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40 the propeérties of this tomography problem both analytically and computationally,

41 highlighting 'why incorporating precession to perform scanning precession electron

42 diffraetion may be important. We establish a general framework for non-symmetric

43 tensor tomography and demonstrate computationally its applicability for achieving

44 strain tomography with scanning precession electron diffraction data.
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1. Introduction

In this paper, we examine whether it is theoretically possible to recover the threes
dimensional strain tensor field within a material using scanning electron diffraction
(SED) data and tensor tomography methods.

Nanoscale strain is widely used to engineer desirable materials, properties, for
example, improving field effect transistor (FET) performance [l], opeming a bulk
bandgap in topological insulator systems [2] and enhancing ferreelectric properties [3].
Strain also arises around crystal defects, which further afféet materials properties.
The strain tensor field is a rank 2 symmetric tensor field in three-dimensional space
and is therefore fully described by 6 components at every 3D eodérdinate. 3D strain
reconstruction of one or more strain components has been achieved using X-ray
diffraction techniques, including: coherent Bragg diffractivesimaging [4-6], micro-
Laue diffraction using a differential aperture [7], and diffraésion from polycrystalline
specimens combined with back-projection methodss[8,9]s The spatial resolution of these
X-ray techniques is however limited to ca. 20am t0 100#m and sub-10nm resolution
strain mapping is therefore dominated by, (scanning) transmission electron microscopy
((S)TEM) techniques [10]. These techniques include: imaging at atomic resolution
[11,12], electron holography [13] and SED {14, 15} Amongst these, 3D strain has been
assessed by atomic resolution tomography. [16] and in a proof-of-principle reconstruction
of a single strain component using SED,[17]. Tn 2D strain mapping, SED has emerged
as a particularly versatile andyprecise approach to strain mapping with few nanometre
resolution [18,19].

SED is a 4D-STEM technique [20],based on the acquisition of a 2D transmission
electron diffraction pattern at every probe position as a focused electron probe is scanned
across the specimen in a/2D scan, as shown in Figure 1. Each 2D electron diffraction
pattern comprises intense Bragg disks (see Figure 1) at scattering angles, 0, related to
the spacing of atomie planes, dj;;, by Bragg’s law,

A= 2dhkl sin 493

where, A is the radiation wavelength and hkl are the Miller indices of the atomic plane
defined as reciprocal of the intercepts of that plane with the crystal basis vectors. For
high-enexgy (can. 60keV to 300 keV) incident electrons, the corresponding de Broglie
wavelength is @ 0.0487 A to 0.0197 A.

TFhe largest dp values are typically <3A to 5A for most metals and ceramics.
Therefore the smallest scattering angles are typically ca. 10 mrad and the corresponding
Bragg disks are associated with atomic planes near parallel to the incident electron beam
direction. Strain alters the spacing of atomic planes and consequently causes the position
of the' Bragg disks to change and to be blurred if a varying strain field is sampled along
the beam path. Components of strain perpendicular to the incident beam direction
may therefore be mapped by tracking the position of Bragg disks as a function of probe
position [14].
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(a) Electron diffraction (b) Scanning electron diffraction

Figure 1: Schematic illustration of scanning electron diffraction. (a) Afocused electron probe passes
through a sample and a 2D electron diffraction pattern is z€cordeda If the sample is crystalline then the
diffraction pattern comprises intense Bragg disks at positions related to the spacing of atomic planes
in the crystal, as shown. (b) The probe is scanned overthe sample and a diffraction pattern recorded
at each position.

Strain maps of three path averagedicomponents of the strain tensor in 2D have been
reported from a wide range of materialg,via SED [19,21-23]. Determining the position
of the Bragg disks in each diffraction pattern,is a critical step, which has been explored
in recent literature with cross-correlation based disk finding approaches achieving the
best accuracy and precision [24-27]. The incorporation of double-conical electron beam
rocking [28], to record scanning precession electron diffraction (SPED) data, has further
been demonstrated to improve precision both numerically [29] and experimentally [18].
However, progress towards 8D strain mapping using S(P)ED data has so far been limited
to a proof-of-principle reconstruction of one strain component in 3D [17] by the lack of
a framework for thréesdimensional strain tensor field reconstruction using S(P)ED data.
In this work, we,establish such a framework for three-dimensional reconstruction of the
full strain tenser field from S(P)ED data via consideration of an analytical forward
model (see Sections 2 t0,4). We show that a linearised approximation coincides with
a non-symmetric tensor tomography problem and use this to demonstrate recovery of
both thé symmetric infinitesimal strain tensor field and the non-symmetric rotation field
to recover the full non-symmetric tensor field, i.e. the deformation gradient tensor field.

In Section 5 we show that the linearised model for diffraction data coincides with
the \transverse ray transform on tensor fields with non-symmetric tensors. Tensor
tomography is a well-established area of mathematics with many physical applications
[0}, including in the application of strain reconstruction in photoelastic tomography.
Experimental and numerical details can be found in [31] and [32] respectively. In two
dimensions, the work of [33] considers symmetric strain tomography, [34] considers
symmetric tensors of arbitrary rank, and [35] also considers the non-symmetric strain
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case. Symmetric strain tomography of polycrystalline materials in three dimensionsiis
explored by [36]. Results for tensor fields of non-symmetric tensors are wellyexplored
in dimensions greater than three [37,38] and also in three dimensions for a general
Riemannian geometry [39]. We combine and simplify these results into agingle.cohesive
argument to clarify properties of the inverse problem in the physical s¢enario. Finally,
we validate our approach computationally in Section 6 with a range of'complex forward
models for scanning electron diffraction. Our analytical and numerical results establish a
robust framework for three-dimensional strain tensor field reconstructi&n using S(P)ED
data.

2. Fundamentals of electron diffraction for strain . mapping

2.1. Notation
We define that:

e U,: R? — C is the probe function representing the¥incident electron wave with
wavelength A > 0. This is extended to 3D by W, (2. vy, z) = ¥, (z,y), assuming the
wave does not change significantly over the speeimen thickness.

e u: R? — R and any subscripted derivation denotes the electrostatic potential of
the specimen under investigation.

e = = (z,y,2) gives the standard coordinates on R? (direct space).

o K = (k,k.) = (ky, ky, k.) gives the standard coordinates on R?, in Fourier space
(reciprocal space), which4ve treat as R? = R?*"! interchangeably, where k is the
2D coordinate on the detector.

o Flul(K) = [gsu(x) exp(—h:-K) dax denotes the Fourier transform.

oy = (ég) is, the natural lifting from R? to the plane k, = 0 in R?. ie.
YK =k,v"k =(ky0).

e D: R? — R and subseripted derivatives denote a two-dimensional diffraction
pattern recorded on a flat detector.

1. xed o
o I,(x) = d .. denotes the indicator on the set A.
else

® 0, fis the Dirac delta centred at p. Formally, this is considered as a tempered
distribution on the space of Schwartz functions. Informally, we write it as a function
Op(x) where it aids clarity.

2.2. Gemeral electron diffraction

Forward models of electron diffraction typically assume coherent elastic scattering of
fast incident electrons by the static Coulomb (electrostatic) potential, u, of a specimen
in the far-field (Fraunhofer) diffraction limit [40]. This neglects inelastic and mixed
elastic/inelastic scattering contributions [41]. Various further assumptions lead to a
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range of analytical and numerical forward models [12,43]. A key distinction is Hetween
kinematical models in which a single electron undergoes at most one scattering event,
and dynamical models in which multiple scattering events can occur. While the latter
is more physically accurate, the former captures many important aspects. We,proceed
here with a kinematical model for analysis and validate our results €omputationally
using both kinematical and dynamical models in Section 6.

The kinematical diffraction pattern, D, may be written as

D(k) = |[F[Wu]|” (k, k.(K)),  k.(k) = 2mA~" — JAr2 A2 k|2 (1)

where k is the 2D coordinate on the detector, ¥,u is a pointwisexmultiplication between
the probe function and specimen potential, and the indident elec¢tron beam is chosen
to be travelling parallel to the z-axis. The Fourier tramsforms.is‘only observed on the
so-called Ewald sphere,

(K, k() : |k < 2701} = {K LK, < 2mAA,

K- 0 200 1)| <2t}

on which Bragg’s law is satisfied geometrically.

2.3. FElectron diffraction from a nanocrystal

A crystal is defined as a material that'has an essentially sharp diffraction pattern [44].
This means that most of the,diffracted imtensity is concentrated in Bragg peaks at
particular positions. Diffraction patterns recorded from crystals are therefore highly
structured and essentially sparse, though in practice diffuse scattering is always observed
in addition to the Bragg peaks.\This leads to the definition of an ideal defect-free crystal
inferred from (1) to be amaterial with a sparse Fourier transform.

Definition 2.1. The électrostatic potential of an ideal crystal ug: R® — R satisfies
Flu) = 3 i,
i=1

for some weightings w; € C and Bragg peaks p;, € R3.

For comnventional crystals the set of Bragg peaks are structured such that there exist
some réeiprocaldattice vectors a*, b* and ¢* € R? such that

{p;:i e N} ={ha” + kb" +Ic" : h,k,l € Z}.

The ¢lassical description indexes over three integer indices, as on the right-hand side.
In this work we only use a single positive index to compress notation, it will not be
necessary to record the precise Miller indices for each p,. The reciprocal lattice vectors
link the sparsity of Flug] and the periodicity of ug by the following Lemma.
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Lemma 2.2. If ug has reciprocal lattice vectors a*, b* and c* then, with V" =
det((a* v* ¢*)), ug is periodic in the vectors
2m 2m U
a=—b"xc", b=—c"xa*, and c=—a" x b:
% V %
In other words, there exists a repeating unit v: [0, max(|al, |b|, |c])]® =R, referred to as
the unit cell such that

[e.e]

up(x) = Z v(x + j1a + job + js€).

