” and it is supposed to 

be able to talk to the CCD and STEM images according to the scripting 

manual. However these functions are yet to be tested. 

 

5.3. Method development with Instamatic 

Interfacing the hardware is always the hard part. Only after interfacing all 

the components one needs for a specific TEM experiment, design of an ex-

periment workflow can then be done via Python. In the current version of 

Instamatic, the interfaces to JEOL and Themis Z (beta) microscopes are 

setup, and that gives possibilities to design experiments on these micro-

scopes. In principle the interface should also work on other JEOL or FEI 

branded microscopes. 

 

5.3.1. TEMController object 

The communication between Python and microscope is set up via the TEM-

Controller object in Instamatic. The structure of a TEMController object is 

shown in Figure 21. The lens/deflector parameters are both readable and 

writable via the programming interface. 

Examples of using TEMController to control the microscope are shown in 

Table 5. As little as one line of code is needed to initialize the TEMControl-

ler object for further TEM operations: 

 

from instamatic import TEMController 

ctrl = TEMController.initialize() 
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Figure 21. Brief data structure of a TEMController object in Instamatic. 
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Table 5. Examples of reading/setting values via TEMController. 

Object Read Write 

TEM 

High tension ctrl.HTValue.get() --- 

Brightness ctrl.brightness.value ctrl.brightness.value= * 

Magnification ctrl.magnification.value ctrl.magnification.value= * 

Diffraction focus ctrl.difffocus.value ctrl.difffocus.value= * 

Spot size ctrl.spotsize ctrl.spotsize(*) 

Mode ctrl.mode ctrl.mode(*) 

Beam blanker ctrl.beamblank ctrl.beamblank(*) 

Stage position ctrl.stageposition.get() ctrl.stageposition.set(*) 

Gun shift ctrl.gunshift.get() ctrl.gunshift.set(*) 

Beam shift ctrl.beamshift.get() ctrl.beamshift.set(*) 

Beam tilt ctrl.beamtilt.get() ctrl.beamtilt.set(*) 

Image shift (IS1) ctrl.imageshift1.get() ctrl.imageshift1.set(*) 

Image shift (IS2) ctrl.imageshift2.get() ctrl.imageshift2.set(*) 

Diffraction shift ctrl.diffshift.get() ctrl.diffshift.set(*) 

Camera   

Imaging ctrl.getImage(*) or ctrl.getRawImage(*) 
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5.3.2. Servers 

Instamatic has two servers setup currently: the temserver and an indexing 

server (for XDS and DIALS). The temserver was introduced to isolate the 

microscope communication to a separate process, because the COM inter-

face is difficult to work with in a multi-threaded environment. In short, a 

COM object cannot be accessed simultaneously by two parallel threads at 

the same time; otherwise the program will crash. Making the TEM objects as 

a server is a good way of solving this issue and would enable a single pro-

cess to handle all the microscope communication for multiple clients, as well 

as remote connections. Instead of serializing different threads for communi-

cation with the TEM from time to time, which is both difficult for the COM 

object and time consuming, only the temserver talks to the TEM directly, 

and the other threads talk to the temserver instead for reading variables. In 

general, the user can run instamatic.temserver in a separate process first 

before running the Instamatic main program, otherwise Instamatic will start 

the temserver itself. 

The DIALS indexing server was introduced so that the user can obtain unit 

cell determination results directly when running cRED/SerialRED experi-

ments. It listens to any feeding of data paths in a background process. When-

ever it gets a valid data path as the argument, a DIALS bash script will be run 

automatically to index any data in the path. To run the process in the back-

ground, the user just needs to go to the “advanced” tab in the Instamatic 

main GUI, and then click “start” on the DIALS indexing server option (see 

Figure 22). 

 

 

Figure 22. Running the DIALS indexing server in Instamatic. 
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5.3.3. Config files 

The config files in Instamatic define a few global variables which are used 

for either data collection or data processing. The files are categorized into 

“calibration”, “camera”, “microscope”, and a “global” file. For example, the 

stretch correction constants can be found in the “camera” config files. 

 

5.4. Conclusion and perspective 

We showed the extensibility of the software Instamatic with fully automated 

data collection for cRED. Mapping the TEM and camera API via Python 

must be prioritized. This can usually be done by manually exploring the 

structures of the COM type/DLL interfaces provided by the manufacturers. 

