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1. Introduction



2.1 Electron Gun

w [ ]

JE]

IMinimum thermodynamic energy needed to remove an electron from a solid to a point in the
vacuum just outside the solid surface at absolute zerd[8].



2.2. Condenser Lenses
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Figure 2.1 Electrons at metal-vacuum boundary with energies almost close to Fermi
energy (E) need to overcome the barriers of ,, and w for thermionic and Schottky
emissions respectively or can tunnel through the barrier of width w for eld emission][9].
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2.2 Condenser Lenses
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2.2. Condenser Lenses
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Figure 2.2 a) Demagni cation of gun cross over with C1. b) Focus mode of beam con-
vergence with minimum diameter of illumination on specimen. ¢) Under-focus convergence
increases the area of illumination. d) Over-focus mode with expanded diameter of illumi-

nation [L1].



2.3. Electron Specimen Interaction

2.3 Electron Specimen Interaction



2.3. Electron Specimen Interaction

dQ

Figure 2.3 Elastic electron scattering under nucleus e ect and di erential cross sections

d=d [13].

@) (b)

Figure 2.4 Projection acquired a) without zero-loss mode b) with zero-loss mode[15].



2.4. Mean Free Path

2.4 Mean Free Path
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dx = dz gr=cnv?
NA:A NA A

N umber of atomsin athicknessdz = N dx;:

dz

dn=n= N dx:

Ln(n)= N (x+ Ln(ng);

Ng x=0

n=ngexp( N (X);

n=ngexp( Xx=X;); where x =1=N ¢:
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2.5. Objective Diaphragm

Ln(n=ng) = exp( X=X);
Ln(T(n)) = exp( X=X):

[ ]

2.5 Objective Diaphragm

um



2.6. Contrast Transfer Function

From condenser lens
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Objective
lens
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Figure 2.5 Objective diaphragm located at back focal plane intercepts electrons sacttered
with o [9].
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2.6 Contrast Transfer Function



2.6. Contrast Transfer Function
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Figure 2.6 Bright and dark regions belong to CMC and vacuum respectively. a) Ground
truth. b-c) All the factors of image acquisition remain constant except for the objective
aperture size which decreases from b to c. Intensity pro les from point A to B are shown

in the bottom row [16].
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2.6. Contrast Transfer Function
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Figure 2.7 Theoretical CTF of an EM at acceleration voltage of 200 kV. Defocus value
is chosen such that zero crossing of CTF occurs a2 nm) 1 [20].
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2.7. Bright Filed and Dark Field Imaging

2

Enememite

Figure 2.8 a) Original image which is viewed by electron microscope under 300 kV
acceleration voltage and defocus of: 2um c¢) 2.5um and d) 7:8um. Bottom row is the
zoomed view of top row for clearer display of the e ect of CTF[19].

2.7 Bright Filed and Dark Field Imaging

2.7.1 Bright Filed (BF) Imaging



2.7. Bright Filed and Dark Field Imaging
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Figure 2.9 a) Schematic of how BF and DF imaging function. b) Result of bright led
imaging (left) and dark eld imaging (right) [21].

2.7.2 Dark Filed (DF) Imaging



2.8. Scattering Contrast

2.8 Scattering Contrast

nm

2.9 Phase Contrast



2.10. Image Formation

W(x;y) = jW(x;y)jexpfi' (X;y)g;

2.10 Image Formation

2.10.1 Detector Plane

2.10.2 Detector Response
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2.10. Image Formation

DQE = (SNR)Z,=(SNR)?:
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Figure 2.10 DQE as a function of frequency () is de ned as fractions of Nyquist
frequency) [23].

2.10.3 Detector Blurring



2.10. Image Formation

a b
MTFO = T 1 2 ©
abc ; 2
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2.10.4 Shot Noise
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2.10. Image Formation

1=2

— —_ 1=2 _ 1=2.
SNR= — = 2=(t)
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3.1 Acceleration Voltage
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3.1. Acceleration Voltage

T T T

20 50 100 200 500
Acceleration voltage (kV)

Figure 3.1 Elastic and inelastic cross-sections as a function of acceleration voltage for
carbon and platinum [12].

MV

Table 3.1 Elastic mean free path (nm) as a function of acceleration voltage (kV) for
carbon and platinum [12].




3.2. Magni cation

3.2 Magnification

Detector cell size

Magnification = - —:
g Desired resolution

3.3 Defocus

LAn inelastic event, in which energy transferred to an atom is higher than its binding energy.
[20]



3.4. Dose and Electron Radiation Damage

(a) (b) (c) (d)

Figure 3.2 Imaging a portion of Tobacco Mosaic Virus (TMV), applying 66000 mag-
ni cation, dose of 3000-3500 e-/nn? (180-210 e-/pixel), with di erent defocus values: a)
F=0umb) F=215umc) F =3pumandd) F = 6um [10].