J1,J2,j3=—00

This is a standard result in crystallography andga short proof is provided in
Appendix A. The key point is that both direct space and-reciprocal space representations
of the idealised uy are equivalent however each have distinet advantages. The direct
space parametrisation shows that ideal conventional erystals are built of repeating unit
cells which will be the basis of a discretisation in Section 3y however we generally adopt
the reciprocal space (Fourier) parametrisation, whi¢h is natural for analysing diffraction
patterns.

The diffraction pattern from a crystal truncated to a cubic volume can be computed
directly using (1) as,

Lemma 2.3. Let u(x) = uo(x) V(%) where

1 xe |- kP

V(@) = A, () =
0 else

S
and p > 0 is the width/dépth of the crystal u. Define the function sinc: R¢ — R by

in(k
sinc(k) = smkg ) when'd = 1, and sinc(k) = sinc(k,) sinc(ky) . . .

when d > 1. Then,

D(k)= Z wipsine(plk. (k) — pi.]) f(k =7 p,)
where
R = o2 F[W,] * sinc(p))(k) = p* | FIW,)(k — K)sinc(pk) dk'.  (2)

RQ

This is also a special case of Lemma 3.4 for which a proof is provided in Appendix
D. Single crystal diffraction patterns are therefore essentially a sum of spikes centred at
points v'p;, = (i, piy) and with a diffracted intensity proportional to ]wi\2, which is
therefore related to the structure factor in crystallography. The shape of the spikes is

dictated by ¥, encoded in f.
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2.4. Precession electron diffraction

Precession electron diffraction (PED) patterns are recorded using a dynamic “double
conical beam-rocking geometry” [28], as illustrated in Figure 2. The incident electron
beam is tilted away from the optic axis (z-axis) of the microscope by a precessiomangle,
«, and rotated about the z-axis above the specimen, with a counter rotation performed
below the specimen to integrate diffracted intensities on the detegtor. Typical values
for the precession angle in SPED experiments are ca. a = 0.5° to 2%

Algebraically, PED can be equivalently described by switching~to'the frame of
reference such that the electron beam is stationary and the sample is rotating around
the z-axis. We can then write an expression for a PED patternp.D (&), as,

D,(k) = ]E} {|f[\I/pu(Rtw)]|2 (k,k.(k)) such that t €10y27) and

(t) sin(t) O 1 0 0 (t) —sin(¢) 0
Ry = (—C:isn(t) cos(t) o) (0 cos(a) Sm(a)) (Z?S(t) ch(t) o) } . (3)
0 0 1) \@O—sia)ese) ) \ "o To

The expectation [E; is defined formally im,Appendix C; Experimentally, precession is a
‘summing’ of diffraction patterns although here we write it equivalently as an average
or expectation. There is no intrinsic randemness,but considering ¢ ~ Uniform[0, 27)
ensures that the expectation is the desired value. Heuristically, standard diffraction
patterns sample the Fourier transform pointwise, which is very sensitive to variations
in intensity both due to thedntersection ofsthe Ewald sphere with the Fourier space
and dynamical scattering, as can be seen in Figure 3.a. PED patterns integrate over
these intensity variations (Figure 3.b)leading to improved agreement with a simpler
and ‘more kinematical’ model\(Figure 3 parts ¢ and d). This idea will form a key
approximation described/in Sectien 4. Overall, Figure 3 shows that the kinematical
model has a much faster decay due to the Ewald sphere, however, it is also much less
sensitive to oscillationsiin intensity. After precession, the two models agree well.

2.5. Technical assumptions for diffraction imaging

We require five techmical assumptions on the experimental setup which are used to
justify the images seen in Figure 3.

Assumption 1z small wavelength, i.e. A ~ 0.01 A.

Assumption 2: thick crystals, i.e. p ~ 1000 A.

Assumption 3: non-overlapping Bragg disks, i.e. there exists 7 > 0 such that for all
i1 #do: |py, — Pi,| > 27, and |k| >T7 = f(k) =0.

Assumption 4: symmetrical spots, i.e. f(—k) = f(k) for all k.

Assumption 5: narrow beam, ie. |x| > 7 ~30A = U, (x) =0.

These assumptions can all be met readily in typical SPED experiments by configuring
the electron optics while considering the crystal lattice parameters. Assumption 1 and
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standard beam precessing beam

\/

diffracted beams diffracted beams

Figure 2: Schematic of double conical beam-rocking geometrys,usedito record precession electron
diffraction (PED) patterns. The electron beam is rocked argund the,optic axis above the specimen
and counter-rocked below the specimen to record electron diffraction patterns containing Bragg disks
integrated over the rocking condition.

L

Assumption 2 justify that Figure 3.d is a sum of spotsiofshape F[V,] centred at (p; ., piy)
with p; ., = 0. Assumption 3 and Assumption 4'state that the spots are symmetrical and
well separated. For the kinematical model, Agsuniption 4 is equivalent to the symmetry
of ¥, and precession helps to mitigate dynamical effects breaking this condition. Finally,
Assumption 5 dictates the final spatial reésolution of the strain mapping. The width of
the support of ¥, acts like a peint-spread function on the model. Without treating
this explicitly, we need to assume that the beam is contained within a single column of

voxels in the final strain mapped volume.
N

3. Electron diffraction from a strained crystal

There are two standardunodels of deformed crystals [45], the continuum (deformable
ion) model, whicli we use here for our analysis, and the discrete or atomic (rigid ion)
model, which wéwmuse in Section 6 for computation. In the continuum model, a deformed
crystal is defined as follows.

Definition 3.14 If u': R** R is defined pointwise by
u'(x) = u(z + R(x))

fon‘some crystal u: R* — R and displacement map R:R®— R?3, then we say that u'
1s @ deformed crystal and F = VR is the displacement gradient tensor field.

The strain tensor field, €'is the symmetric part of the displacement gradient tensor,
whichiwe obtain as £ = %(ﬁ +F ), while the skew part describes the rotation field.
Since the diffraction pattern is sensitive to both strain and rotation, we consider general
displacement gradient tensor fields, which can then be decomposed into strain and
rotation parts following tomographic reconstruction.

? pre=specimen
E \3 A deflection. cails
E \. post—spemm@
‘ deflection coils
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. ~

(a) Dynamical simulation (b) Dynamical simulation with precession

© o

(¢) Kinematical simulation (d) Kinematical simulation with precession

Figure 3: Simulations of diffraction\patterns from an unstrained Silicon crystal viewed along the [001]
crystal direction i.e. along the érystallographic c-axis (details in Section 6.1.4). (a) shows a dynamical
(b) shows that with precession, the
intensities in the dynamical simalation become much more homogeneous. (c)/(d) show kinematical

simulation where complex spot inhomegeneities can be seen.

simulations without/with precession."Note that precessed images qualitatively agree very closely with
each other.

3.1. Strain indfourier space

Understanding the Fouriertransform of a deformed crystal is the key to understanding
the diffraction pattern produced by that deformed crystal within the kinematical model
definedin (1) and (3). The following Theorem considers the case of a crystal subject to
uniferm affine deformation.

Theorem 3.2. If
U (x) = u(x + R(xz)) = u(Az + b) for some A € R*3 be R, ue L*(R%C),
where A is invertible, then we can express its Fourier transform as:

Flu')(K) = det(A) e 4 KFu)(ATK).
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This is a standard result in Fourier analysis and a proof is given in Appendix B. The
appearance of the determinant emphasises that larger potentials diffract moréstrongly.
The only changes to the Fourier transform are a corresponding linear deformationsand
a change of phase depending on the translation. To translate this result tothe ideal
crystal ug, where the Fourier transform is a distribution rather than a smooth funetion,
we need a further technical lemma.

Lemma 3.3. If A € R*? is an invertible matriz and b € R?, then
Flug(A-+b)|(K) = b ATTK Zwi(;ATpi(K).
i=1

Due to its importance of this standard result in thisswork we include a proof in
Appendix B. This Lemma demonstrates a key feature for diffraction from deformed
single crystals. Under linear deformation, the logation of spikes in Fourier space is
equivalently linearly deformed and therefore thedoeations of diffracted peaks are also
linearly deformed. y

3.2. Strained diffraction patterns

To model the diffraction patterns, produced by crystals subject to more general
deformation we consider a crystal subject to piece-wise affine deformation. This is
an implicit assumption that deformed crystals are also piece-wise smooth and so can be
well approximated in this framework. We thus assume the material, u, may be expressed

as: N -
j=1
where:
Jje[N]=A{1,. N} indexes over all, finitely many, voxels,
B; € R? is the location of voxel 7,
Ape R is A; = id+VF within voxel j,
b, & R? represents the shift to align uy with the u in voxel j.

In this work, each voxel is a volume element that is sufficiently large that the discrete
atoms blur into/a continuum. We note that the results which follow can be extended to
more generic tensor fields by limiting the voxel size to zero and replacing the finite sum
with,a Riemann integral if additional smoothness assumptions are made on u, b;, and
A; to guarantee any necessary exchanges of limits.

Wercan now express the full diffraction pattern of a deformed crystal.