When the API’s are mapped, method development becomes very feasible, 

since it is much easier to implement experimental methods as well as to per-

form data processing using Python than DM. Examples of interfacing the 

Thermo Fisher Themis Z TEM and programming the microscope using In-

stamatic are also shown in Table 4. 

The future of cRED data collection with TEMs should be in automated man-

ners, which can significantly reduce the risks of the users breaking the mi-

croscope accidentally, as well as make TEM methods more accessible and 

efficient to average users. With Python being one of the most popular lan-

guages for scientific computing (at least for now), more users will be able to 

contribute to scripting for their own purposes, thus expanding possible func-

tions of TEMs. 
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Chapter 6. Development of an orientation 

fitting method (Paper IV, V) 

In this chapter, a method to determine frame orientations of indexed electron 

diffraction patterns is proposed. The original MATLAB code is available 

from Github link: https://github.com/asdfdsa/OrientationFit. The method is 

referred to in this thesis as “orientation fitting”. In brief, the algorithm calcu-

lates the [HKL] zone axis index for a diffraction pattern. With rotation data 

sets, the 3D position of the rotation axis is also calculated and is utilized for 

correction of partialities of the non-Bragg reflections. The accuracy of this 

method is studied by a set of simulation experiments, with variables of data 

resolution, oscillation angle, with/without rotation information and dis-

crete/continuous rotation type. In the end, the algorithm is applied onto an 

experimental discrete RED data set, and the behavior of the TEM goniome-

ter is studied in terms of its rotation accuracy.  

 

6.1. Implementation 

The essence of orientation fitting is to find the position of the center of the 

Ewald sphere in 3D. Unit cell determination and indexing for a rotation data 

set can be performed straightforwardly using standard software (e.g. REDp, 

PETS). Basic inputs for the algorithm are the unit cell dimensions as well as 

the indices of observed reflections on each frame. Information of on which 

frame a reflection has its maximum intensity is also needed as an input if the 

data set is a rotation series. This can be easily obtained from REDp. 

For an arbitrary unit cell with parameters a, b, c, α, β and γ, the real space 

orthogonalization matrix O is defined according to the PDB convention 

(also known as the “Dunitz convention”
[73]

) ask: 

 𝑶 = (

𝑎 𝑏 ∗ cos (𝛾) 𝑐 ∗ cos (𝛽)

0 𝑏 ∗ sin (𝛾) −𝑐 ∗ sin(𝛽) ∗ cos (𝛼∗)

0 0 𝑐 ∗ sin(𝛽) ∗ sin (𝛼∗)

) 8 

where 

                                                      
k https://dials.github.io/documentation/conventions.html 
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 cos (𝛼∗) =
cos(𝛽) ∗ cos(𝛾) − cos (𝛼)

sin(𝛽) ∗ sin (𝛾)
 9 

 sin (𝛼∗) = √1 − 𝑐𝑜𝑠2(𝛼∗) 10 

The reciprocal space orthogonalization matrix B is the inverse transpose of 

O: 

 𝑩 = (𝑶−1)𝑇 11 

By taking a dot product between the B matrix and the reflection index, the 

position of this particular reflection in the reference system is obtained. 

 𝑷 = 𝑩 · �⃗⃗�  12 

where �⃗⃗�  represents the index of each reflection, and P is the corresponding 

3D position in the reciprocal space in the reference system. Note that the 

position is actually the spot where a reflection reaches its maximum intensi-

ty, i.e. the Bragg peak position. At this stage we loop over all the reflections 

observed on all the frames, and calculate all their positions assuming they 

satisfy the Bragg condition. 

For each diffraction pattern, the frame orientation can be taken as the zone 

axis index [HKL], which can be viewed as the vector from the origin (000 

reflection) to the center of the Ewald sphere, which is cutting the reciprocal 

space at the moment. The cutting geometry is shown in Figure 23. From the 

positions of the observed reflections, an optimal solution of [HKL] exists in 

the way that the sum of squared distances from the observed spots (P’s) to 

the surface of the Ewald sphere is minimized. 
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Figure 23. Geometry of reflection spots that are cut by the Ewald sphere. 