[ ] 6um

3.4 Dose and Electron Radiation Damage



3.5. Angular Sampling

Figure 3.3 Electron radiation damage leads to structural degradations such as forming
holes and bubbles in ice embedded prokaryotic cell: a) 50&%/ b)500e-/A? [28].

3.5 Angular Sampling
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3.5. Angular Sampling

Missing
Wedgea

(@) (b)

Figure 3.4 Schematic representation of angular data acquisition. Due to mechanical
constraints, fully angular collection of the data is not possible, causing unsampled parts
called missing wedge. a) Angular sampling applying constant tilt increment. b) Angular
sampling applying Saxton method, leading to more optimal data collection[27].

Resolution= D g:

n+1 = n+ arcsin(sin ¢cos ,):

[ ] [] 0



3.6. Exposure Time

. 2
Number of tiltangles = —™< +1:
0
. 2 1 1+ sin
Number of tiltangles ~ (=—™% +1) Ln M _max.,
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3.6 Exposure Time

1 .
t= toexp[T(F)] % xponential mode®
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3.6. Exposure Time



4.1 Projection Vector - Radon Transform

P (s) f(x.y)
f
f ]
S
z
P (s) = f(x;y)dl where; s= xcoq )+ ysin( ):
(s; )line
1 +1
Rf f (x;y)g
Z.,,Z,,
P(s; ) Rf f(xy)g= f(x;y) (xcos( )+ ysin( ) s)dxdy;

1 1



4.1. Projection Vector - Radon Transform

P Line equation:
NN .
/{\:V” s = xcos(@)H+ysin( @)

N

Figure 4.1 Simple illustration of projections passing through the object f(x,y) at angle,
forming projection vector P (s) from the distribution of absorbing mass[|31].
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o1t

P(s; )= f(xy) (xco( )+ ysin( ) s);
0 0



4.2. Fourier Slice Theorem

1] &0 ] 150
P (degree)

(@) (b)

Figure 4.2 a) Object comprises of three bright circles. b) Corresponding sinogram of (a)
plotted ons and coordinates [31].

4.2 Fourier Slice Theorem

P (s)

Z .,

P()= P (s)e 2% ds:
1



4.3. Reconstruction Techniques
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Figure 4.3 lllustration of Fourier slice theorem; 1D FT is equal to one slice of 2D FT

[33].
F(u,v) f(x,y)

Z.,,Z.,
F(u;v) = f(x;y)e 2 +*Wdgxdy:

F(u,v) u= wcoy )

v=wsin( ) [

[F(U;V)]u=weos v =wsin = F(wcos ;wsin )= P (w):

4.3 Reconstruction Techniques

P=$F +" F P



4.3. Reconstruction Techniques

4.3.1 Direct Fourier Reconstruction (DFR)



4.3. Reconstruction Techniques

O interpolated
values

@ available
spectral
values

Figure 4.4 Interpolation from polar to Cartesian grid; available data are shown with
black circles and white circles represent interpolated data [36].

4.3.2 Filtered Back Projection (FBP)

f (xy)= P(xcog( )+ ysin( ); ):



4.3. Reconstruction Techniques

[0 )

z

f back projected (x;y) = f (x;y)d:
0

[ ]

X X
f back projected (X; Y) = f (xy)= (xcos( )+ ysin( ); ):
=0 =0

Axy) = f(XY) P
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4.3. Reconstruction Techniques

Ram-lak filter
— Shepp-logan fiter
Cosine fiter
Hamming filter
Hann filter

Filter amplitude

Spatial frequency

Figure 4.5 Frequency response of dierent lters applicable for FBP [38].

4.3.3 Algebraic Reconstruction Methods (ARM)
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4.3. Reconstruction Techniques
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Figure 4.6 F1-9 are pixel values and P1-6 are projection value$§ [40].
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4.3. Reconstruction Techniques

4.3.4 Statistical Reconstruction Methods
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4.3. Reconstruction Techniques
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Figure 4.7 Likelihood and reconstruction error as a function of number of iteration [[47]
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4.3. Reconstruction Techniques
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Figure 4.8 Scheme of the ML-EM with a penalization factor[[47].



5.1 Resolution Measurement Approaches

Resolution / W ave length of light source:

[ ]

LA region with bright circular center surrounded by less intense rings[[49].
2A criterion for the minimum resolvable detail [50].



5.1. Resolution Measurement Approaches

Airy
Disks Resolved Rayleigh Not
imit esolved

Figure 5.1 Airy disk seperation and the Rayleigh criterion [51].

]
1]
100 kV 3:70pm
300 kV 1:97 pm
1000 kV 0:87 pm

et al.