Page 10 of 43
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4
5 Lemma 3.4. If the probe is narrow (Assumption 5) then
6
7 D(k) = |F[W,] » Flu]|* (K, k.(k))
8 2
9
10 ~ T ib; * p; T 4T
11 = Z w; (k. (k) — (Aj Pi)z: B2 Pif(k — v Aj p;)
12 1€N,jE[N]
13 7' B;=0
14
15 where ~
16 w;(k, B) = w;psinc(pk)e Pk
17
18 The proof of this is in Appendix D. A key point here is thathAssumption 5 is used
19 to guarantee that the beam is completely contained within, a single column of voxels.
g? Without loss of generality, this column is centred at & =y = 0'which reduces the sum
22 to indices j such that 'yT,Bj = 0.
23 In the limit p — oo, A — 0 (large voxels, highsénergyincident electrons) Lemma 3.4
;4 simplifies to 4

5 2
26 . D(k) ibje p; TuT
27 }g% T = Z wi et TP FU k=~ A p;) (5)
28 p—rd ijel
29 .o . . 1
2 where I = {(i,j) € N* : v78; =0m(A  p,)s. = 0}. This helps to highlight two key
31 properties of diffraction imaging undersdeformation:
g; e ‘in-plane’ deformation moves the centre of the spot linearly from (p;.,pi,) to
34 VTAJ'Tpi = ((A]sz'):ca (AJ‘TPi)y)-
gg e ‘out-of-plane’ deformation changes the intensity of each spot depending on (A;-rpi)z.
37 In the high-energy limit this is. absolute, however, in practice the intensity of spot @
38 is dampened by a factor 6f sific(p(k.(k) — A/ p;).) < 1. In either case, dependence
ig of the intensities on the out-0f-plane strain A; is highly non-linear.
41
4 Lemma 3.4 provides a wvery explicit model for computing diffraction patterns from
43 deformed crystals, yet it'is still too complex to directly derive a linear correspondence
2;" for the strain_mapping inverse problem. To do this we will use precession and also one
46 final technical assumption, that we are in a ‘small strain’ scenario. Formally, we state
47 this as:
48 . o : .
49 Assumption 7: small strain, i.e. |A; —id| < o for each j.
g? Informally; we need to ensure that diffraction patterns of strained crystals still look
52 like blurred diffraction patterns of single crystals. That is to say that the diffraction
53 patterns should still be essentially sharp with isolated, if blurred, Bragg disks.
54
55
56 4. Linearised model of electron diffraction from deformed crystals
57
52 A linear tomography model is developed from the kinematical diffraction model in
5

this section following a physically motivated argument based on precession electron

(o))
o
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diffraction, which is supported by a parallel mathematically rigorous argument in
Appendix D. It is not clear how the necessary assumptions may be justified physically,
and we therefore provide computational results in Section 6 which demonstrate that.eur
model can be quantitatively accurate.

4.1. Strained diffraction patterns with precession

In Section 2.4, precession was motivated as a technique for simplifying the computation
of the average deformation. Now, we make this statement more precise by using tools
from probability theory. For brevity of notation, we will use,therabbreyiation

2 AX() st jEN], 9B, =0y

o A = T e V], A=)

for all random variables X: [N] — C. In probability theory, this is the standard
conditional expectation with respect to the condition ’yT,Bj = 0.

- 4
Approximation 1. If the beam energy is large and the strain is small (Assumption 1
and Assumption 7), then

Do (k) = Do (k)% error (6)
2 2
where Dy (k) = Zwi E f(k- VTAJ-TPZ-) (7)
i—1 ' B;=0

for some new weights w; € C.

D, is exactly the simple Qodel one would hope for in strain mapping. Ignoring
the squared norm, such a‘diffraction pattern is the average of each idealised diffraction
pattern with an average spot-shape and weighted with an average structure-factor w;
independent of the strain parameter A;. The cost for assuming that the raw data D,
obeys such a simplefmodelis{determined by the error term. With too little precession
D,, will look close to Figure 3.a with inhomogeneous spot intensities and so the error
will be large, hewever, too much precession introduces a new blurring of the data which
also contributes to the erxror. The important point is that the error should not bias the
computationsithat we go on to make in Approximation 2, in particular it should not
bias thelcentres of spots away from D,,.

Algebraically, it is hard to quantify the precise sweet-spot but the proof motivates
a rule-of-thumb for the choice of precession angle. It should be just sufficiently large to
ensure that

k.(k) — (R[A]p,). =0 for some ¢ € [0,27), |k| = |p;]

for all relevant Bragg peaks p; and strains A;. i.e. we require « to be sufficiently large
such that the strained Bragg peak A]-Tpi exactly intersects the Ewald sphere for some
t. For example, all visible peaks in Figure 3 satisty p; , = 0, |p;| < P for some P > 0,
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and we assume small strain (J4; —id| < o). A short geometrical argument given in
Appendix E suggests the relation

2 AP AP
a =~ cos ! (1 — %) +sin~! (E) ~ 0o+ e (8)

In words, the precession angle should be larger than the maximum zotation due to the
deformation plus the distance between the flat hyperplane and the Ewald Sphere.

One final observation from this approximation is that the co%dinate (A]-Tpi)z
has disappeared completely, other than in the choice of o abovey and the remaining
expression only depends on 'yTAiji. This indicates that, diffra¢tion imaging is
insensitive to deformations parallel to the beam direction, which'will dictate our choice
of tensor tomography model in Section 5.

4.2. Linearised diffraction model

The final approximation is to linearise the forward model. D, is now a sufficiently
simple, but still non-linear, model to go from a deformed crystal to a diffraction image,
however, what we want is a simple linear model to map from a deformed crystal to its
average deformation tensor. To do this we propese a simple pre-processing procedure
to apply to the raw data D, whichfeerresponds to a linear forward model with respect
to the deformation parameters. In particular, we propose computing centres of mass for
each of the observed diffraction spots.

Approximation 2. [If the conditions of Approximation 1 hold and the diffracted spots
are symmetric and non-overlapping (Assumption 3 and Assumption /) then
N
S 1o KDo (k) dE
E VTAJTPZ _ |[k—q;|<7T
85 =0 flk—qi|<F Da(k) dk

+ error (9)

where T > 0 is the separationsof spots given by Assumption 5.

This Approximation directly indicates that centres of mass are a good linear model
for deformed diffractiond patterns and this is confirmed by the numerical results in
Section 6. More genetally, this provides a motivation that the centre of deformed spots
are equal_to average/deformation tensors. Other centre detection methods are common
in the literature; and we also give numerical comparison of the accuracy and robustness
of each method.

5. Non-symmetric Tensor Tomography

Up to this point we have considered how to compute a single average deformation tensor
from a single diffraction pattern. The role of this section is to identify this process
with an inverse problem capable of reconstructing a 3D strain map from many average
deformation tensors, and then highlight the relevant properties of this inverse problem.
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The fact that strain maps are rank 2 tensor fields immediately puts us in the/domain
of tensor tomography, and the physical characteristics of diffraction imaging seen in
Approximation 1 highlights the transverse ray transform (TRT) as the matural parallel.
In particular, Approximation 1 shows that precessed diffraction patternssare insensitive
to out-of-plane strain. This aligns with equivalent reasoning in [36] fotspolycrystalline
materials where it was shown that this corresponds to the TRT. Thewnly difference for
polycrystalline materials is that the forward model is insensitive to the skew component
of deformations, and so we will extend the analysis of the TR Tto aceount for general
tensor fields of non-symmetric tensors. =

5.1. Notation and definitions

We define that:

f: R® = R® denotes a vector field, i.e. a rank4 tensor field.
F: R® - R¥3 denotes a rank 2 tensor fields

e 52 = {¢ € R3 such that |¢| = 1} is the unif sphere in’]R?’.

e S denotes a Schwartz space.

e The set of all lines is identified with the set

TS? = {(¢,x) € R* x R’ suchuthat [£] = 1,2-€ =0} C $% x R?
under the understanding‘that (€, x) — {x + t£ s.t. t € R} parametrises all lines in
R3 (uniquely with orientation):
e Sym(R3*3) = {A € R*3(such that /AT = A} is the set of symmetric matrices.
o Sym(F)(z) = %(ﬁ(m) + (}?’(a}))T) is the pointwise symmetrisation of F.
e [x], is the skew-symmetfic matrix such that [x],, y = xxy for ally € R?. Similarly,
[f] (x) = [f(ac)] is the pointwise operation.
X X
o ¢ = {x € R¥ suchithat z-& = 0} is the orthogonal complement.
e id = (é ((1; (i.)) isithe identity matrix.

We follow thie definitions of tensor tomography operators given in [30], defining the
longitudinad, ragy.tramsform (LRT), I: S(R3; R3) — S(T$* R)

1fig.a) = [ fla+ig)-gdr
R
and the transverse ray transform (TRT), J: S(R?; R3*3) — S(T$?%; R**3)
TR, z) = / Y Fz + 1€)Te dt (10)
R

where Il = id—% is the orthogonal projection map such that (Ilgx)-&§ = 0 for all

3
x € R3.
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5.2. Electron Diffraction and the Transverse Ray Transform

The first step is to generalise the notation from Section 2 to consider diffraction patterns
where the electron beam is not parallel to the z-axis or through the pointia = y = 0.
This is mainly an algebraic exercise, first to upgrade from average spot centres to average
strain tensors, and then to realise the generalisation.