The center of the Ewald sphere [HKL] represents the zone axis index for a 

particular frame, and only the diffraction spots cut (or near enough to the 

surface of the Ewald sphere) in the reciprocal space will show up on the 

frame. The radius of the Ewald sphere is 1/λ, where λ is the electron wave-

length which is a function of the accelerating voltage of the TEM. A reflec-

tion may not be cut exactly at the center; in the blue circle, it is closer to 

position 3 as described on the left-hand side of the figure, where position 2 

should be the Bragg peak position that may appear on another frame. There-

fore, a correction for these many peaks that are not exactly in Bragg position 

is necessary in order to get a better estimate of [HKL]. Figure reproduced 

from Paper IV. 

 

If we define the deviation as a sum of squared distances from the Ewald 

sphere surface to the observed spots, the optimization problem can then be 

formulated as: 

 
min∑𝑤𝑖(‖𝑷𝒊 − 𝒆‖ −

𝑛

𝑖=1

𝑟𝑒)
2 

 

13 

 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  ‖𝒆‖ = 𝑟𝑒  

For the ith reflection in a frame where n reflections are observed in total, 𝑷𝒊 

is defined in Eq. 12, 𝒆 is the position of the center of the Ewald sphere 

[HKL], and  𝑟𝑒 is the radius of the Ewald sphere, which is the reciprocal of 
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the electron wavelength. For a 200 keV accelerated electron (λ = 0.0251 Å), 

𝑟𝑒 is equal to 39.87 Å
-1

. 𝑤𝑖s are the weighting factors for different reflec-

tions. In our method, we weigh the reflections by the resolution shell that 

they are in, e.g. high resolution spots are weighed more, since they are in 

general more difficult to be cut by the Ewald sphere. This is because the 

missing wedge problem in the rotation method appears to be more severe for 

high resolution data. 

 𝑤𝑖 =
1

𝑑𝑖

 14 

Here 𝑑𝑖 is the d spacing for the ith reflection (hi, ki, li). 

The optimization problem can be solved by various methods. We opted to 

use the simulated annealing algorithm to perform a global search for the first 

frame in the rotation series. Since the next frames should just be a small 

rotation away from the previous ones, searches for the next frames are done 

using the trust-region reflective method
[74]

, which is a standard Newton 

based optimization approach to calculate optimum steps based on first and 

second derivatives of the objective function for a local minimum. This is 

done with the lsqcurvefit function in MATLAB. 

The method turns out to be quite effective in finding a valid rotation curve 

(as is the nature of the rotation method). During the first run as described 

above, all the reflections are assumed to be in their Bragg condition. When a 

rotation curve is obtained after the first run, the rotation axis can be calculat-

ed by taking the normal vector of the fitted plane from all the calculated 

[HKL]’s.  

The initial run gives a rough estimation of where the zone axes are by using 

uncorrected reflection positions. Now that the rotation axis information is 

extracted, we have the possibilities to correct for the positions of the reflec-

tions that are not exactly in their Bragg condition. By looking at the rocking 

curve of each individual reflection, we get the information of on which 

frame the reflection reaches its maximum. Assuming that on this frame the 

reflection is exactly in its Bragg condition, the positions of this reflection on 

other frames can be calculated by corrections of the Bragg position with a 

rotation of a certain angle which can be calculated from how many frames it 

is away from the maximum intensity frame, along the calculated rotation 

axis. In sRED/cRED, we know how big angle each frame is away from each 

other. Therefore, a corrected position 𝑷𝒊,𝒄𝒐𝒓𝒓 can be obtained as: 

 
𝑷𝑖,𝑐𝑜𝑟𝑟 = 𝑹 ·  𝑷𝑖 

 
15 
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where R is the 3D rotation matrix which performs a certain angle rotation 

along the fitted rotation axis. We loop over every reflection on every frame 

for the corrected 3D positions. A second run of optimization is performed 

and in principle it will result in a smoother rotation curve and a more pre-

cisely calculated rotation axis. By updating the rotation axis and thus the 

corrected positions, optimization is run again until everything converges, 

typically after around 10 cycles. 

A figure of merit is also defined as an average deviation from reflections to 

the surface of the Ewald sphere for each frame: 

 𝐹𝑂𝑀 = 
∑ (||𝑷𝑖,𝑐𝑜𝑟𝑟 − 𝒆|| − 𝑟𝑒)

2𝑁
𝑖=1

𝑁
 16 

The smaller the FOM gets, the better it indicates about the fitting result. Ac-

curacy of the method is tested using some simulated data sets, for both 

methods of RED and cRED, and also for the situation when no rotation axis 

is possible to be calculated. The method is then applied to an experimental 

RED data set and as a result, rotation accuracy of the goniometer is revealed 

by analyzing the orientation fitting results. 