5.1. Resolution Measurement Approaches

e=0

et al.

5.1.1 Fourier Ring/Shell Correlation

G H
: Ref G,vH,., 0
FRC K) = u:v2R(k.) uv u',v ' :
an (k) f( uv2rmiGuvi®)( uveriHuvi?) g2
u Y, k
R(k) k
R(k) (u,v,p)

SNR(K)

FSClO= sNRio+1°

5.1.2 Even/Odd Fourier Shell Correlation



5.1. Resolution Measurement Approaches

ref

ref

e=0

e=o

2FSC (k)

FSCezo(k) = m’

5.1.3 Noise-Compensated Leave-One-Out (NLOO)

et al.



5.1. Resolution Measurement Approaches
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Figure 5.2 NLOO-2D of a cryo-tomogram plots the resolution as a function of tilt angle.
Resolution is measured based on two cut-o thresholds: 0.3 and 0/57[52].



5.1. Resolution Measurement Approaches
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5.1. Resolution Measurement Approaches
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Figure 5.3 Comparison of FSGes , FSCq-, and NLOO in measuring the resolution from
one tomogram. Tilt angle ranges betweer68 to +68 with angular increment of a) 1 b)

2 andc)4 [B2].

5.1.4 Effective Estimation of Resolution in Incoherent Elec-

tron Tomography

e=0



5.1. Resolution Measurement Approaches

»
>

intensity
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@) (b) (©

Figure 5.4 a) Central slice of the reconstructed tomogram on XZ plane. b) Intensity
pro le (a) along the Z-axis as the function of distance from the center of tomogram. c)
Fitting (b) on a hypothetical circle, in which the radius of the circle (r) represents the
distance where the intensity is equal toz; + z,)/2 [53].
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5.1. Resolution Measurement Approaches

AZ e A
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Figure 5.5 The schematic of resolution determination using ESF and PSF. FWHM
de nes the resolution which is equal to 3.53 of [53].



et al.

6.1 Numerical Phantoms

6.1.1 MS2 Bacteriophage Phantom



6.1. Numerical Phantoms

50 100 150 200 250 — 50 100 150 200 250
@) (b)

50 100 150 200 250
(©)

Figure 6.1 150" slice of MS2 bacteriophage phantom: a) YZ view b) XZ view c) XY
view. d) 3D view of the phantom.
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6.1. Numerical Phantoms

Table 6.1 Properties of MS2 and cellular texture phantoms.

nm nm

6.1.2 Cellular Texture Phantom

th



6.2. Detector Calibration

50 100 150 200 250
(© (d)

Figure 6.2 128" slice of cellular texture phantom: a) YZ view b) XZ view. c) 58 slice
of cellular texture phantom in XY view. d) 3D view of the phantom.

6.2 Detector Calibration

gain dge D

gain dge



6.3. High Resolution Imaging

Table 6.2 Det.1 and Det.2 are two settings for detector parameters.

gain dge
1 2
nm
6.3 High Resolution Imaging
100 nm 50nm
5 0
Exp. Defocus Exp. Acc_voltage Exp. Obj_diaphragm
nm?
nm?
nm? Exp. Acc_voltage

[]
]

Table 6.3 Constant parameters of the simulator for high resolution imaging.

aAn optical problem occurs due to increased refraction of light rays when they strike a lens
close to its edges, in comparison with those that strike closer to the centef [62].

bA common optical problem which happens when a lens either does not bring all wavelengths of
color to the same focal plane, and/or when wavelengths of color are focused at di erent positions
in the focal plane [63].



6.4. Medium Resolution Imaging

Table 6.4 Defocus value, acceleration voltage, objective diaphragm size and total electron
dose for high resolution imaging.

6.4 Medium Resolution Imaging

60 60

(] 60 60

I Distribution of electron dose is opposite to the cosine model of electron distribution. Therefore,
projections with lower angles (around zero) receive higher electron dose and increasing the tilt angle
declines the number of irradiated electrons.

20Opposite to Saxton angular distribution; sampling rate is high at low angles (around zero) and
declines by increasing the tilt angle.



6.4. Medium Resolution Imaging

Table 6.5 Constant parameters of the simulator during Exp.1-6.

pm pm 2

Table 6.6 Summary of angular and dose distribution methods for Exp.1-6.

1:25 0:64

lum



7.1 Acceleration Voltage



7.1. Acceleration Voltage

[ ]

Figure 7.1 E ect of acceleration voltage on image formation (MS2 phantom): a) 100 kV
b) 200 kV c) 300 kV, when electron dose is 4000 e-/nfn d) The acceleration voltage is
kept at 300 kV while the electron dose is increased to 6800 e-/#m



7.2. Defocus Value

7.2 Defocus Value

8um

Opum
Opm  8um

8um



7.2. Defocus Value

Figure 7.2 Noisy (left column) and noiseless (right column) presentations of the projec-
tions under di erent defocus values (MS2 phantom): a,b)Oum c,d) 2um e,f) 4um and
g,h) 8um.