Lemma 5.1.

v 5] Vi 7 l 1) 1 2 h h ]t O

(11) Generalising notation: If we choose x = <§) and g = id—% with & = (?),
then
TAT
E AT = | b ] 7 Mg
’YTB]':‘B ‘
0 0 0

Proof. Let square brackets temporarily denotethe horizontal concatenation of vectors
into matrices. Note that

P1,z D2, 10
Pl = (P ) = (o) (Bdes) = (B o).

p, are non-colinear and so this final matrix is‘invertible. Thus, we have

E 74Ty =By {vTATT G i) (b))

~TB,=0 7 1B,;=0
ToAT @ P2\l
- %E A PR} (B )
TYN2;=
T AT TAT A
~ ]E Y A] P, ]E Y Aj Dy (gi,y gé,y)
4B, =0 7T B;=0

which verifies the first part.»The final part is a simple algebraic argument:
. 0 100 10 -

From this we see

E HgA;-rl'Ig:’y{ E T Ay
v

’YTﬂj:w 53‘

as required. O

This Lemma is where Assumption 2 becomes relevant. If the crystal is of finite
thickness then all p, are always present in the diffraction pattern (not just when
pi. = 0), although the intensity may be small. In practice, all visible spots will lie
on this hyperplane which is justified by Assumption 2.
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The final step to aligning with the TRT is to replace discrete sums with line
integrals. We compute

Gt 2B =0) B A= [ nA@,) Ted; ()
’YTﬂj:T’ ’YTﬁjZO
:i/ I Az + t€) " Tlgdt: (12)

This is now in the classical TRT format as in (10). The additional sealing on the left-
hand side is an important difference between diffraction imaging and the TRT although
we postpone discussion until Section 5.4.

5.3. Invertibility of tensor ray transforms

The results that we show in this section are necessary forsthe analysis of the strain
tomography inverse problem but are not novel in the field of tensor tomography. Instead,
the intention is to bring together all the relevant results togelearly explain the relatively
special case of three dimensions. In dimension strictly greater than three the TRT
is invertible and its properties are alreadynwell explored [37,38]. In a general three
dimensional Riemannian manifold the analysisyis given by [39] however this is much
more complicated than needed in the Euclidean case. Our argument closely follows that
of [37, Section 4], however we also retain the'symmetric component of the tensor field.

We note that we have formulated these ray transforms in a Schwartz space setting
in order to make use of existing results regarding invertibility of both the LRT and the
TRT. Recent work has extended the stability results of the LRT to Sobolev spaces on
compact domains [46] and the same techniques appear valid for the TRT but this has
not yet been made rigorous.

The invertibility of the LRT and the TRT for symmetric rank 2 tensor fields is
established in [30, Chapter 2Jo(IZRT), and [30, Chapter 5, page 155] (TRT). We state
the key results:

Theorem 5.2. For all fo7 € S(R%:R?), F,G € S(R3; Sym(R¥?)), orthogonal bases
{617 €2, 63}

Ifg, ®)y=IG(& ) for all (&) € TS® £

JE(¢, x) = JG(&, ) for all @, € € Ue) —

f=3q (13)
F=G (14)
In particular,

[f: 1§ <= Jp € S(R*R) such thatf:§+V@.

In other words, vector fields f and ¢ can never be completely distinguished, only
the selenoidal component can be reconstructed from LRT-type data. On the other hand,
any two symmetric tensor fields, Fand G , can be distinguished from experimental data
of TRT-type from three well-chosen tilt-series.

We can now state the invertibility of the TRT for non-symmetric rank 2 tensor fields.

Page 16 of 43
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4 - =
5 Theorem 5.3. For all F',G € S(R?;R**3), orthogonal bases {ey, es, €3}
6 — — — —
7 JF(&, z) = JG(&, ) for all (§,2) € TS* <= F =G + [Vy],, someyp € S(R%;R)
8 (15)
9 — — — —
10 JF (& x) = JG(&,x) for all x, £ € Uje; <= Sym(F) = Sym(G) (16)
11
12 The proof of Theorem 5.3 relies on the following decomposition lemma.
13
14 Lemma 5.4. Decomposition of the TRT of non-symmetric tensors:
12 (i) For all F € S(R3; R¥®) there exists f € S(R3; R3) such that
17 - - =
18 F = Sym(F) + [f}x
19 . . b,
20 (ii) For all F € S(R? R**3), JSym(F) (¢, x) = Sym(JE(E, ®))
21 — -] —
2 (iii) For all '€ SR%RY), J |[] (€.@) = I](€, z)fe],
23 *
24 Proof of Lemma 5./. Part (i) is a simple algebrai¢ equivalence. For any A € R3*3
;2 0 Ao = Ao v Az = Aza Aszo — Ags
27 A— Sym(A) = % —(A1,2 - A2,1) 0 A2,3 - A3,2 = % A1,3 - A3,1
28 —(A1z — Asy) —(Agzz —A32) 0 Apg — Aip
29 — — -]
30 The expression F' = Sym(F) + [ f] ist'simply the pointwise extension of this equality.
31 S " . . .
32 Confirming f € S is also clear as [f} R %F — %FT € § and so we must have f; € S
X
:431 for each v = 1,...,3. By the linearity of J
> JSym(F) =.J (%(ﬁ v FT)) =1 (Jﬁ + J(ﬁT)) .
37 N
38 Hence, to prove part (ii)/it suffices to show:
39
40 J(FT) (& x) = / T/ (z $9€) T dt = / (M F(a + t&)Te) " dt = (JF(€,2)) "
R R
42
43 The proof of part () is also by direct evaluation, fix @ € R?. We claim II¢ [a], I =
44 a-£ (€], . Firstnotethe trivial case, when € = e3 = (001)"
45
46 L (00 Q —a3 a2 100 (0 —az0)
o oMo = (976) (o0 856 ) (838) = (& §'2) = s lesl.
48
49 To generalise this, recall the property of cross products (Ra) x (Rb) = R(a x b) for all
50 rotation matrices R and vectors b. Because of this, we know
51
52 T T T L EETYN
53 Rla], R'b= R(axR b) = (Ra)xb= [Ral, b, RII.R =R ld—W R =Tlge.
54
55 If we choose R such that & = Res, it follows
56
2273 HE [a]x HE = HRB3 [a]x HRe3 = RH%R—r [a]x RH63 R" = R<He3 [RTG'] « Heg)RT
59 = R(R'a-eses), )R" = a-¢£ €],

(o))
o
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as required. Finally, we can extend this equality pointwise to f

7[A], o) = [ 1e[fla+te)] Mear = [ flo+re)-€lel, a—a7ig.o) el

Proof of Theorem 5.5. As J is a linear map, it suffices to prove the theorem in, the case
G =0. Applying the decomposition established in Lemma 5.4:

JF(Em) =0 < JSym(F)€a)+ 7 |f] (€)=0 Lemma 5.4(1)
— JSym(F)(& z) + If(€, ) €, =0 Lemma 5.4(iii)

— JSym(F)(&, ) = Sym(0) Lemma 5.4 (ii)+symmetric/

and I (€, x) €], =0 — Sym(0) skew decomposition

= JSym(F)(& z) = If(¢ x) =0 £#0

- L -
Hence, by Theorem 5.2 we know that f, and thus' the skew component of F', is
never uniquely determined but the symmetric compenent can be recovered through
the equality of Lemma 5.4(ii). ]

This decomposition, Lemma Synis very, powerful for understanding the tensor
tomography problem from an analytical stand-point. Theorem 5.3 lifts invertibility
results from [30,47] to demomstrates wheni(or how much) the non-symmetric TRT is
invertible. On the other hand, results from [47] also compute the (pseudo) inverses of
the LRT and symmetric TRT which eould be lifted to a filtered-back projection-like
pseudo-inverse of the non—syleetric TRT. This in turn allows us to characterise the
sensitivity to noise, the imverse problem of non-symmetric tomography is only mildly
ill-posed as the singular values decay at only a polynomial rate.

5.4. Physical setting of.the transverse ray transform

There are two key differences before applying the standard theory. Firstly, the scaling
constant swit€hing between average to integral was ignored in (12), however, practically
this represents a necessary re-scaling by the thickness of the specimen to go from the
raw datas(average deformation) to the linear model (integral of deformation). This also
appears in thedanalysis as a violation of the small strain assumption, Assumption 7,
because the vacuum outside the crystal has a deformation of order one. This scaling
allows us to account for the violation by incorporating alternative knowledge of the
specimen. Experimentally, a high-angle annular dark-field (HAADF) STEM image can
be recorded at each specimen orientation to record the object thickness [48].

Secondly, we draw attention to the different acquisition geometries expected from
the theoretical and physical settings. In Theorem 5.3 the TRT requires three (well-
chosen) continuous tilt-series to be suitably invertible, however in Lemma 5.1 we can
only compute the signal if two non-colinear spots are visible in the diffraction pattern.
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This places a strict constraint on the choice of £ and, in particular, the set of physically
feasible beam orientations is a discrete set. Because of this, datasets in this application
will always be in a limited data scenario.

6. Computational Validation

We perform a computational analysis to validate the approximation of ¢he forward
model (9) used to relate electron diffraction to the TRT and tosonfizm that the TRT
inverse problem, which is under-determined and has a non-trivialfmll-space, can be
solved accurately using a realistic amount of data. These tasks are separated for
reasons of efficiency by first rigorously testing the forward model to provide a worse
case estimate for the error level, and then simulate errorhat and above this level for
numerical tomographic reconstructions.