 

6.2. Simulation and accuracy check 

In order to validate the method, a set of RED data sets are simulated using 

the software CrystDiff 
[75]

. The software takes in a CIF structure file as an 

input. By tuning the TEM parameters, the corresponding diffraction pattern 

is simulated based on kinematical approximation. The software interface is 

shown in Figure 24.  
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Figure 24. An overview of the user interface of software CrystDiff 
[75]

. A 

simulation of RED data set can be conveniently done in the “Rotation” tab. 

 

An andradite type garnet structure
[76]

 is used as the input for RED simulation 

in CrystDiff. The effectiveness of using the rotation axis information is dis-

cussed. Data with different rotation steps and resolutions are simulated in 

order to investigate the influence of the positional correction and data resolu-

tion. cRED data are approximated by summing up frames with 0.01° rotation 

steps (since 0.01° is the smallest rotation step possible in CrystDiff). For 

example, cRED data with an oscillation angle of 0.20° are simulated by 

summing up every 20 frames with 0.01° rotation steps. An accuracy compar-

ison between sRED and cRED data is also performed. Errors are calculated 

as the average angle deviation (in degrees) for the whole data set. The results 

are shown in Table 6. The fitting accuracy plot is shown in Figure 25. 
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Table 6. Accuracy validation for the orientation fitting method with simulat-

ed data for both sRED and cRED. Fitting accuracy for a data set is checked 

by calculating the average angle deviation from the calculated orientations to 

the “true” orientations for all frames in the data set. All the numbers in the 

table are in unit of degrees. Table reproduced from Paper IV. 

sRED data     

 Tilt  0.050° Tilt 0.100° Tilt 0.200° Tilt 0.500° 

Res 0.625 Å 0.004(3) 0.006(3) 0.011(6) 0.025(16) 

Res 0.800 Å 0.008(5) 0.010(6) 0.014(8) 0.030(19) 

Res 1.000 Å 0.016(10) 0.018(10) 0.024(13) 0.040(22) 

Res 1.200 Å 0.029(20) 0.030(17) 0.038(21) 0.064(31) 

     

cRED data     

 Tilt  0.050° Tilt 0.100° Tilt 0.200° Tilt 0.500° 

Res 0.625 Å 0.008(5) 0.007(4) 0.012(7) 0.018(11) 

Res 0.800 Å 0.017(9) 0.012(8) 0.020(11) 0.028(18) 

Res 1.000 Å 0.038(12) 0.019(10) 0.039(14) 0.051(27) 

Res 1.200 Å 0.072(23) 0.034(20) 0.071(28) 0.075(36) 

 

 

 

Figure 25. Fitting accuracy plots for simulated RED and cRED data. Four 

variables are compared: whether or not to perform partiality correction, data 

resolution, rotation step and whether a data set is discretely or continuously 

rotated. Accuracy is calculated by taking the angular deviation between fit-

ted orientation numbers and true orientation numbers obtained during simu-

lation. Figure reproduced from Paper IV. 
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6.2.1. Influence of positional correction 

Positional correction for non-Bragg reflections improves the accuracy of 

reflection positions in 3D, and therefore, as a result, the fitting accuracy is 

significantly improved by applying the correction, by up to 0.1° for data with 

low resolution. The errors for data sets without performing positional correc-

tion for partial reflections are shown in Table 7. It can also be reflected by 

the significant decrease of error compared to the up-most blue curves shown 

in Figure 25. 

 

Table 7. Accuracy for the orientation fitting method without performing 

positional correction for partial reflections. All the data sets are with a tilt 

angle of 0.100° and different data resolution. Table reproduced from Paper 

IV. 

Data Resolution/Å sRED (tilt 0.100°)/° cRED (tilt 0.100°)/° 

0.625 0.041(27) 0.046 (33) 

0.800 0.066(39) 0.081(55) 

1.000 0.105(63) 0.128(71) 

1.200 0.152(87) 0.175(104) 

 

6.2.2. Influence of data resolution 

High resolution data indicates more of the orientation information, and thus 

is beneficial to have, in order to get higher fitting accuracy. From the result 

in Figure 25, higher resolution data improve the accuracy by a factor of 5 to 

9 comparing resolution of 0.625 Å and 1.200 Å for various rotation steps. 

