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Dynamical diffraction effects, long recognized as a complicating factor in the
analysis of crystal structures based on electron diffraction data, can now be
modelled directly within Olex2-AutoChem [Dolomanov et al. (2009). J. Appl.
Cryst. 42, 339-341] when using diffraction data processed with the Rigaku
CrysAlisPro data reduction software. The newly implemented N-Beam refine-
ment approach, based on the Bloch-wave formalism, integrates seamlessly with
the AutoChem [Matsumoto et al. (2021). J. Chem. Crystallogr. 51, 438-450]
interface that links CrysAlisPro and Olex2. Fully integrated intensities derived
from rotation electron diffraction experiments can be refined dynamically,
yielding improved structure models and enabling the determination of absolute
structure configuration from electron diffraction data. The workflow provides a
direct, accessible route from experiment to dynamical refinement within a
familiar software environment.

1. Introduction

3D electron diffraction (3D-ED) has matured into a powerful
technique for determining single-crystal structures of sub-
micrometre crystals across a wide range of chemical materials.
The strong interaction between electrons and the crystal
potential makes dynamical scattering significant. The rela-
tively flat Ewald sphere at electron wavelengths helps in
ensuring that many reciprocal-lattice points are simulta-
neously on (or near) diffraction positions, a requirement for
dynamical intensity redistribution to occur. Together, these
factors make kinematical refinement a poor approximation for
electron diffraction data, resulting in high R factors and
systematically biased structural parameters.

Dynamical refinement methods based on the Bloch-wave
formalism (Bethe, 1928; Hirsch et al, 1977) address these
limitations by explicitly modelling multiple scattering. Imple-
mentations in Jana2006/Dyngo (Palatinus et al., 2013; Pala-
tinus et al., 2015; Palatinus et al., 2019), Felix (Cleverley &
Beanland, 2022; Beanland et al., 2019) and ReciPro (Seto &
Ohtsuka, 2022) have demonstrated the power of this
approach, achieving accurate structure determination and
enabling absolute configuration assignment from 3D-ED data.
However, these implementations require specialized software
and close coupling with specific data reduction pipelines
[typically PETS (Palatinus et al., 2019)], which presents a
barrier to widespread adoption. Integration into the Crys-
AlisPro — Olex2 workflow, already familiar to X-ray crys-
tallographers and increasingly used for electron diffraction,
addresses this limitation. Here, we describe the implementa-
tion of the N-Beam dynamical refinement engine within
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Olex2-AutoChem (Dolomanov et al., 2009), which operates
directly on fully integrated reflection intensities produced by
CrysAlisPro. The method combines computational efficiency —
using local beam neighbourhoods rather than full virtual-
frame simulations — with seamless integration into the Auto-
Chem interface (Matsumoto et al., 2021). This enables routine
dynamical refinement, significantly reducing R factors,
improving structural accuracy and reliably determining abso-
lute stereochemistry for chiral molecules. The complete
workflow from data collection to publication-quality structure
determination can be completed in a few hours on standard
desktop hardware, making dynamical refinement easily
accessible.

2. Workflow integration

The N-Beam dynamical refinement engine is integrated into
the established CrysAlisPro — Olex2 — AutoChem workflow,
providing a seamless path from data collection to publication-
quality structure determination. This section outlines the
complete workflow and highlights the technical requirements
that make dynamical refinement practical for routine use.

2.1. Data collection and integration

CrysAlisPro controls the data collection experiment on the
Synergy-ED electron diffractometer (Ito et al., 2021) and
performs reflection integration using algorithms adapted from
XDS (Kabsch, 1988; Kabsch, 2010a; Kabsch, 2010b). Diffrac-
tion pixels are remapped into an undistorted coordinate space
(‘Kabsch space’), where reflections adopt similar profiles
regardless of their measurement conditions — detector posi-
tion, distance, angle or elevation relative to the rotation axis.

Integration is preceded by learning cycles that optimize
profile shapes, crystal orientation and the instrument model to
achieve the best agreement between predicted and observed
reflection positions. Systematic effects such as beam incidence
angles and electron-optical aberrations (ellipticity, barrel
distortion, pincushion distortion) are corrected on a per-pixel
basis. Additional corrections can account for sample wobbling,
continuous movement, discrete jumps and position-dependent
profile variations.

This level of geometric accuracy is essential for dynamical
refinement: Bloch-wave intensity calculations critically
depend on the precise knowledge of reflection positions and
lattice orientation. Small errors in the orientation matrix or
detector model propagate directly into errors in the calculated
dynamical intensities.

All the information required to perform dynamical refine-
ment is written to an extended CIF that contains not only the
integrated intensities and standard crystallographic metadata
but also the scan-space limits and integration boundaries for
each reflection. This extended format preserves all informa-
tion needed to reconstruct the measurement geometry for
each reflection during N-Beam calculations.

The CIF is passed directly to Olex2 via the AutoChem
interface, eliminating the need for manual file conversion or

intermediate processing steps. This seamless data transfer is a
key advantage of the integrated workflow: users work entirely
within familiar software environments without needing to
learn specialized dynamical refinement tools.

2.2. Structure solution and kinematical model refinement

Structure solution in Olex2 proceeds using standard
methods for structure solution and atom-type assignment. The
resulting model is then refined kinematically using electron
scattering factors (Peng, 1999). The resulting model typically
exhibits high R; values, limited by unmodelled dynamical
effects.

This kinematical model - complete with anisotropic
displacement parameters and geometrically placed hydrogen
atoms at neutron distances (Allen & Bruno, 2010) — serves as
the starting point for N-Beam dynamical refinement. It is
important to ensure that the kinematical model is chemically
sensible and as complete as possible before initiating dyna-
mical refinement cycles.

2.3. Dynamical model refinement

Once the kinematical model is established, N-Beam
refinement within olex2.refine (Bourhis et al., 2015) can be
activated. The refinement engine computes dynamical inten-
sities based on the current model (/¢ = layn) using the
Bloch-wave formalism described in Section 3, and refines
structural parameters (coordinates, displacement parameters,
occupancies) against the observed intensities (I,ps) using
standard least-squares methods.