6.1. Forward model validation
- 4
Physical validation requires quantifying the level of error in (9) knowing the exact

deformation and comparing against thé computed deformation determined based on
measuring the centres of the Bragg diffractionndisks. This will be assessed in three
ways. First we use the MULTEM [49] package as a dynamical simulator, in particular
modelling multiple scattering effects.n, We stiggest this provides a worst-case analysis
as the simulation model is more accurate, than the analytical model used, and also
we use thick crystals where the extra complexity should be most apparent. Second we
compare against a kinematical Simulation, the analytical model of this study, and observe
that the accuracy is equivalentito that of the dynamical simulation. The previous two
comparisons use crystals formed adin (4) which ignores strain on the boundaries of each
block. The final comparison uses crystals with dislocations where the deformation is
continuously defined to verifyarebustness to the specific definition of strain.

6.1.1. Piece-wiseaffine deformation phantom Phantom crystals are defined with piece-
wise linear deformations asin (4) but using the rigid-ion model of deformation, i.e. where
the lattice of atoms 18 deformed but atoms remain spherical and the same size. To do
this, we create a three parameter collection of phantoms.

Definition 6.1. Given an initial crystal structure, randomly sampled phantoms are built
up atomistically using three parameters:

(1) L € Wous the number of layers. Phantoms consist of layers stacked orthogonal to the
z-axis. Fach layer is under constant affine transformation and is (approximately)
the same thickness.

(i) d€ {1,2,3} is the rank of the displacement gradient tensor. d = 1 corresponds
to a simple isotropic scaling of the wnitial crystal structure. d = 2 also allows for
rotation and shearing within the layer. d = 3 allows any generic 3 X 3 tensor.
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(i1i) o > 0 is the average magnitude of atomic displacement. In particular, oger each
randomly generated displacement gradient tensor, the average of the spectral norm,
of the perturbation from identity will be equal to o. Note that this average iwnot
enforced in each simulated phantom.

6.1.2. Continuous deformation phantom When defined atomistically, the deformation
gradient tensor requires a choice of interpolation to be related our discussion in
Section 3. The piece-wise affine deformation phantoms test this ina disg‘ete sense where
deformations were defined to be piece-wise constant with discontinuities at the interfaces
between layers. To test accuracy under continuous deformation we define use the
continuum deformation associated with a dislocation with Burger’s,vector b o< (1, 1, 1)T
and line vector u o (1,—1,0)" [50]. In the notation of Definition 3.1

41 —-v)p+ sin(2¢)b n 2(1 —2v) log(r) + €os(2¢)
871-(1 — 1/) 87‘(’(1 - V)

R(z) = (uxb)—x (17)
where (r, ¢, Z) are the cylindrical coordinates of & on the l:asis (uxb,uxbxu,u). A
dislocation can be modelled naively by rémoving all.atoms along the half-plane defined
by ¢ = 7 from a crystal and displacing the atéms according to (17). This is visualised
in Figure 4 and 100 diffraction patterns were simulated from this phantom with beam
parallel to the z-axis and o = 2.

6.1.3. FElectron diffraction stmulations FElectron diffraction patters were simulated
using a wavelength A = 0.02 A (energy of ca. 300keV) and an average deformation
magnitude of o = 0.01(= 1%)'assuming an incident electron probe function of the form,

A S

J1 (/72 + y2)7 FIUJk) {}2 k| <r

\I}p($7y) =

ol + 2 0 else

where J; is a Bessel function of the first kind. This probe function corresponds to the
probe producedausing a circular disk aperture in ideal probe forming optics, and the
choice of r corresponds.to an aperture of 2 mrad.

Kinematical’simalations are computed using (3) while dynamical simulations were
performed-using the/multislice approach as implemented in the MULTEM package [49].
The number of points chosen to simulate precession was chosen sufficiently large such
that the errors reported in Table 1 had converged, details are given in Section S.2.
Precession angles in the range 0° to 2° were used.

6.1.4. Results: Linearised model accuracy Computations presented in this section were
performed to determine the accuracy with which Bragg disk centres can be measured and
related to the average deformation tensor. We also considered how this accuracy may
be affected by both the choice of precession angle and the choice of disk centre detection
algorithm. Equation (9) suggests that the centre of mass is an accurate measure of
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Figure 4: Parts (a) and (b) show columns of atoms parallel to the beam for two Silicon crystals. To
form a dislocation, we remove a half-plane of atoms (c) atoms were displaced according to (17) (d).
Deformation direction/magnitude is wvisualised by colour/brightness respectively.

average deformation, we compare/this with disk-detection by cross-correlation, which is
common in strain mapping literature, to evaluate which method is best at linearising
the forward modek

Precession angle is an experimental parameter, which (8) suggests should be chosen

2 AP 02
oot (127 Vg sint (22 ~ 0.01 4 29225
2 47 47

It is more common in practice to use a < 1°, however in this case we wish to quantify any

as

~ 0.6°4+0.5° = 1.1°.

expected advantage of using larger values. The following simulations were performed:

e 72 MULTEM simulated diffraction patterns with one random phantom for each
combination of a € {0°0.5°,1°,2°}, L € {1,3,15}, d € {1,2,3} and crystal
orientations [001] and [011] (see Figure 4). The full phantom objects were 1000 A
thick.

e 2160 kinematical simulated diffraction patterns with 30 random phantoms for each
combination of o € {0°0.5°,1°,2°}, L € {1,3,15}, d € {1,2,3} and crystal
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directions [001] and [011] parallel to the optic axis (z-axis). The full crystals were
250 A thick.

e 540 high-energy kinematical simulated diffraction patterns without precession and
with 30 random phantoms for each combination of L € {1, 3,15}, df {1,2,3} and
crystal directions [001] and [011] parallel to the optic axis (z-axis). “The full crystals
were 250 A thick.

e 100 kinematical simulated diffraction patterns of the dislocation phantom with
o = 2° at different beam locations. The full crystal was 250 A thicks

In particular, we used a disk-detection method involving,pateh-wise (least squares)
registration between each Bragg disk in the strained diffra¢tion pattern and the
corresponding Bragg disk in an unstrained diffraction pattern, the exact form of this is
n (18). A sketch of this pipeline is provided in Figuré 5.

For each precessed diffraction pattern we compute centres for each spot in the
inner-most ring on the pattern. Predicted and computedicentres are only ever compared
like-for-like relative to centres computed with the same algorithm using an undeformed
sample as reference.

In the notation of (9), we define the true,centres of each spot as

Ctrue = ]E fYTAjpi
J

for discrete piece-wise affine deformation, and for the continuous deformation map R

wr o L [ e
Cirue = —5 75 = v'p; +7v VR(z,y, z)p, dzdydx
30°A*T |x*pi,z|§{A ly—pi,y|<15A JoO

computes an average deformationgwhere T' is the known thickness of the phantom.

kD, (R)dk

flk—Wp-|<
Ccom = *

flk—vaK? Da(K)dk * p

(18)
where 7' p, is computed. from an undeformed diffraction pattern, D°. We fit a zero-
mean Gaussian‘to the TRT modelling errors and so the important error measure is the
Euclidean distanee between detected and expected centres, i.e. the error variance. We
report the values of
|Ct7"ue - C|

’ctrue |

error = 100 - (19)

whichlis.scaled to percentage error. This is convenient because with ¢ = 1%, a naive
detection algorithm of ¢ = v p, (i.e. zero strain) corresponds to an average error of 1.
Table 1 summarises the results of this comparison. The key observations are:

e An average error of one pixel width would correspond to an error of 0.7%, all results
below this are super-resolved.

Creg = argmin / |Do(k)—D0 (k+p—"p;)|* dk
|[k—yTp;|<T
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Figure 5: Evaluation pipeline: we compute centres on undeformed (a) and deformed crystals (b).

The TRT uses (a) to predict an average centre (blue cross) at the centre of mass of deformed centres
(purple stars). A¢) and (d) give sub-plots of (b) to visualise the effect of deformation.

Ingreasing the precession angle in this range reduces the errors for all models and
centre detection methods.

Comparing centre detection algorithms, both have comparable maximum accuracy
yet the registration method appears much more robust to changes in the simulation
model and phantom. It also converges much faster with respect to precession angle
with little gain between 1° and 2°.

Errors for the continuously deformed phantom are noticeably worse than with the
piece-wise constant phantoms. An example disc is shown in Figure S.1, and we see
it is qualitatively very different from those shown previously in Figure 4. The more
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dynamical simulation

Method a=0|a=05|a=1"]a=2°

high-energy

Centre of Mass | 1.95 0.40 0.20 0.08 0.03
Registered 0.46 0.10 0.05 0.04 0.04
kinematical simulation dislocation
Method
evno a=0]a=05|a=1"| a=2°| phantom
Centre of Mass | 0.44 0.27 0.08 0.04 0.\12
Registered 0.11 0.06 0.05 0.04 0.10

Table 1: All values given are mean relative Euclidean error (19). The dislo¢ation'phantom is described
in Section 6.1.2, the remainder use layered phantoms. The dynamical simulation is computed by
MULTEM, high-energy/kinematical from (5)/(3).

smoothly varying deformation causes an elliptical ‘blurring of the disc which may
make it harder to consistently detect the centre. L

e The high-energy model achieved eptimal accuracy without precession. This
suggests the dominant benefit of precession in these examples is smoothing the
non-linearities of the model rather thaniaccounting for rotation out-of-plane.

In a worst case, with 2° of precession, e observe errors between peak-finding and
the TRT model approximation of 0.12%; eerresponding to a signal-to-noise ratio (SNR)
over 8. On the other hand, the registration peak finding algorithm consistently achieves
an average accuracy of 0.04% eorresponding to an SNR of 25.