The error for the fitting is as low as 0.004° for the simulated sRED data set 

with resolution of 0.625 Å. 

 

6.2.3. Influence of rotation step 

A smaller rotation step provides finer positional correction for all the reflec-

tions, and thus is also considered to be beneficial to obtain higher fitting 

accuracy. In Figure 25, lines are colored differently to provide a direct com-

parison of the accuracy dependency on the rotation steps. For RED data, it 

follows monotonically the rotation step trend, but for cRED data with low 

resolution (e.g. 1.000 Å or 1.200 Å), the trend was broken because low reso-

lution data is less sensitive to a finer correction compared to high resolution 

spots, because their distance to the rotation axis is shorter. With this, the 

integration of a few frames can easily lead to confusion on the orientation 

result, which is the case for cRED data. 
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6.2.4. Influence of the discrete/continuous method 

Comparing horizontally Figure 25(a) and Figure 25(b), it can be concluded 

that cRED method can smooth out the frame orientations since it is integrat-

ing over a certain orientation range, which leads to lower fitting accuracy. 

 

6.2.5. Discussion and possible sources of error 

It is observed in the fitting results that certain frames fit worse than the oth-

ers, which is clearly correlated to how our minimization problem is defined. 

Two typical frames which can be fitted well or badly are shown in Figure 26. 

We observe that the frames which cannot be fitted well are mostly the sym-

metric frames with only one or two lines of diffraction spots (Figure 26c). 

The corresponding FOM plot has a well-defined minimum in β direction, but 

not in α direction (Figure 26d). Here α and β complete the relationship be-

tween the spherical coordinate system and the Cartesian coordinate system 

with an arbitrary magnitude r.  

 𝑥 = 𝑟 ∗ sin(𝛼) ∗ sin(𝛽)  

 𝑦 = 𝑟 ∗ sin(𝛼) ∗ cos(𝛽) 17 

 𝑧 = 𝑟 ∗ cos(𝛼)  

This means that the objective function is weak in effectively finding a local 

minimum for these diffraction patterns. However, most diffraction patterns 

did fit well (Figure 26a and 7b) during our trials. 
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Figure 26. Two example frames which can be fitted (a) well and (b) its cor-

responding FOM plot calculated by equation 16 and which is fitted (c) badly 

and (d) its corresponding FOM plot. Figure reproduced from Paper IV. 

 

6.3. Application on an experimental garnet data set 

After the method was validated with the simulated data sets, we applied it on 

an experimental garnet RED data set. The data set was collected on a JEOL 

JEM-2100 LaB6 TEM, with a combination of 2° goniometer tilts and 0.1° 

beam tilts. The total number of frames in this data set was 1113. The resolu-

tion of this data set reached 0.63 Å. 

The orientation fitting result showed a clear rotation curve (Figure 27) and 

the precision of the fitting was confirmed with the FOM numbers. However, 

if we rotate the rotation curve and magnify the side view of the curve, we 

observe that the orientation spots are not exactly on the same plane. When 

we take out the perpendicular components, they look periodic and are clearly 

not noise. This can come from the inaccuracy of TEM hardware (i.e. the 

misaligned goniometer). This indicates that the algorithm is accurate enough 

in this case to detect the inaccuracy of the TEM hardware. More details will 

be discussed in Section 6.3.2. 
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Figure 27. The rotation curve from the orientation fitting result. The curve 

clearly follows a common rotation axis shown as a red arrow in the figure, 

which can be precisely calculated as the normal vector of the rotation plane. 

The grey inset shows the side view of the rotation curve. It is observed that 

the spots are not exactly on the same plane, rather oscillating periodically 

(see Figure 30b) in the perpendicular direction. Figure reproduced from Pa-

per IV. 

 

6.3.1. Accuracy confirmation with DIALS 

The accuracy of the method for the experimental data is checked in this case 

by two means: comparing the simulated and experimental pattern by using 

the orientation result, and comparing the overall result with the orientation 

refinement result from DIALS
[34]

. 