The transition from kinematical to dynamical refinement
typically reduces R; from 15-30% to values below 15%, often
reaching 5-10% for high-quality datasets (Palatinus et al.,
2015; Palatinus et al., 2015; Cleverley & Beanland, 2023).
Residual density maps' are significantly improved, and
systematic errors in bond lengths and angles are reduced
(Palatinus et al., 2017; Klar et al., 2023). For chiral structures,
the absolute configuration can often be reliably determined
(Brazda et al., 2019; Klar et al., 2023) (Section 4).

The entire workflow, from data collection to dynamical
refinement, can be completed reasonably quickly (in the order
of hours), making dynamical refinement practical for routine
structural characterization rather than a specialized technique
reserved for particularly challenging problems.

3. The N-Beam approach

The N-Beam approach is a computationally efficient imple-
mentation of the Bloch-wave formalism. The term N-Beam is
used throughout this paper to refer specifically to our local-
neighbourhood implementation: for each parent reflection, a
structure matrix of dimension (N + 1) x (N + 1) is assembled
from the N most strongly coupled neighbouring beams,

! Residual density maps are computed as described on p. 7 of the appendlx of
Palatlnus et al. (2017) and are further scaled (in order to convert A~ into
e A™! units of the electrostatic potential) according to the method of Gruza et
al. (2020).
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Step 1: Crystal potentials K

@ Compute Uy, from structure factors Fj,, relativistic |- -» Uy =
factor and unit-cell volume (2. ' ;

S :

Step 2: Structure matrix A at rotation angle w
Assemble the (N+1) x (N+1) matrix from poten-
tials U,,, excitation errors Sy, (w), wavevector K,
surface normal n and obliquity factors mg, (w), all
evaluated at the current rotation angle w.

off-diag: Uy, g, mg,my,
i,j E<1,N >;i # j

e ,

Step 3: Scattering matrix S

} diag: 2|K|Sy,m2,

Diagonalize A = VDV ~! and compute the matrix | ~---------=-----------—-- .
exponential. Eigenvalues give Bloch-wave propaga-
tion constants; eigenvectors give excitation ampli-
tudes.

Step 4: Intensity evaluation

Extract parent-beam intensity from the first non- N I(Sy) = (s2,1)% where
diagonal element in the first column of S at each I

step; store S, and intensity for I(S,) plot.

|

Rotation range
covered?

Step 5: Build rocking-curve profile
Accumulate intensities across all rotation angles w :
to construct the full dynamical rocking-curve pro- !
file. The integrated area gives the final dynamical .
intensity Iqyn (Scheme 2).

|

Output: Integrated dynamical intensity /4y,

Iayn = [1(Sg)dS,
(trapezoidal, along S)

Iy, =1, <alc and is used in least-squares refinement
of structural parameters against observed intensi-
ties 1955,

Figure 1
Scheme 1. The flowchart of the N-Beam approach. Summary of relevant computation steps.

selected by the |F¢|/|S,| criterion (Section 3.1). This differs where £ is the Planck constant, m the electron rest mass, e the

from the classical N-beam formalism, in which a single struc-
ture matrix encompasses all reciprocal-lattice points simulta-
neously near the Ewald sphere; our approach is a
computationally efficient approximation that trades comple-
teness for speed, and has been validated to converge rapidly
with increasing N (Appendix B). The basic formulae used in
this work follow Palatinus et al. (2015).

To calculate dynamical intensities, the following steps are
required:

(1) The periodic crystal potential ®(u) measured in volts
can be expressed as a crystal structure factor F(u) multiplied
by a constant and scaled with the unit-cell volume (Zou et al.,
2011),

2

P(g)=—=<F
(8) 2mmyeS2

(®), ¢y

electron charge and €2 the unit-cell volume. In crystallography,
the reciprocal-lattice vector is usually denoted by u; in most
electron microscopy and electron diffraction publications, the
same vector is denoted by g, and we will follow this notation.
Moreover, constructive interference from a specific set of
parallel atomic planes in a crystal lattice is a ‘reflection’ in
crystallography, but in electron microscopy it is called a
‘beam’. We use both terms synonymously.

The Bloch-wave formalism requires the use of a U
potential, sometimes referred to as ‘scaled optical potentials’
(Seto & Ohtsuka, 2022), in a form defined as (Hirsch et al.,
1977; Zou et al., 2011)

2me
Uy ==7 @, @)
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where m is the relativistically corrected electron mass and &,
are the Fourier coefficients of the electrostatic potential in
volts [often denoted as V,; here we aim to be consistent with
equation (1)]. The final formula to calculate the crystal scaled
optical potentials U, based on the electron structure factor F,
(A) is given as

U _ 2me h? P 3)
£ B2 2mmpe ¥
1
U, = )/EFg, 4)

where g is a reciprocal-lattice vector, F, are the Fourier
components of the crystal in A [and can be calculated on the
basis of the structure model and electron atomic scattering
factors (Peng, 1999)] and y is the relativistic factor (m/my)
dependent on the electron energy [1.3914 for a 200 kV
microscope, Table A.4.1 of Hirsch et al. (1977)]. These
potentials quantify the strength of scattering into each
diffracted beam.

(2) The (N 4+ 1) x (N + 1) structure matrix A is assembled
for each observed beam. Off-diagonal elements are the crystal
potentials Uy, coupling the i = 1 beam (parent beam) to its
N —1 neighbours i = (2, N), weighted by the obliquity
correction factors m,,. The diagonal elements of the matrix A
encode the excitation errors Sg,

S, = (IKI” — K +g[*)/2[K], )

scaled by 2|K|m§{. The excitation error S, is a deviation from
the exact Bragg condition and can be defined as the distance
between a reciprocal-lattice point and the Ewald sphere. The
factors m,, account for the geometry of the crystal surface via
the surface normal n and the reciprocal-lattice vectors g; at the
current rotation step:

K 1/2
m, = () . (6)
! Kn + g -n

The iterator i identifies any given &kl reflection used in this
computation step. The electron wavevector inside the crystal
(primary beam) is denoted as K, while K, is a scalar, the result
of a dot product between the surface normal vector, directing
towards the source of electrons, and the incident beam vector
(K, =K -n).