6.2. Tomographic Reconstfuction Walidation

Section 5 considers the analytical/properties of the continuous inverse problem we wish
to solve, but in practice we have corrupted and limited data. Here, we perform a
reconstruction from arrealistic dataset and analyse the accuracy both quantitatively
and qualitatively! For this purpose we generate a phantom, F': [—1,1]3 — R3*3 and
simulate data_ using the model

(¢, x) = JF'(€,2) + (€, )Tl

where 7] is a O-mean isotropic white noise tensor field.

The choice of noise level and phantom were chosen to be slightly more challenging
than suggested by the results of Section 6.1.4. In particular, a phantom is chosen with
L =3 layers, d = 3 dimensional deformation, and an average deformation magnitude
of o = 2%. We perform reconstructions with two levels of noise. Firstly at 0.1%, in
line with Table 1, and then at 1% (SNR = 2) to account for any noise and physical
modelling errors not considered previously. The final experimental choice is to specify a
scan geometry which respects practical time and hardware constraints. 42 tilt directions,
shown in Figure 6, were selected and for each tilt we scan over a 50 x 50 grid of
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beam positions. Directions are chosen down zone axes to guarantee at least tawo non-
colinear Bragg discs in the diffraction patterns, as required by Lemma 5.14»For any
rotation R € R3*? of the sample, the corresponding direction is the third column of R,
say (z,y,2)". This direction is then plotted with a stereographic projectionnat point

( L Y ) The plot in Figure 6.b assumes that the crystal is initially perfectly aligned

1—-271-2
with the z-axis. If this is not true then an offset must be computedsand passed on for
the computation of Euler angles for the specimen holder.
For a reconstruction method we choose to perform a standard,Total Variation

. ~
reconstruction [51-53]:

2 —
+ B IVF(CB) |F7"obenius dex
2 [71’1]3

. 10 . =
Fhrecon = argmin — HJF — J‘
5 2

where (8 is a manual tuning parameter. With perfect data there is little need for
regularisation (S = 0) however, in this exampléithe Total Variation functional is

compensating for:
L

e Measurement noise, representing modelling/ errors at either at 0.1% or 1%
magnitude

e Limited angular range, within 70° of the initial orientation
e Limited projections, 42 projections.with @ 50 x 50 grid of beam positions

e Analytical null space, part of the skew component of the tensor field is unobserved
by the TRT (JF = J(F 4[Vy],) for all ¢ € C}) as discussed in Section 5.

While each of these factors has@ different physical or analytical origin, numerically they
are all incorporated into a choice of 5> 0. In both reconstructions the parameter was
coarsely tuned to § = %. N

Many other choices of #variational methods exist, for instance those compared
in [52], which each deeount forneise and ‘fill in’ missing data in their own characteristic
fashion. Total Variation'is commonly chosen because it promotes sparse jumps in the
reconstruction [52,54].-This specifically reflects the structure of the phantom in this
section but is also, often jaccurate for other physical samples. For a direct FBP-like
reconstruction algorithm, c.f. [55].

Figure 7 visually compares reconstructions from low/high noise data against the
original phantom. <We see that the general symmetry of the phantom is preserved,
reconstructionstare uniform in the x- and y-axes and partition into clear slices along the
z-axisw The errors in the reconstruction from low noise are imperceptible but at higher
noise levelsiwe see the layer interfaces have a slight blur. Figure 8 allows us to quantify
theseserrors more precisely. The cross-section at low noise shows that the structure of
the deformation is well recovered, however, in the flat regions a small consistent error
is made in the deformation tensor. Errors at high noise have the same structure but
larger magnitude, approximately a factor of 6.5 larger error for a factor of 10 larger
noise. The interfaces are still well identified however the jump is more visibly blurred.
In all cases, approximately 3 pixels away from a discontinuity errors improve rapidly,
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(a) Tilt-rotate SPED (b) [001] pole figure
L

Figure 6: Visualisation of acquisition geometry. (a) Tilt-rotate specimen holders allow two degrees of
rotation in the form of Euler angles. The ‘rotate’ angle has full range and the ‘tilt’ is limited to 70°.
(b) Stereographic projection of chosen tilt directions. Crosses indicate 42 zone axes within the limited
tilt range (70° indicated by solid blue line). The full\90° tiltyrange is indicated by the dashed red line.
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Figure 7: 2D rendersiof ground truth and reconstructions. The phantom consists of three deformed
layers arranged along the z-axis. Deformation tensors are max-projected from 5D to 3D then averaged
down the y-axis into 2D

by up to.a factor of 10. More detailed error comparisons are given in Figure S.3 show
that the 99™percentile is a representative reference for the general structure of errors.

6.2.1-dnterpretation of errors The three main sources of error are from noise (or
modelling error), acquisition geometry, and the null space in the skew component.
Figure 8 allows us to compare the impact of each of these factors.

Errors from the noise should distribute uniformly over the reconstruction. This
error should be constant in uniformly strained regions (near z = 0 and z = +50) and is
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Figure 8: 1D projections/of reconstruction volumes and error distributions. In the volume, tensors are
projected to scalars by selecting the maximum. For errors, the 99" percentile of each nine components
of the gradient deformation, tensor (or six components of symmetric strain) are plotted.

visibly muchdower than“the error at interfaces. Comparing between low and high noise,
we also see thatierrors scale approximately linearly with the noise level.

Tomeography, with a limited angular range, called limited angle tomography, is
common in eleGtron microscopy [52, 56, 57]. From this literature, we know that all
changes imthe/deformation in directions near-orthogonal (at angles greater than 70°)
to/the z-axis are all missing from the observed data. Uncertainty over where jumps
occurlead/to blurred edges which are seen as the spreading of errors in the z direction.
The jump from crystal to vacuum provides a worst-case scenario and, as previously
commented, this blurring is approximately 3 to 4 pixels in radius. This radius is
consistent between different noise levels and the full /symmetric strain components.

Comparing the second and third columns of Figure 8, it is clear that the error on
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the symmetric components is no smaller than the full error. This indicates that the
contribution of error from the null space of the skew component is negligible:

Returning to the question of symmetric strain reconstruction, there arentwo
conventions for the definition of strain, either

1 - =
5=§(F+FT) or E=VFTF.

In words, symmetric strain is either the arithmetic mean or the geometric mean. In
both cases they are easily computed from the full displacement gradientstensor F;econ.
The analysis of Section 5 nicely aligns with the first definition,which is the default in
this work, but the error analysis above shows that this does net,biasithe quality of the
reconstruction. Both definitions of symmetric strain areszeconstructed with equivalent
levels of accuracy in this example. The total accuracymis dictatéd much more by the
acquisition geometry than noise (representing modelling error) or missing data in the
skew component.

7. Discussion and future steps

In this work we have proposed a tomographic moedel for the 3D strain mapping problem,
analysed and extended the known analytical properties of the resulting inverse problem,
and provided numerical results for both medelling and inversion steps. Table 1 shows
that our forward model is accurate up toran SNR of 20 with respect to the TRT model.
Beam precession is key to this‘aecuracy and disk registration based methods are more
stable to this uncertainty relative to eentres of mass. We note that the 0.08% found here
agrees exactly with a comparable quantity of [29] despite very different deformations
considered in each study+ In Figuré S, we have shown that reconstructions can be
performed with realistic expérimental parameters and achieve accurate results, even
with errors much larger than,predicted. Because of this, it is our belief that there is
no benefit to quantifyingserrors beyond this SNR of 20 within the scope of this work,
namely the validity of the.dynamical model tested in Section 6. Realistic reconstructions
can be recovered well at this level of error, although this does not take into account
many factorsisuch as détector performance, electron optical aberrations, and inelastic
scattering. These factors eould potentially be the dominant causes of reconstruction
error in practicesand should be minimised experimentally and assessed further.

Our proposed framework requires diffraction patterns to be recorded near zone
axesewhere, diffraction patterns have straight lines of spots. It would be much
faster experimentally to acquire many diffraction patterns with single arced lines of
spotsy, called ‘off-axis’ diffraction patterns, however this would take us away from the
TRT model. On the theoretical side, there have been recent advances in histogram
tomography which could assist the well-posedness of strain tomography [58]. In
particular, in this study we compute the centre of mass (first moment) of each spot
in a diffraction pattern and the resulting inverse problem is the TRT which always has
a large null-space. If we also extracted second order moments from each spot, then
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the model is no longer the TRT and the extra data may remove the issue/of non-
unique solutions. Finally, there is an interesting conflict in the desired scandgeometry
due to the physical model and the TRT. As commented in Section 5.4, theoretical
results of the TRT rely on three orthogonal tilt series whereas we only dave access to
data at a discrete set of orientations which, dependent on the crystalistructure, arise
(approximately) uniformly over the sphere. It would be interestinggorunify, these two
pressures and analyse characteristics of the tomography problem in such afconstrained

geometry.
~
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Appendix A. Lemma 2.2

Theorem. If ug has reciprocal lattice vectors a*, b* and c* then, with V =

det((a* b ¢*)), ug is periodic in\the veetors
2 2 2
a:—wb*xc b=""c"xa*, and c:vwa*xb*.

V. V

In other words, there egists a repeating unit v: [0, max(|al, |b|, |c|)]* — R such that

o

Uo(w> = Z U(w+i1a+i2b+igc>.