Figure 28 shows the comparison of simulated diffraction pattern using the 

orientation fitting result and the experimental pattern. The frames with num-

bers 843-845 are three consecutive ED frames with two beam tilt gaps of 

0.1°. We can see that even for high resolution spots, the appearance and 

change on the simulated patterns follows well with the experimental pat-

terns. There are indeed differences, which could be attributed to the electron 

dynamical effects. But overall it shows satisfying accuracy in terms of pat-

tern similarity. 
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Figure 28. The comparison of simulated and experimental patterns, with 

frame numbers 843, 844 and 845 in the data set. The circled spots emphasize 

that the accurate orientation fitting result even reveal the tiny change for the 

high resolution spots, which are most sensitive to the frame orientation. Fig-

ure reproduced from Paper IV. 

 

DIALS was used to calculate the frame orientations for the same data set 

using the scan-varying function. The scan-varying model in DIALS smooths 

the small variations in rotation angles caused by any kind of noise in the 

TEM hardware, and is supposed to be very helpful in processing ED data
[32]

. 

The function was tried and the [HKL] indices were output by di-

als.frame_orientation script to allow a direct comparison between the results 

from DIALS and from our method. An average deviation of 0.074(26)° was 

observed between the two sets of [HKL]’s, confirming the overall accuracy 

of both methods. Considering the smoothing model in scan-varying, the 

frame orientations [HKL]’s obtained from DIALS are always “smoothed”, 

while the results from our method are the raw orientations based on observa-

tions only. If we make a comparison by simulation (Figure 29), we show that 

the orientation obtained by our method can be closer to the true orientation 

than that from DIALS. The scan-varying model may make the overall data 

processing closer to reality by assuming the changes are always smooth, but 

it can also miss any high-frequency changes that may arise from imperfec-

tions in the TEM system. 
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Figure 29. Comparison of orientation accuracy between DIALS and our 

method. The left figure is the experimental pattern. It can be clearly shown 

that result from DIALS pulls the Ewald sphere more to the lower-right direc-

tion (as circled in light blue in “DIALS” subfigure). These high resolution 

spots are observable in neither the experimental pattern nor the simulated 

pattern with the orientation result calculated by our method. Figure repro-

duced from Paper IV.   

 

6.3.2. Study on the angular accuracy for the goniometer 

We already saw from Figure 27 that the overall rotation curve is not exactly 

on the same plane. This could mean some slight misalignment of the goni-

ometer and beam tilt rotations since the data was collected using the sRED 

technique. A closer look at the rotation curve shows that there are clear 

jumps when the goniometer rotation is involved. This means that the beam 

tilt steps are better aligned with each other than the alignment between goni-

ometer rotation and beam tilt rotation. This makes sense because the align-

ment between goniometer and beam tilt needed to be done as a calibration 

procedure, while beam tilt itself is fully controlled from the software (exact 

lens parameters were given). Furthermore, spiral rotation behavior can also 

be observed from the rotation curve. If we fit a plane according to the frame 

orientation numbers, and plot the angles between each frame orientation and 

the plane, a clear sinusoidal curve is obtained (Figure 30b). This means that 

the rotation of the crystal is not exactly along the rotation axis; instead, it has 

some certain distance to the rotation axis. Only in this way can the rotation 

curve behave spirally in the perpendicular direction. In sum, there are both 

misalignments between goniometer and beam tilt, and between the crystal 

and the rotation axis. 

Further studies are performed to look at the in-plane frame orientation com-

ponents in order to check the accuracies of the goniometer and beam tilt 

rotations. An overview of the plot of calculated rotation angles (Figure 31a) 

and the histogram (Figure 31b) shows that the method separates clearly the 

beam tilt steps and the combined steps, as the cluster around 0.1° and the 

other around 0°. If we only take out the goniometer tilt steps (i.e. the center 
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points in the 21-frame periods which correspond to 0° beam tilts), the rota-

tion error for the goniometer when asked for 2° rotation is calculated to be 

1.75% on average, i.e. it actually rotates 2.035(30)° (Figure 31c). A similar 

calculation for beam tilt steps indicated an error of 2.20% when asked 0.1° 

rotation, which is of course related to calibration. 