(3) For a given sample thickness ¢, the scattering matrix S =
M exp(mitA/K,)M~! is computed via eigenvalue decomposi-
tion A = VDV~!, yielding § = MV exp(7itD/K, )V ML,

(4) The dynamical intensity profile of the parent beam i = 1
is evaluated by computing the intensity over a certain range
around the ideal excitation spot (Sg, = 0) of the parent beam.
Within this span, the intensity rocking-curve point is extracted
from the first column and the first non-diagonal element of S
at each angular step. The integrated dynamical intensity is
obtained by integrating partial intensities along S, .

(5) Steps (2) through (4) are repeated across a defined
angular range around the ideal excitation condition (Sg, = 0)
of the parent beam, updating the vector-dependent elements

of A — and hence performing a new eigenvalue decomposition
— at each step, to build up the full dynamical rocking-curve
profile from which the integrated intensity is extracted.

Our implementation focuses on selecting beams for a given
structure matrix A and extracting the dynamical intensity only
for the beam for which neighbourhood reflections and the
calculation step have been established. With the N-Beam
approach, each reflection (the parent beam) is considered
together with a selected set of neighbouring beams that
contribute significantly to energy redistribution. The final
dynamical intensity of each parent beam can thereby be
estimated from a dynamical intensity plot and then used in the
standard least-squares refinement of the structural para-
meters. A summary of our implementation of the N-Beam
approach is presented in Fig. 1.

Note that kinematically forbidden reflections can carry
significant dynamically scattered intensity. Olex2 therefore
provides an option to include systematically absent reflections
in the beam neighbourhood, with their contributions eval-
uated directly using the dynamical structure matrix.

3.1. Beam selection

The central step in our N-Beam approach is selecting which
reflections to take into consideration for each parent beam.
This selection must balance computational efficiency with
physical accuracy: too few neighbours underestimate dyna-
mical redistribution, while too many increase calculation time
without improving results.

3.1.1. Physical context

In principle, only reflections simultaneously excited — those
on or very near the Ewald sphere at the same moment —
participate in multiple scattering. The excitation error S,,
evaluated at the near-Bragg angle of reflection g, measures the
distance between a reciprocal-lattice point and the Ewald
sphere along the vector n. Reflections with S, A 0 are strongly
excited and couple most efficiently, but reflections with small
non-zero |S,| also contribute: for a crystal of finite thickness ¢,
significant scattering intensity extends over a range of S,
related to 1/t around the exact Bragg condition.

The challenge is to identify, for each parent beam, the N
neighbouring reflections that contribute most significantly to
intensity redistribution. Two competing factors determine
coupling strength:

Proximity to excitation: beams with smaller |S,| couple more
strongly (geometric factor).

Scattering strength: beams with larger structure-factor
amplitudes |F.| transfer more intensity (physical factor).

3.1.2. Selection criterion

We use the ratio |F¢|/|Sg| as the primary selection criterion
[similarly to Zuo & Weickenmeier (1995)], which naturally
balances these competing effects. This prioritizes strong
reflections, even if somewhat farther from exact excitation,
and includes weak reflections only if very close to excitation.

4 of 13 Oleg Dolomanov et al. -
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To construct the neighbourhood for a given parent beam, a
candidate list is assembled which includes all reflections
(observed and unobserved) that satisfy the threshold criteria
for the resolution limit, the maximum excitation error and the
angular separation from the parent beam in rotation space.
This list is then sorted by |F¢|/|S,|, and the top N reflections
are selected as coupling partners. The optimum value of N
depends on the system, but is typically between 10 and 20.

Testing on experimental datasets shows that this criterion
yields better (or at least equivalent) refinement results than
purely geometric selection based on S, alone. However,
because validation on larger and more diverse datasets is
ongoing, Olex2 allows operators to switch between the
|F¢|/|S,| criterion and pure S, sorting for comparison.

3.1.3. Fixed versus floating neighbourhoods

By default, the neighbourhood list for each parent beam is
determined once at S, = 0 (the ideal excitation condition) and
held constant throughout the profile integration. This fixed
neighbourhood approach provides a good balance between
calculation speed and accuracy: the set of strongly coupled
beams does not change drastically as S, varies over the narrow
integration range.

Alternatively, the floating neighbourhood mode (activated
via the Float option in Olex2’s electron diffraction refinement
settings) recomputes the optimal neighbourhood at each
integration step as S, changes. This is closer to rigorous Bloch-
wave theory and can further improve the dynamical model,
but at the cost of increased computation time.

Recommended strategy: begin refinement with fixed
neighbourhoods to establish the structure rapidly, and then
perform a final polishing cycle with floating neighbourhoods if
the highest possible accuracy is required.

3.2. Group scaling

Since the actual crystal shape is unknown and a single
effective thickness parameter (EDT) is used in the refinement,
an empirical scaling procedure compensates for possible
variations in crystal thickness along the incident beam direc-
tion.

The continuous-rotation experiment samples different
crystal orientations and thicknesses as the crystal rotates. To
account for systematic intensity variations, reflections are
assigned to groups by rotation angle, with a bin width of
approximately 3° giving a reasonable default. The optimal
number of groups depends on the dataset: each group should
contain at least 60 reflections for the group scale factor to be
statistically meaningful. For a typical dataset, this implies
relatively few groups, and over-segmentation should be
avoided. Since group scaling is an empirical correction, the bin
width should be treated as a tunable parameter and adjusted if
the resulting scale factors deviate substantially from unity.

These group scale factors are not refined as parameters in
the least-squares procedure. Instead, they are initialized at the
start and recomputed after each refinement cycle using a two-
stage process:

Stage 1: overall scale factor. First, a global scale factor k is
computed using the standard weighted least-squares formula:

el
kzm (7)

YWl
where the sums run over all reflections, w; ~ 1/61.2 are the
weights (Bourhis ef al., 2015), I, are the calculated dyna-
mical intensities and /,,s are the observed intensities.
Stage 2: group-specific scales. For each angular group n, a
group scale factor scale, is computed by applying the overall
scale and then optimizing the residual within that group:

(k1)1
scalen — sz( calc) obs (8)

z:wi(klcalc)2 ’
where the sums now run only over reflections in group .