7.2. Defocus Value
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Figure 7.3 Intensity pro les of the noisy and noise-free simulation pairs: a)Oum b)
2um c) 4um and d) 8um. Red and blue lines plot the noisy and noise-free simulations
respectively.



7.3. Objective Diaphragm

7.3 Objective Diaphragm
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Figure 7.4 Results of variation in objective diaphragm size (MS2 phantom): alOum b)
50um and c) 100um.



7.3. Objective Diaphragm

Table 7.1 E ect of dierent TEM settings in a summary.




7.4. Dose Distribution

7.4 Dose Distribution
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7.4. Dose Distribution
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Figure 7.5 Average intensity measured by detector from an area where the specimen is not
present -rows 1:100- for di erent dose distribution methods: a) Constant model b) Cosine

model C) Inverse-cosine model.



7.4. Dose Distribution

(b) (c)

(d) (e) (f)

(9 (h) @

Figure 7.6 Each row of gures corresponds to a model of dose distribution: constant,
cosine and inverse-cosine models from top to bottom. Each column of gures corresponds
to a tilt angle: 0, 30 and 60 degrees from left to right. Projections are acquired from the

cellular texture phantom.



7.5. Reconstruction of Di erent Data Acquisition Methods

Figure 7.7 Intensity pro les corresponding to O tilt angle for constant (red line), cosine
(green line) and inverse-cosine (blue line) models of dose distribution.

7.5 Reconstruction of Different Data Acquisition Methods



7.5. Reconstruction of Di erent Data Acquisition Methods



7.5. Reconstruction of Di erent Data Acquisition Methods

(@) (b)

(©) (d)

() )

(@)

Figure 7.8 a) Ground truth (cellular texture phantom). b-g) Reconstructed images of
Exp.1-6 in XZ plane, employing FBP algorithm applying Hamming Iter with cut-o fre-
guency of 0.5 Nyquist frequency. Color bar for all gures ranges between 0 and 1.5.



7.5. Reconstruction of Di erent Data Acquisition Methods

@) (b) ()

(d) (e) ()

(¢)]

Figure 7.9 a) Ground truth (cellular texture phantom). b-g) Reconstructed images of
Exp.1-6 in XY plane, employing FBP algorithm applying Hamming lter with cut-o fre-
quency of 0.5 Nyquist frequency. Color bar for all gures ranges between 0 and 1.5.



7.6. Quantitative Assessment

7.6 Quantitative Assessment

7.6.1 Root Mean Square (RMS)

[ ] [ ]

Table 7.2 RMS values corresponding to the reconstructed images of Exp.1-6.

7.6.2 FRCref

ref



7.6. Quantitative Assessment

(a) (b)

(©) (d)

Figure 7.10 FRC curves corresponding to the reconstructed images of Exp.1-6 in XZ
(rst row) and XY (second row) planes. a,c) the circular shape of the particles inside the
reconstructed images causes hardly rugged FRC curves. b,d) moving average lter smooths
the FRC curves -an arbitrary area for resolution> 100 nm is zoomed.

circle form objects

[ ]

% 29 nm



7.6. Quantitative Assessment

7.6.3 Resolution Measurement in Z-Direction



7.6. Quantitative Assessment

@) (b) ()

Figure 7.11 a) Particle 1 from the reconstructed image of Exp.1 which illustrates how to
select several vertical edges for ESF determination. Red lines show selected vertical edges
each of which 60 pixels long. They are extracted based on the shape of particle 1 in the
ground truth. b) Intensities corresponding to all edges. c) As the penetration of selected
edges in the object part is short, the rst intensity value of each edge is replicated for 20
times, thus the intensity pro les resemble a sigmoid function.
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7.6. Quantitative Assessment

Table 7.3 Resolution of the reconstructed images corresponding to Exp.1-6 in Z-direction.
Images are reconstructed using FBP algorithm, applying Hamming Iter with the cut-o
frequency of 0.5 Nyquist frequency.

(a) (b)

() (d)



7.6. Quantitative Assessment

(€) )

(9) (h)

@ 0

(k) o

Figure 7.12 ESF (left columns) and PSF (right columns) of Exp.1-6 in XZ plane from
top to bottom. A thin PSF indicates better resolution in Z-direction.
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8. Conclusions
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Table 1 Precise values of dose and angle distributions in Exp. 1-6. To read the table,
rstly de ne the number of experiment in both dose and angle columns, each tilt angle and
its corresponding dose are written in a same row
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