Another interesting observation is the differences between three sets of an-

gles (Figure 31d): the calculated angles (from our method, labeled as “fit-

ted”), the TEM read-out angles (from the TEM interface, labeled as “meas-

ured”), and the expected angles (from how much we wanted the system to 

rotate, labeled as “expected”). The read-out angle always gave a sinusoidal 

component in the differences, meaning that there must be some systematic 

error with the TEM read-out mechanism, which is not clear at the moment 

where exactly it comes from. Meanwhile, there is a linear difference between 

the expected and calculated angles. This can correspond to the rotation accu-

racies which we mentioned above. 
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Figure 30. (a) The rotation curve of 1113 orientation coordinates. (b) Plot of 

angles between the frame orientations and the fitted rotation plane. Figure 

reproduced from Paper V. 
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Figure 31. (a) A spread of calculated rotation angles using the decomposed 

on-plane rotation components. (b) Histogram of the calculated rotation an-

gles. (c) Histogram of the calculated goniometer rotation angles by looking 

at the center points of every 21 frames. (d) Plot of differences between the 

calculated angles, TEM read-out angles and the expected angles. Figure re-

produced from Paper V. 

 

6.4. Conclusions and perspectives 

An orientation fitting method has been implemented in MATLABl to accu-

rately calculate the frame orientations for indexed ED patterns. The overall 

accuracy is confirmed by simulation. By using the information of the com-

mon rotation axis in a rotation data, the fitting accuracy significantly im-

proves. Higher data resolution and finer tilt step help to define the frame 

orientation better. Application to an experimental data reveals possible high-

frequency changes in the TEM hardware system, which DIALS may easily 

miss with its scan-varying model. 

                                                      
l Link to MATLAB code: https://github.com/asdfdsa/OrientationFit 
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The highly accurate orientation results can potentially be used in dynamical 

calculation of ED patterns, which is currently a key problem in electron crys-

tallography. In the software JANA2006, there is a way to modify the input 

file for dynamical refinement, so that the program will directly use the fixed 

frame orientation indices to perform dynamical calculation, instead of call-

ing the built-in scan-varying functions to refine the frame orientations in its 

own way which have been problematic when applied to continuous rotation 

data according to our recent experience. This has not been done yet, partly 

because we need to spend more time to figure out how to change the input 

file correctly. The orientation fitting results can also be used to refine the 

rotation angles (or oscillation angles) for a rotation data set, to improve the 

accuracy of unit cell determination. Furthermore, it may also be helpful for 

reduction of serial crystallography data. 
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Conclusions 

Manual cRED has been used in our lab for the past three years. Currently, it 

is growing to be an efficient method for nano-structure determination of 

beam sensitive materials. We demonstrated both data consistency and preci-

sion of structure determination and refinement using merely cRED data via 

the Co-CAU-36 project. Not only was the structure determined directly from 

electron diffraction data, the subsequent structure refinement could also be 

carried out with cRED data only. In the case of Co-CAU-36, the refinements 

were done against eight individual data sets, as well as one merged data set. 

The differences in the atomic coordinates confirmed consistency of the data. 

Comparison of the simulated PXRD pattern and the experimental one con-

firmed the accuracy of our structure model. Furthermore, for the first time 

we showed that the guest molecules in the pores could also be located with 

cRED data, and the refinements were stable. Even traces of H atoms could 

be observed from the residual electron density map, although they were still 

not pronounced enough compared to the noise level. The data statistics from 

cRED are much better than sRED, in terms of Rint, R1, I/σ values, etc. 

Moving on, a fully automated cRED data collection technique, SerialRED, 

was implemented in line with the development for the software Instamatic. 

We demonstrated that SerialRED can be used for structure determination by 

applying the method to three different zeolite samples, one pure in phase and 

the other two with mixed phases. We showed that the data quality of com-

puter collected data sets were comparable to some recently published ones 

which were collected manually. Furthermore, the mixed phases were sepa-

rated successfully by the hierarchical clustering methods, making it possible 

to perform high-throughput phase identification with SerialRED. 

An orientation fitting algorithm was also proposed for potential use in dy-

namical treatment of electron diffraction data. The algorithm is easy to un-

derstand and implement, and the MATLAB code has been made open-

source. The accuracy of this method was validated through simulated data 

sets, with errors as low as 0.004° for high quality data. It was also shown 

that the sRED data could give more accurate frame orientation results than 

cRED data since the sRED frames are with fixed orientations, while cRED 

frames are integrations over a certain orientation range. Application of the 

method on an experimental RED data set showed possible errors in the TEM 

hardware, especially from the goniometer system. 
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Sammanfattning 