This hierarchical scaling approach allows the model to
adapt to systematic intensity variations without introducing
excessive degrees of freedom into the refinement itself. It is
also possible to refine the scales as part of the full-matrix least-
squares refinement — or to leave the scales ‘as computed’ by
the refinement program.

Note that the N-Beam approach allows the grouping of the
scale factors to be changed at refinement time. Data reduction
is not repeated as in other approaches [e.g. Jana2006/Dyngo
(Palatinus et al., 2013; Palatinus et al., 2015; Palatinus et al.,
2019)], as all the required data for regrouping are already
available.

Group=1, hkl=(e, 0, -2)

beams=20 points=46 width=0.01 weight=1e-65 L.S.=2 EDT=300 maxSg=0.0025 WGHT=0.65 pSp=6.01 pTh=-0.1

—— profile —o— integration

0.008

0.006

0.004

Intensity

0.002

//h \
'

-0020 -0015 -0010 -0005 0000 0005 0010 0015 0020

£
# o N000000000000mmmmmems

',m\

0000 mormmermceoom0oc 0

Figure 2

The profile of the 002 reflection of TyrosineROD with 10 beams (blue).
The integration step (orange) is adequate. Note that, due to dynamic
interaction with neighbouring beams, the profile is split and wavy. The
intensity profile obtained with the kinematic approximation would have a
more Gaussian-like shape and would have its maximum intensity at
S, = 0. With this example, the intensity at S, = 0 is much smaller than the
maximum intensity of this rocking curve.
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3.3. Profile integration

The profile integration step computes the total dynamical
intensity of a reflection by integrating its rocking-curve profile
along the reciprocal-space dimensions. This integration
accounts for the fact that reflections have a finite extent
perpendicular to the Ewald sphere, meaning that intensity
contributions arise even when the reflection is not exactly on
the Ewald sphere. The example dynamic profile is shown in
Fig. 2. Olex2—AutoChem allows dynamic intensity profiles to
be plotted of any selected reflection. The easiest way to access
this feature is through the dynamic Iops versus I, plot.

3.3.1. Integration procedure

For each beam, the dynamical intensity profile I(S,) is
evaluated across a range of excitation errors around the ideal
diffraction condition (S, = 0). The final rocking curves are
presented as a function of excitation error to clearly show how
the reflection intensity changes as it passes through its ideal
Bragg angle at S, = 0.

Parametrizing the rocking curve in terms of S, rather than
rotation angle o allows meaningful comparison between
reflections: the rate at which S, changes with w depends on the
distance of the reciprocal-lattice point from the rotation axis,

Figure 3

Step 1: Broad scan

Compute dynamical intensity 1(S,) across a wide
range of excitation errors, typically S, € [—0.02,+0.02]
A‘l, to identify the maximum intensity Iax-

v
Step 2: Set threshold
Define the integration threshold as 3% of the maxi-
mum intensity: Iihresh = 0.03 Imax. This threshold
determines where integration will start and stop.

|

Step 3: Find integration limits

Starting from broad S, range limits of Step 1, iterate
inward until 7(Sg) > Iinresh- These crossing points
define the integration span 4S5,

lim *

|

Step 4: Define sampling points

Divide the integration span into p steps on each side:
AS, = Sg.../p. Include regular points at multiples
of ASy, plus three extra points at S, = 0 and S, =
i%ASg to capture the sharp peak.

!

Step 5: Compute intensity at each point

For each sampling point S5 within [=Sgiim> +Sgim]:
update the structure matrix A with the current exci-
tation errors, perform cigqnvaluc decomposition, con-
struct S and extract I(S;Z)).

!

Step 6: Trapezoidal integration

Integrate the sampled profile using the trapezoidal rule
over the span [—Sg, . +S,.] to obtain the total dy-
namical intensity Iqy, for the parent beam (Scheme 1).

|

Output: Integrated dynamical intensity 4y,
This value represents the total dynamical intensity of

the parent beam, accounting for contributions across
the I(S,) profile.

Find £5,, where:

I(Sylim) = Iihresh

ASy = Sgi./p

Points: 0, i%ASg,
+AS,, £2AS,, ...

At each Séi) :

update A — diagonalize
— build S — extract 1

+S-’7lim
Idyn = I(S
_S.’!'lun

Scheme 2. Dynamic reflection rocking-curve integration flowchart. Obtaining /4y, requires a full dynamic intensity profile calculation as a function of S,
[whereas S, is a reciprocal-space dimension related to scan rotation angle , Sq(w)].
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so rocking curves plotted against w have geometrically
different widths for different reflections. In S, space this
geometric variation is removed, and the profile width reflects
only the physical scattering properties of the reflection.

The integration proceeds as follows (see also Fig. 3):

(1) Broad scan: the profile is first computed over a wide
range, typically S, € [—0.02, 4+0.02] A7 1o identify the
maximum intensity /p,x.

(2) Threshold determination: a threshold intensity of
3% Imax is set to define the practical integration limits.

(3) Integration limits: starting from a broad S, range, the
profile is evaluated from both sides towards the centre in a first
pass, during which the point at which the intensity rises above
the intensity threshold is determined. The points at which this
occurs define the integration interval [—S, , +Sg,.]-

(4) Sampling strategy: within the integration span, the
profile is sampled at discrete points. The user specifies the
number of integration points p on each side of S, = 0, which
determines the step size AS; = S, /p. To accurately capture
the typically sharp peak near the ideal excitation condition,
three additional points are included: one point at exactly
S¢ = 0 and two points at S, = :E%ASg. A good starting point
for the number of integration points is p =10 (see
Appendix B).

(5) Intensity calculation: for each sampling point, the
structure matrix A, the scattering matrix S and parent beam
intensity are recalculated for a given position as shown in
Fig. 1.