11,82,i3=—00

Proof. By direct computation,

uo (&) = (27)~° Z w; /Ra Op, ()™ ¥ dy = (2m)~* Z w;e® i,
i=1 i=1

Suppose a{= 277rb* x c*, for p, = i1a* + i3b* + izc* we have
exp(ia-p;) = exp(i3Fi; (b* x ¢*)-a*) = exp(i3i,V) = 1.
Therefore ug(x +a) = ug(x) for all . By symmetry, the same holds for b and ¢. Define

up(z) 0<zra<l|a?,0<xzb<|b?and 0 <z c<|c]

v(x) =
(=) 0 else
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Note that a, b and ¢ span R?, therefore for any @ there exist z; € R such that
xr = z1a + 13b + x3c. We can conclude

oNOYTULT D WN =

ZU(CB —+ ila —+ Zgb —+ i30) = ZU((I‘l —+ Z'1>a, —+ (ZL’Q + Zg)b =+ (I’g -+ i3)C)
7.3 73

= v((z1 — [21])a + (z2 — [22])b + (25 |@a])C)
= uo((z1 — |21])a + (z2 — [22])b + (23 — |@s])c)

U,O(ZL')

R N (o)
A WN-—=O
I |

~

—_ -
o U

as required. N

—_— .
O 00 N

Appendix B. Theorem 3.2 and Lemma 3.3

NN
- O

Theorem (Theorem 3.2). If

NN
w N

U (x) = u(E(x)) = u(Az + b) for some A R¥, be R®, ue L*(R?C)

N NN
[ WV, QNN

where A is invertible, then we can expressiits Fourier transform as:

NN
o0 N

Fl/)(K) = det(A)'ele K Flu) (AT K).

w N
o 0

Proof.

w www
A WN =

Flu|(K) = / o ()& (—iz- K) da

R3

w W
[0 )WV, ]

_ /R uf e b) oxp (—i(A 7 Ax)- K) da

w w w
O 00 N

= /}R3 u(@z +b) exp (—i(Az)+ (A7 K)) dz

o
o

— /]R3 u(@! +b) exp (—i(’ +b-b)- A7 K) de(‘icz(cz:l)

= det(A)l/ u(x')exp (—ix'* A" K +ib+ A" K) da’
R3

A DA DD DD
auvh WN =

< detA) e AT K Flu)(ATTK).

u b bp D
O OV 00

Theorem (Lemma 3.3).

(O BN, N0 |
wN =

Fluo(A- +b)](K) = €47 K> " widyrp, (K)

i=1

vl 1 n
(o) WU, NN

for all A € R33 b e R3.

S L1 U1
O OV 0
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Proof. From Theorem 3.2, we know
Flug(A - +b)(K) = det(A)e® 4™ K Flul (A TK)

=) " w;det(A) e Kg, (ATTK)
=1

Thus, to complete the lemma, it suffices to show
det(A)'0,(ATTK) = §,7,(K) ~

This is verified by an arbitrary test function, ¢ € C2°

[ ety 5,4 TR )oK AK = [ Ky A 4K = (A7)

Appendix C. Probability background

We recap some concepts and technical results froem probability theory which are needed
in the proofs in Appendix D.

Definition Appendix C.1.

o X:t— X, € C can be €alled a random variable where random (complez) values
of X can be sampled by sampling indices t € [to,t1] uniformly at random, i.e.
t ~ Uniformlto, t;).

e For a random variable; X swe.define its expectation to be

"X, dt
EXxX=EX,=—"——.
t |t1—t0|

If t is a diserete wmdexr then integral can be replaced with summation and, for

tg, t1 € 7., this\becomes
t1—1

X=FX =20 "1
E B X Ity — to|

In guantum physics this would also be called the expectation value, £ X = (X).

e Fora random variable X and value x € C we say denote the probability that X, = x

to be
- {t st Xy =}

|t1 — ol

probability(X = x) = probability (X; = z)

o Let X andY be random variables. For x,y € C, we say the events X; = x and
Y, = y are independent if

probability(X; = x and Y; = y) = probability (X; = z) - probability(Y; = y).
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e We say that two random variables, X and Y, are independent if
events Xy = x and Y; =y are independent for all x4

The following are two standard results from probability theory.

Lemma Appendix C.2. If X and Y are two independent random wariables then

E(XY) =EX) E®Y).

Also, for any continuous function, @, the random variable o(X)iz: =¢(X ;) is also
independent of Y.

Lemma Appendix C.3. Let po: R" — R be a twice“differentiable function and let
n: [0,1] = R™ be a random variable, then

EMWO=%@W+O<W—@n

t

2
iyl )

Proof. Denote 77 := [E;n. Because the length of thespath (size of domain of 1) is one,
we can replace expectation with integration andthen replace ¢ with its standard Taylor

expansion:
E p(n,) = /0 () dt s (Taylor expansion about 7)
= [ Lol g vem + 0 (7 92
= o)A ]:lnt = ﬁdt) “Voo(@) + O (In —7ll% |V¢l|..)
() + Bl — 17)- Voo (1) + O (Iln =73 ||V )
as required. =

Appendix D. Algebraic justification of Section 4

In Sectionvd we_give a physical motivation for why centre of mass calculations
should (accurately predict average strain values. In this section we provide a formal
mathematical link from the precessed Ewald sphere model to this same goal. Some
of the statistical assumptions made here are highly technical and it would be hard to
justify them from a purely physical perspective. However, as in the main text, the core
justification which we rely upon is the simulation study of the whole pipeline.

Inythe remainder of this section, we first sketch the proof at a high level listing a
sequence of results, and then the details of the longer proofs appear at the end of the
section.
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To recap, the starting point of this argument is the physical model which we‘assume
to be exact. In particular,

D(k) = | F[¥,] « Flu]|* (k. k. (k)

where

u(z) = iuo(Ajm +b;)V (w%fﬂ) .

j=1
The first step is to spatially localise the strain which generates the signal in a diffraction
pattern. A key part of tensor tomography is that signal onlyidepends on the strain
contained in blocks (or voxels) which directly intersect the electron beam. This is
formalised in the following result which also expands the'motation to take advantage of
the particular structure of u.

Theorem (Theorem 3.4). If Assumption 5 (narrow probe) helds then

N
Dlk)=| > ilka(k) = (A]p)es Fo)et™ (k=7 A]p))
i€N,j€[N]
where f(k) = [F[¥,] x [p* sinc(pk) k)
and Wi(k, B) = wipsiné(pk)e "

As can be seen, this expression isstill highly non-linear in terms of the strain
parameter A; and indeed too mon-linear for us to develop a linear model directly. To
make this possible we introducé thesbeam precession technique. The heuristic is that
if we modify our data at acquisition, then we can analyse it as if it were generated
by a simpler model. There'is ofscousse a trade-off here, a small amount precession will
usefully smooth the problem but too much will begin to blur out the desired structures.
The following two lémimas make this statement precise and their combination is exactly
the statement of Approximation 1.

Lemma Appendix D.1.

2

D, (k) = ItE)]-"[\Ilpu(Rtw)}(k, k.(k))| + Var, [F[¥,u(Rix)|(k, k.(k))] .

Proof. Fhis is juststhe definition of variance,
IEJ Yi[? = | ItEYt’Q + Var, Y3

for the appropriate choice of random variable Y;. O

This claim is the most physically ambiguous. It suggests that coherent precession
1s a good approximation of incoherent precession. The justification of this is that it only
needs to be true when looking at the whole pipeline. In particular, the variance term
may be large in magnitude but, so long as it does not strongly bias the locations of the
centres of the diffracted peaks, then it will not affect the overall approximation.
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Lemma Appendix D.2. If ARy, Ath@), and b; are independent frandom
variables over (j,t) and the high-energy limit is valid (Assumption 1), then

9 2

I F[Uu(R)| (k. b (k) Zwl E f(k—~v"Ap)

Tﬁ =0

10(a?)

7

hal
=Dgy

for some new weights w; € C.
~

While the assumptions of this lemma appear highly techmnical, they are also not
unreasonable from a physical standpoint. b; and A; representitranslations and strains
respectively. These are physically distinct quantities and se b, should,also be statistically
independent of the first two terms. Looking closer at these terms,/A; R,y is the first two
columns of A; R, and A, R, <§> is the third. If « is small, then this is just a statement
that the out-of-plane strain is independent to the_ in-plane strain.

Finally, we need to justify that the centre of‘mass isansaccurate predictor of average
strain. The difficulty here again is the squared modulus, if the exit waves were imaged
directly then this step would be direct but the squarethas the potential to bias towards
points of maximum intensity. The assumptionsinecessary at this stage are some form
of symmetry on the strain field, thestechnical statement is as follows.

Lemma Appendix D.3. Suppose the, conditions of Approzimation 1 hold and the
diffracted spots are symmetriésand non-overlapping (Assumption 3 and Assumption /).
If the random variables A;, + Ay and A; — Aj, are independent over random pairs of
indices {(ji1, j2) s.t. ’yTﬁjl = ’yTﬁjQ = 0} then for each i:

N
E ,}/TATp _ fk ol p|<’kD (k) dk

ol S pyr Dalke) dk

whenever the denominator.is mot 0 and where ¥ > 0 is the separation of spots given by

Assumption 3.

Theorem 2.is the combination of the previous three lemmas where any violations of
the exact conditions becemes absorbed into the error term. We now provide the proofs
of these lemmas.

Proof of Theorém 5./. By Theorem 3.2, we have

F [V (m _pﬁjﬂ (K) = p’sinc(pK)e P K = [p sinc(pk)e " A)* } |psinc(pk )e™+¥]

which can be split into its (z,y) and z components. Combining this again with
Theorem 3.2 we can expand

Flu «Flu= Y (]—"[\Ilp]*]-"[\/ (w_Tﬂj)D*[wieibj'AjTKaA;pi(K)}.