Metoden cRED har används i vårt laboratorium under de senaste 3 åren. Det 

är nu en effektiv metod för lösning av nanostrukturer av strålkänsliga 

material. Vi har visat både datakonsistens och dataprecision för 

strukturlösningen och strukturförfiningen med endast cRED data via Co-

CAU-36 projektet. Strukturer kan lösas direkt från elektrondiffraktionsdata, 

och den följande strukturförfiningen utföras med enbart ED data. I fallet med 

Co-CAU-36 utfördes strukturförfiningen med åtta individuella dataset, samt 

ett sammanslaget dataset. Skillnaderna i atomkoordinater var mycket små, 

vilket visade reproducerbarheten av denna metod. För första gången visade 

vi att gästmolekylerna i hålrum kunde hittas med ED data, och 

strukturförfiningarna var stabila. Även väteatomer kunde hittas, fastän de 

inte var tillräckligt starka jämfört med brusnivån. Datakvaliteten från cRED 

(Rint, R1, I/σ nummer, etc.) brukar vara bättre än data från konventionell 

sRED. 

Vidare programmerades en ny teknik; en helt automatiserad cRED, kallad 

SerialRED, som en utveckling av cRED-metoden samt mjukvaruprojektet 

Instamatic. Vi visade att SerialRED var användbart för direkt strukturlösning 

av strålkänsliga material, genom att tillämpa metoden på tre olika 

zeolitprover, en av vilka var en ren fas men de andra två var blandade faser. 

Alla strukturer löstes och vi visade att kvaliteten av automatiskt insamlade 

data var jämförbar med några nyligen publicerade data som samlats in 

manuellt. Dessutom kunde de olika faserna identifieras via hierarkiska 

klustringsalgoritmer, vilken gav möjlighet att utföra höggenomströmning 

fasidentifikation med SerialRED. 

En algoritm föreslås för bestämning av kristallens orientering. Den har stor 

potentiell användning vid dynamisk behandling av ED data. Algoritmen är 

lätt att förstås och genomföras, och MATLAB koden har publicerats som 

öppen kod. Exaktheten av denna metod validerades via några simulerade 

dataset, med fel så små som 0.004° för data med hög kvalitet. Det visades 

också att sRED data kunde ge mer exakt orienteringsresultat än cRED data. 

Det beror på att sRED har fasta orienteringer, medan cRED är integreringar 

över ett visst orienteringsområde. Tillämpning av metoden på ett RED 

dataset visade möjliga felaktigheter i TEM hårdvaran, t.ex. goniometer-

systemet. 
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Future Perspectives 

Currently, both the experimental setup and post data processing pipeline of 

the cRED method are quite maturely established in our lab. Structure deter-

mination of an unknown beam sensitive sample can be done within one 

working day, given reasonable crystal qualities. The data itself is also of 

much higher quality than that from our sRED method. The data processing 

utilizes X-ray crystallography software such as XDS and DIALS for data 

reduction, and the SHELX suite for structure determination. These programs 

are all originally designed for X-ray diffraction. Therefore, more efforts 

should be put on optimizing the parameters in these programs to deal with 

electron diffraction data. 

In terms of data collection, our efforts show that a fully automated data col-

lection can be achieved. While the overall rotation ranges are still lower than 

those of manually collected data sets, through proper data merging, these 

automatically collected data sets actually have data quality comparable to 

manually collected ones, in terms of data statistics merits such as R1, I/σ, 

data completeness, data resolution, etc. The SerialRED script itself has a lot 

of room for improvement on the experimental design side, in terms of e.g. 

effective elimination of backlash in all goniometer rotation/stage translation 

directions, a powerful model to decide whether to collect data on the selected 

crystal or not, better strategy for reducing the beam damage, customized 

settings for performing phase analysis and structure determination, etc. With 

the versatility of Python programming, most of these should be achievable in 

the near future. It would also be exciting to make the whole procedure, from 

data collection to structure determination, fully automated.  

The frame orientation algorithm was validated and showed to be very accu-

rate by simulated data. The ultimate goal of this project was to contribute to 

the dynamical treatment of electron data. One challenge we are facing is how 

we can use the orientation results from our method for dynamical refinement. 

We are currently collaborating with the developer of JANA2006 to see if the 

algorithm already helps the data processing. 

All our efforts has been aiming to make the RED method into a high-

throughput, accurate and reliable structure determination tool. We hope that 

one day electron diffraction can work as an independent, efficient and con-

vincing method for structure determination, just as what the XRD techniques 

are now, in the field of crystallography. 
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