(6) Numerical integration: the total dynamical intensity is
obtained by trapezoidal integration of the sampled profile:

+S,

8lim

Ly = 1(S,) dS,. )

*Sgnm

3.3.2. Implementation considerations

At each integration point, the structure matrix A must be
updated to reflect the changed excitation errors of all beams at
that particular S, value. This requires a new eigenvalue
decomposition, construction of the scattering matrix S and
extraction of the parent beam intensity. Although this process
involves multiple matrix operations per integration point, it
remains computationally efficient when the number of
coupled beams N is kept modest (typically 10-20).

The integration is performed in reciprocal space rather than
in direct angular space. The Lorentz correction is applied
during the CrysAlisPro data processing step. The Olex2 input
hkl values have been corrected and are ready for refinement,
as described in Section 2.1. This approach, analogous to the
‘Kabsch space’ integration used in CrysAlisPro for X-ray data,
ensures that dynamical profiles remain similar and indepen-
dent of the reflection’s position relative to the rotation axis.
Integration in direct space would reproduce profiles whose
widths vary with distance from the rotation centre.

3.3.3. Dependence on effective dynamical thickness

The width of the rocking-curve profile is strongly influenced
by the effective dynamical thickness (EDT), which char-
acterizes the strength of dynamical interactions in the crystal.
Higher EDT values lead to narrower, more structured profiles
with oscillations, requiring more integration points to accu-
rately model the intensity. Conversely, a lower EDT produces
broader, smoother profiles that can be adequately sampled
with fewer points. The balance between integration accuracy
and computational cost is controlled by the number-of-
integration-points parameter, with typical values of 10-20
points per side yielding good results for EDT values up to
2000 A.

3.4. Refinement

Refinement? begins by optimizing the EDT and batch-scale
factors, using fixed coordinates and anisotropic parameters
(ADPs). The starting model is the best kinematical model
available, complete with anisotropic refinement and geome-
trically placed hydrogen atoms at neutron distances.

The number of N beams and the number of integration
steps along the rotation axis control accuracy and speed;
values of N = 10 and 10 integration points provide a practical
balance for typical electron diffraction data during the early
stages of analysis.

After an approximate EDT has been determined (by
refining it as the sole parameter), the other parameters —
coordinates and ADPs — can now be included in the refine-
ment, which will take significantly longer. If the sample is
chiral, it is advisable to determine the absolute stereo-
chemistry before adding additional parameters.

4. Absolute stereochemistry

Given adequate data quality, an advantage of electron
diffraction over X-ray diffraction is the reliable determination
of absolute stereochemistry in chiral materials, even for
structures containing only light atoms where anomalous
scattering is negligible.

4.1. Physical basis

In kinematical diffraction, Friedel’s law states that reflec-
tions with indices hkl and hkl have identical intensities,
making it impossible to distinguish enantiomers. Multiple
scattering breaks this symmetry: dynamical diffraction inten-
sities depend on the phases of the structure factors, not just
their magnitudes. Since inversion changes the sign of all
structure-factor phases, the two enantiomers produce
distinctly different dynamical intensity distributions.

Multi-beam interactions are required for this phase sensi-
tivity to manifest. While three-beam methods can determine
chirality in specific convergent-beam electron diffraction
geometries (Johnson & Preston, 1994; Guo et al., 2018), in the

% Details of the structure-factor calculations are provided in Appendix A
(Sections A3 and A4). If an extinction parameter is present in the instructions,
it will be ignored.
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context of integrated 3D-ED intensities the dominant contri-
bution arises from four-beam and higher-order coupling
(Spence et al., 1994), which ensures that Friedel-pair intensity
differences are systematically present across the dataset rather
than confined to specific orientations.

4.2. Determination procedure

The absolute stereochemistry cannot be determined
directly from the diffraction data. Instead, both enantiomeric
forms of the structure are refined independently using dyna-
mical refinement, and their agreement with the observed data
is compared. The enantiomer that yields better agreement
(lower R factors, cleaner residual density) corresponds to the
correct absolute configuration.

The N-Beam implementation uses the Z-score test (Klar et
al., 2023) to quantify this comparison. The Z score quantifies
the statistical significance of the difference in fit between the
two enantiomers: a large positive Z score indicates that the
current model is strongly favoured, whereas a large negative Z
score suggests that the inverted structure is correct. In Olex2,
this test is automatically run exactly once when N-Beam
refinement is first enabled. This provides an early indication of
the absolute stereochemistry of the molecule at hand — but for
an accurate determination (especially in cases where the
differences are small), more sophisticated built-in tools (full
dynamic refinement of each hand) should be employed.

For high-quality electron diffraction data refined dynami-
cally, Z scores often exceed 3, indicating very high confidence
in the absolute configuration determination.

5. Non-spherical form factors

The N-Beam engine supports the NoSpherA2 approach
(Kleemiss et al., 2021) for non-spherical atomic scattering
factors, which accounts for aspherical electron density arising
from chemical bonding, lone pairs and charge redistribution.
This goes beyond the independent atom model (IAM) typi-
cally used in routine crystallography. The application of this
approach in electron diffraction has a lot of potential,
considering that the partial charges of atoms can be evaluated,
and is subject to further research.

6. Validation using dynamical simulation

To verify the numerical consistency of the N-Beam imple-
mentation, a dedicated dynamical simulator was developed in
CrysAlisPro.

Given an input crystal structure, UB orientation matrix and
other parameters (N-Beam number, EDT, integration points
etc.), the simulator calculates full dynamical intensities (hk/)
based on the Bloch-wave formalism and generates synthetic
diffraction frames.

These simulated frames can then be processed using
CrysAlisPro in the same way as experimental data, yielding a
processed reflection list suitable for N-Beam refinement in
Olex2.

The validation test used an L-tyrosine model as input. Two
datasets were compared: (i) the raw simulated integrated
intensities and (ii) the intensities extracted from the simulated
diffraction frames after standard CrysAlisPro processing.

When these datasets were ‘refined’ in Olex2 using the initial
input structural model (keeping all parameters fixed, except
for the EDT), the resulting residuals were R; = 0.1% for the
raw simulated intensities and R; = 0.8% for the automatically
processed frame intensities (default settings). The EDT used
in the simulation could also be recovered.