1€IN,jE[N]
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To simplify this, observe that for all smooth functions, ¢, ¥:

¢* (Yop)(K) = | ¢(K — K')(K")op(K') dK’

RS

= ¢(K — p)y(p).

Thus we derive

FU « Flul(K) = Y (f[\pp] « F [V (w — ﬂj)D (K = AJTQ) [wieibj'pi} .

1€IN,jE[N] P

Finally, if the beam is smaller than the width of a singlesblock (from Assumption
5, 2r < p) then only one column of blocks directly on_the beam. path contribute to
the diffraction signal. Without loss of generality, this is the set of blocks 7 such that
Bz = Bjy = 0, equivalently 'yTﬁj = 0. With this simplification, we can expand

Fw o 7 |V (S22 | () = (710, sl #0751 () [psinclp)e 4]

= [F[W,] x [0* sinc(pk)]] (k) [psinc(pk. e %]
= (k) [p Sine(pk. )e 9]

Substituting this above gives

FIW « Flul(K) = Y wilpsinclpe = ](k. — (A]p;).) %P f(k =T Al p))
€Ny T B,=0

as required. O]

Lemma Appendix D.4. ~
Rt’}/ - ]?Rt’y = O(Oé)

Proof. This is a purely,algebraie proof:

t t) 0 1 0 0 t) —sin(t) O
Rt’}/ = —Ccs)lsrg(l) ig;g ; 0 0 CO:S(O‘) sin(a) (s:?ns((t)) C(SJS(Ig)) 0 ((1)
0 0o 1 0 —sin(«) cos(a) 0 0 1 0

( cos?(t)+cos(a) sin?(t) (cos(a)—1) cos(t )sm(t) )

oo

)

(cos(a)—1) cos(t) sin(t) sin?(t)4-cos(c) cos?(t)
—sin(a) sin(t) — sin(a) cos(t)
(cos(a)—1)sin?(t)  (cos(a)—1) cos(t) sin(t)
=7 + | (cos(a)—1)cos(t)sin(t) (cos(a)—1)cos?(t)

— sin(a) sin(¢) — sin(a) cos(t)

0 0
—~—( 0 0 i 2
¥ <Sin(t) Cos(t)> sina + O(a”).

This\gives

RW—IE,RW:—K 0 0 ) ItE( 0 )}Sina—i—O(aQ)

sin(t) COb(t) sin(t) cos(t)

= O(w).
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Proof of Lemma Appendiz D.2. Note that we can re-write

2

oNOYTULT D WN =

I FWyu(Ri)](k, k- (k)

(o]

2

—_ .
—_ O

—| Y E[@ik(k) ~ (AR) P B)e™ P f (k — T4 R) )]
i€ENTB;=0

_ -
w N

2
x [{j st ’YT/@]' <0} ~

>
|

= D EXije(k)Yije(k) Zija (k)]

j b
ieN o

—_
w

—_
N O

where the constant comes from switching the sum to average over gyand we define

—_ -
O

~ 0
Xijalk) = Bulks(k) = (RTA] D). 5,2) =X (Kl (3))
Y; (k) = exp(ib;p;) = Yi(k|b;),

Zi,j,t(k) f(k— ”YTRtTAiji)a = Zi(k‘Ath7>-
- 4
These functions should be considered as random variables which, for each k, are indexed

NN NN NN
GRWN SO
Il

N
)}

over i and the indices (j,t) are consideredithe source of randomness. Restating the

NN
o0 N

assumptions of the theorem onto these variables, we know X;, Y;, and Z; are independent

N
O

in (j,t). With this, we can apply Lemma Appendix C.2 to simplify

w w
- O

9 2

w W
w N

ItE)]-"[\Ilpu(Rta:)](k, kx(k))

x Z IE; (X +(R)Y, (k) Z; ;+(K)]

ieN

w
D

2
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o O
|

=D _EXi(k)E[Yi(k) E[Z(k)
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w
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O

Each of these factors now simplifies:

>~ b
- O

e Assuming the high-energy limit we have k.(k) = 0 and so IE X;(k) = constant,.

N
)

e Y is not a function of k, so we trivially have & Y;(k) = constant!,.

D
Hw

e By Appendix C.3 we can approximate

> D
N O w»n

EZi(k) = IJEIE)f(k = WTRtTAjTPi) = IJEf(k’ - ]EJVTR:AJ‘TPZ‘) + O(|Ryy — ItE)RtﬂQ)

I
O

— B f(k~ B4 R A]p) +0(a?)
J

v
- O

The theorem is concluded by gathering the new constants into w;. O]

ol
w N

LemmarAppendix D.5. Under Assumption 4,

vl 1 n
(o) WU, NN

/ kf(k—c)f(k +c)dk =0
IRQ

Ul U1
O 00 N

for all c.

(o))
o
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Proof. The proof is direct:

/ kf(k—c)f(k+c)dk = / —kf(—k — ¢)f(—k + ¢)| det(—id)| dk ks —k
R2

RZ

== | R e f(— = )
= — / kf(k+c)f(k—c)dk Agstmption 4
RQ

therefore 2 [, kf(k — ¢)f(k + ¢) dk = 0 as required. ~ O

Proof of Lemma Appendiz D.5. To compute centres of masspit shall be convenient to
define some new functions and abbreviations. We define the funetions:

Fy(e) = f(k = Jhe)f(k+ Jre)dk, Fi(e) = / k (ke }rc)f(k + Jrc)dk
R2 R2
and the points
q; = WTpia q;j— VTA;'FPQ

to simplify notation. Also note by Lemma Appendix 1).5 that Fi(c) = 0 for all ¢. We
now compute the relevant integrals starting with the formula of (7):

D = _‘/ —_— T o
/k—qi|<r Dalk) dk = /k—Qi|<F Z ) [wz flk=7"a; ])]

TA —
ien 7 Pi=0

2

dk.

Using Assumption 3, we know that the only ¢’ for which the summand is non-zero on
this integral domain is i’ = i. Alsowsing Assumption 3, we know that f(k —gq;;) =0
outside the integral domain and so we drop this constraint to simplify notation.

N , )
/ Da(k)dk = / B [wif(k—q,)]| dk= / E [wif(k—q,)]
lk—q;|<T |k—q;|<7 R2

7'8;=0 77B8;=0
Next, we expand the-bracketssnoting that f is a real-valued function:

dk.

/ EAMdkzj'mf E [f(k—q,)f(k—"q.,)dk]
|k—q;|<7 R?

WTﬁjZO
WTﬁJZO
= |w,|? TE [ flk—q;;)f(k— ’Yqu',J) dk’] .
v ' B;=0 R2
VT5J:0

The coordinate translation k — k — 1(q, ; + q; ;) simplifies this to a special case of Fy:

/ Ea(k) dk = |wi|2 1D} {/ f(k - I/Q(qi,j - qi,J))f<k + 1/2(‘11',]' - qz’,J)) dk}
[k~g;|<7 7'8;=0 LJ/R2
VTﬁJZO
= |@i|2 TE FO(qi,j - Qi,J)-
ol ﬁij
WTBJZO
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Similarly,
2
kD, (k)dk :/ k E |wif(k—gq;;)|| dk
/“‘3 q;|<7 |k—q;|<T %VVT[}J:O[ 7 ]

/ kf(k—a,,)f (k= q,) dk]

/R (ko 2t ) f (b — et ) (o ueaties ) dk}

'yTﬁjZO i 1(qz,j qz,J) + 2

q;,; +4;

Fo(qi,j - qi,J):|

(q;;+ 4,

FO(qz‘,j - qi,J):|

’YTﬁJ: &

+7B8;=0 2

Finally, as A;+ A is independent of A; 44 ; we can translate this to g, ;/q; ; and again
apply Lemma Appendix C.2:

q;; +4;; Qi T4 5
[t CA— F p— . = 7 F . — . . D1
E| %02 i, - 0 B8 | B [Rla, - 0] 01
Thus
fk 0 ‘< k:) dk |wi|2 E; ; [%} ;. [FO(qi,j - qi,])]
fk q1|<7” dk ~N |w1| ]EJJ [ (ql,] qi,J)]
1 T AT
= — . . . p— PR — A -,
2 Elai; +a.)] WE:o a, 7T[IBEJ:O“Y 2
]

Appendix E. Precession angle estimation

Figure E1 sketches the choice of precession angle for a deformed sample. There are two
triangles-ofrinteresty one in the positive z direction which accounts for the curvature
of the sphere, and another in the negative direction to account for strain. The upper
triangle isia right-angled triangle with one corner at the origin and the other at a point
where the gphere of radius P meets the Ewald sphere, say at point (k, k,(k)). This gives
the relationship

P? =k + k.(k)?
— K+ [47r2x2 — 4!
— 4rr [2m—1 Ny e

4m2A"2 — k2 + 472\ 72 — K
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ie. k.(k) = ’Z—If. On the other hand, the strain moves the point (P,0) a maximal

distance of o P from its starting point and away from the Ewald sphere. Assuming the
worst strain is a rotation, we get an isosceles triangle whose angle can bé computed with

the cosine rule:
2P% — 52P?

2P?
Combining this with the sine rule, the maximal angle is

2P? — g2 P2 k. (k) a2 AP
P R el N 4 -1
o = COS (—QPQ ) + sin < iz ) cos (1 5 ) + sin (_47r) )

cos(f) =

\p?2 Ewald sphete
Tam,
P
curvature
I
p o P /strain

Figure E1: Geo@trical argument for choosing precession angle
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