These results demonstrate that the N-Beam refinement
reproduces the simulated dynamical intensities with near-
perfect fidelity, confirming the implementation’s internal
consistency and compatibility with the CrysAlisPro data
reduction pipeline.

7. Validation using a real L-tyrosine dataset

The performance of the N-Beam approach was evaluated
using continuous-rotation electron diffraction data from an
L-tyrosine crystal collected on a Rigaku Synergy-ED
diffractometer.

Starting from a kinematical model (R; ~ 15%), refinement
with N = 20 produced a significant reduction in R values and
correctly identified the absolute configuration.

The full set of files for this sample structure is packaged with
Olex2. All diagnostic files generated for testing are included,
and the test code used is available in Olex2.

The dependence of calculated rocking-curve profiles on the
number of integration points p and EDT is presented in Fig. 6.

8. Availability

Olex2 is distributed as open-source software, whereas Auto-
Chem and the N-Beam dynamical refinement extension are
proprietary modules developed jointly with the Rigaku
Corporation.

These are provided with Rigaku’s CrysAlisPro-based X-ray
and electron diffractometers. The integrated workflow is
available to all CrysAlisPro users without additional software
installation.

Data collected with a Rigaku Synergy-ED diffractometer
are signed with a digest that enables the N-Beam dynamical
refinement extension in Olex2 for each dataset on any
computer. For electron diffraction data from other instru-
ments, it is necessary to reduce and sign the data with
CrysAlisPro, which requires a licence for both CrysAlisPro
and AutoChem. The commercial licences can be obtained
from the Rigaku Corporation.

9. Summary

The N-Beam implementation provides full dynamical refine-
ment capabilities within the Olex2—CrysAlisPro environment.

By combining reliable data acquisition, automated model
building and efficient Bloch-wave calculations, this workflow

8 of 13 Oleg Dolomanov et al. -

Dynamical refinement against 3D-ED data

J. Appl. Cryst. (2026). 59



research papers

enables quantitative structure refinement and absolute struc-
ture determination from routine 3D electron diffraction data.

The approach makes dynamical refinement accessible to a
broad community of crystallographers, providing a practical
bridge between established X-ray practice and modern elec-
tron diffraction.

APPENDIX A
The N-Beam approach for dynamical refinement in Olex2

A1. Background: from Bloch wave to N-Beam

The N-Beam approach implemented in Olex2—AutoChem is
based on the Bloch-wave formulation of electron diffraction
(Hirsch et al., 1977; Colella, 1974).

Traditional implementations, such as those in Jana2006/
Dyngo (Palatinus et al., 2013; Palatinus et al., 2015; Palatinus et
al., 2019), evaluate these equations using a ‘virtual frame’
approach. The rotation experiment is sliced by the data
reduction program into virtual frames, which serve as a
container for reflections in the region and carry a common
group scale factor.

In contrast, N-Beam operates directly on the integrated
reflection intensities exported by CrysAlisPro, modelling each
reflection together with a selected local neighbourhood of
interacting beams. The local neighbourhood can be set at
refinement time in terms of interacting beams and grouping
scale factors.

A2. Input data and model definition

Each reflection hkl is defined by its Bragg angle 6, scan
limits [, w;], observed intensity I°* and e.s.d. value.

The data reduction results in a single CIF containing all
relevant information. Non-standard CIF items had to be
defined because they did not yet exist.

_diffrn_frame_start_angle: details of the
measurement registered frame where frame exposure started
with the diffractometer being in this scanning angle position.
For the Synergy-ED, the scanning angle is the grid tilt position.

_diffrn_frame_end_angle: details of the measure-
ment registered frame where frame exposure ended with the
diffractometer being in this scanning angle position. For the
Synergy-ED, the scanning angle is the grid tilt position.

_diffrn_frame_scale: data processing output
providing details of the final scale applied to intensities on a
given frame.

_refln_frame_id: the experiment frame ID number
where the given reflection has a central point.

_refln diffraction_start_angle: data proces-
sing output providing details of where the given reflection
integration profile starts within scanning angle space.

_refln _diffraction_end_angle: data processing
output providing details of where the given reflection inte-
gration profile ends within scanning angle space.

_refln _intensity_scale_factor: data proces-
sing output providing details of the final scale applied to the
intensity of a given reflection.

_diffrn_oxdiff_scatteringfactors_ed: refer-
ence to a table with atomic scattering factors used for all
atoms. To be fully compliant with the International Union of
Crystallography CIF dictionary, the per-atom definition using
the entry _atom_type_scat_source should be used. We
will update this inconsistency in future versions.

The reciprocal-space orientation matrix UB is supplied with
other experimental data in CIF format. The initial structural
model parameters are made by Olex2 standard kinematical
approximation solution/refinement procedures.

A theoretical reflection list to a chosen resolution d,;, is
generated to ensure continuity of beam neighbourhoods.

A3. Structure matrix
For each parent reflection, the coupling between the parent

beam and its N neighbours is represented by the structure
matrix A. In a general N-Beam case,

2
2|K|Sgnmgo Ugl mgn mg[ Ugngu mgN
8i—8N 8 8N

2
A U,m,m, 2IKI[S, m,, ... U m, m

UgN mgl\/ mgo UXN —8i mg/v mgt

2K|S, m?
(10)

The dimensionality of A is (N 4+ 1) x (N + 1) for a general N-
Beam set. i = 0 corresponds to the incident beam (000), the
parent beam is i =1 and its neighbourhood beams are
i €{2,..., N). The first clement of the matrix A (2|K]|Sg,m;,
is equal to 0 as the length of the vector |g,| = 0.

A4. Scattering matrix and beam propagation

The scattering matrix S defines the propagation of coupled
beams through the crystal:

S = Mexp(ritA/K,)M ™' = MV exp(7itD/K,)V'M ™,
A=VDV (11)

t is EDT and M is a diagonal matrix with elements m,, as
defined in equation (6). This exponential operator corre-
sponds to Bloch-wave propagation, and the dynamical inten-
sity of the parent beam is extracted from the second element
of the first column of S at each integration step. The first
element is the 000 reflection; the set of calculated beams starts
from the second matrix element: the parent beam with i = 1.
For the matrix exponential exp(sA), where s = mit/K,, is a
scalar and the matrix A depends on a parameter ¢, assuming
diagonalization of A as in equation (11), the derivative with
respect to the parameter ¢ is given by (Tsai & Chan, 2003)

dexp(sA)

=VX V!
dq q

X,=GOF. (12)

Here

0A
G=V' -V (13)

and
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exp(d;s) — exp(d;s)
d —d.

L ]
F= : . : ,

exp(d;s) — exp(d;s)
d;,—d,

sexp(d;s)

sexp(d;s)

(14)

with d; being the eigenvalues of A and © denoting the
Hadamard product. The derivative of the matrix exponential
by the scalar is identical to a normal exponential derivative.

APPENDIX B
Validation and testing

The N-Beam implementation was validated using three
complementary approaches: (1) synthetic data with known
ground truth to verify numerical accuracy, (2) synthetic data
processed through the full experimental pipeline to test soft-
ware integration and (3) real experimental data to demon-
strate practical performance. All three tests used L-tyrosine as
the model system (Fig. 4).

B1. Test datasets
B1.1. TyrosineRAW: numerical consistency test

The TyrosineRAW dataset consists of dynamical intensities
computed directly from a known L-tyrosine structure using the
same Bloch-wave formalism implemented in N-Beam. The
simulator (described in Section 6) generated reflection
intensities based on specified structural parameters (atomic
positions, displacement parameters, EDT) and N-Beam
settings set to N = 20 and p = 40 (integration points). These
raw synthetic intensities were then imported into Olex2 and
‘refined’ against the original structural model with all para-
meters held fixed except EDT.

This test isolates numerical accuracy: any discrepancy
between calculated and ‘observed’ intensities reveals imple-
mentation errors, rounding issues or algorithmic incon-
sistencies. The resulting agreement was R; = 0.1%, and the
input EDT (300 A) was recovered exactly. This near-perfect

Figure 4
Displacement parameter diagram of a real structure of tyrosine, tyrosi-
neED (IAM).

agreement confirms the internal consistency of the N-Beam
calculations.

B1.2. TyrosineCAP: pipeline integration test

The TyrosineCAP dataset tests the complete data proces-
sing workflow. The same synthetic dynamical intensities from
TyrosineRAW were used to generate simulated diffraction
frames — pixelated detector images mimicking a real rotation
experiment. These frames were then processed through the
full CrysAlisPro integration pipeline (profile fitting, back-
ground subtraction, Lorentz correction etc.) to produce a
reflection list with integrated intensities and experimental
metadata.

This processed reflection list was refined in Olex2 using N-
Beam, again with all structural parameters fixed except EDT.
The resulting Ry = 0.8% is slightly higher than that for
TyrosineRAW due to small systematic effects introduced by
the integration procedure (binning, profile fitting, numerical
precision in the frame-to-reflection transformation). EDT was
again recovered correctly.

This test confirms that the N-Beam engine correctly inter-
prets the extended CIF format exported by CrysAlisPro,
properly reconstructs the measurement geometry for each
reflection and produces results compatible with the integra-
tion software’s conventions.

B1.3. TyrosineED: real experimental data

The TyrosineED dataset consists of continuous-rotation
electron diffraction data collected from a real L-tyrosine
crystal on a Rigaku Synergy-ED diffractometer. Starting from
a kinematical refinement with R; ~ 15%, dynamical refine-
ment with N =20,p =20 beams reduced R; to approxi-
mately 8%. The absolute configuration was correctly
determined with high confidence (Z =). At these settings, a
refinement cycle (full refinement) will take seconds. With
N = 30, p = 30, the final R; was 6.86% with a Z score of 18.7
and an R, difference of 6.07% (see Table 1).

This result demonstrates that the N-Beam approach
achieves the expected improvement over kinematical refine-
ment for real experimental data, where imperfections in
crystal quality, detector response, beam coherence and other
factors introduce noise absent from the synthetic datasets.

B2. Comparison of datasets

Fig. 5 shows s versus I, plots for all three datasets. The
TyrosineRAW data [Fig. 5(a)] lie almost perfectly on the
diagonal, confirming numerical fidelity. TyrosineCAP [Fig.
5(b)] shows slightly increased scatter due to integration arte-
facts, but the correlation remains excellent. TyrosineED [Fig.
5(c)] exhibits broader scatter characteristic of real experi-
mental data, but the overall correlation is strong and
systematic deviations are absent, indicating that dynamical
effects are being correctly modelled.

B3. Optimization of beam number

A key practical question is how many beams N are neces-
sary for accurate dynamical refinement? Using too few beams
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Table 1 underestimates intensity redistribution; using too many
Crystallographic data for TyrosineED. increases computation time without improving results.
Compound TyrosineED Fig. 6 shows the dependence of R; and Z score on the
lgorm‘(ﬂa = 1C§IE—;1111N03 number of beams for the TyrosineED dataset. Both metrics
M“E‘I'; nf—clgn 0.000 stabilize at N &~ 12-15: further increases in N produce negli-
Formula weight (g mol™") 181.191 gible changes in fit quality or absolute structure determina-
(150(11‘2‘)“ 590310‘1“655 tion. This convergence behaviour was observed consistently
Crystal system Orthorhombic across multiple test structures.

Space group P2,2,2, The optimal beam number depends weakly on crystal
a(A) 5.8600 (4) thickness (EDT) and diffraction geometry, but N = 10-20
b (A) 6.9913 (13) .

¢ (A) 21.2698 (15) provides a good balance between accuracy and speed for
a (%) 90 typical electron diffraction datasets. Users can verify conver-
B E:) gg gence by performing trial refinements with varying N and
g( /is) 871.40 (18) checking for stability in R factors and refined parameters.

Z 4

z . 1 B4. Computational performance

Wavelength (A 0.02510 . .

R:g;;gi tyge) Electron Refinement time scales approximately as N** due to the
Omin (°) 0.12 eigenvalue decomposition of the structure matrix at each
Omax (°) 0.90 integration point. For N = 10 and 10 integration points
Index range h -7<h=<7 . . d . .
Index range k 1<k=<7 per side, a typical dataset of 500-1000 reflections refines in
Index range / —26<1<26 12 s (full refinement of tyrosine, 4 least-squares cycles) on a
Measured reflections 3269 standard office laptop (Intel i7-865U @ 1.90GHz, 4 cores).
Independent reflections 3269 . . .
Reflections. I > 20(7) 2640 Increasing N and p to 20 extends this to 90 s, and even going to
Rint 0.0868 n = p =40 will take less than 5 min, which remains practical for
Parameters 186 routine use.

Restraints 192 . . . . .
Largest peak (¢ A~") 01630 Profile integration sampling (10-20 points per side)
Deepest hole (¢ A™") —0.2116 adequately reproduces rocking-curve shapes for EDT values
Goodness of fit 1.270 up to ~2000 A, which covers most small-molecule electron
Ry [I > 20(I) / all] 0.0686 / 0.0759 : . . .

WR, [1 > 20(I) / all] 0.1760 / 0.1815 diffraction applications. A higher EDT or more complex
Z score 18.70 dynamical behaviour may require denser sampling or adaptive
Rlgifference 6.07 integration strategies.

N-Beam settings . .

N-Beams 30 B5. Summary of validation results

Integration points 30 The three-tier validation strategy demonstrates:

Float True

(i) Numerical accuracy: TyrosineRAW confirms that the
Bloch-wave  calculations are implemented correctly
(R; = 0.10%).

TyrosineRaw: Ic_ori and Ic_inv vs Iobs TyrosineCAP: Ic_ori and Ic_inv vs Iobs lyrosinekD: lc_ori and lc_inv vs Lobs
beans=20 points=40 EDT=300 WGHT=0.01 pSp=0.01425 pTh=-0.1 beans=20 points=30 EDT=300 WGHT=0.05 pSp=0.01425 pTh=-0.1 beans=30 points=30 EOT=1360 WGHT=0.07 pSp=d.02 pThe3

« CB(S) (R*=1.000 R¥(dentity)=1.000 +  CB(S) (R=1.000 Ri(identity)=0.999 « CB(S) (R=0.972 Re(identity)=0.972
« CB(R) (R=0.986 R¥(idenity)=0.974 « CB(R) (R=0.985 R¥(identity)=0.973 + CB(R) (R*=0.939 Ri(identity)=0.930

I_calc

I_calc

Tobs : T_obs _obs

(a) (b) ©

Figure 5

Observed versus calculated intensity plots for the three L-tyrosine test datasets. (a) TyrosineRAW: synthetic data refined against the generating model,
Ry =0.10%. (b) TyrosineCAP: synthetic data processed through CrysAlisPro integration, R; = 0.8%. (¢) TyrosineED: real experimental data,
R; ~ 8% after dynamical refinement (IAM).
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n-beams(Z) for ID=TyrosineED

beams=41 points=20 EDT=1468 maxSg=3.00e-03 WGHT=0.02 pSp=0.02 pTh=2

-0 original inverted

40 -0 original inverted

WR2(Z)

2 --0-- ZScore ZRaw

ZScore
8

Time

Figure 6

Convergence of refinement quality with increasing beam number for
TyrosineED. Ry, wR, and the absolute structure Z score all plateau
beyond N &~ 12-15, indicating that a moderate number of beams is
sufficient for all practical purposes. The absolute stereochemistry can be
reliably established even with very few beams. Spherical form factors
were used.

(ii) Pipeline integration: TyrosineCAP verifies compatibility
with CrysAlisPro data processing (R; = 0.8%).

(iii) Real-world performance: TyrosineED shows the
expected improvement from kinematical to dynamical
refinement on experimental data (Ry: 15% — ~7%).

The beam-number convergence test shows that N = 12-15
is sufficient for most applications, and computational perfor-
mance is acceptable for routine structural work. These results
confirm that N-Beam is both scientifically rigorous and prac-
tically viable for everyday crystallographic analysis.

APPENDIX C
Notation

n (vector, magenta) (Fig. 7): unit vector normal to the crystal
entrance surface, directed away from the crystal towards the
electron source. Fixed in the laboratory frame; the crystal
rotates relative to it via the rotation matrix R(w) applied to
the orientation matrix UB.

K (vector, black): electron wavevector inside the crystal,
from the centre of the Ewald sphere to the origin O of reci-
procal space (the 000 beam). Its magnitude |K| differs slightly
from the electron wavevector in vacuum due to the mean
inner potential of the crystal. The scalar K, = K-n is the
projection of K onto the surface normal; since K and n are
antiparallel, K,, is negative and |K,| = |K|. K,, enters the
obliquity correction factors m,, (see the main text) and the
scattering matrix exponent exp(witA/K,).

entry surface 000

K+g

n-(K+g)

Y O

Ewald sphere

Figure 7

Geometry of the Ewald sphere construction and the notation used in this
text. Solid arrows, vectors; dashed arrows, scalars. Bold symbols follow
the notation of the main text.

g (vector, blue): reciprocal-lattice vector of the reflection
under consideration, pointing from the origin O to the reci-
procal-lattice point G.

K + g (vector, blue): diffracted beam wavevector, from the
centre of the Ewald sphere towards the reciprocal-lattice point
G. When G lies exactly on the Ewald sphere, |K + g| = |K]| and
the Bragg condition is exactly satisfied (S, = 0).

S, (scalar, green): deviation parameter (excitation error),
the signed distance from the reciprocal lattice point G to the
Ewald sphere, measured along n. As used in the main text:

K> — K+ g
S ~—r =
¢ 2K

The exact form from the diagram geometry is

S, = y/In- (K -+ gF + (KF — K +g’) ~ In- (K +g)l.

When §, = 0 the Bragg condition is exactly satisfied; reflections
with small |S,]| still contribute due to the finite crystal thick-
ness.

n - (K + g) (scalar, orange): projection of (K + g) onto n.
The perpendicular distance from the entrance surface to the
reciprocal-lattice point G along n; enters the exact expression
for S, above.
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