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Electrons and X-rays
ELECTRONS X-RAY

Charge −1.6 × 10−19 C No charge

Mass 9.10 × 10-31 kg No mass

Wavelength 0.02Å (at 300kV) Wavelength of ~1Å 

Interaction Stronger Weaker

Scattering 
power Electrons: ~105 x scattering power of X-ray

Sample

From single proteins 
(>150kDa) 

to small 2D crystals 
(<0.1µm),

to organelles…
and 3D nanocrystals??

From single proteins 
to 3D crystals (>1µm)  

Bragg: 




Overview of EM 
techniques in 

Structural Biology

2D crystals

Protein in solution

3D crystals

Electron 
crystallography

Diffraction

Imaging

Single particle 
EM

Electron 
crystallography 
on 3D crystals

Organelles or big 
proteins in solution

Electron 
tomography



Overview of EM 
techniques in 

Structural Biology

2D crystals

Protein in solution

3D crystals

Electron 
crystallography

Single particle 
EM

Electron 
crystallography 
on 3D crystals

Negative staining

Cryo

Organelles or big 
proteins in solution

Electron 
tomography



Overview of EM 
techniques in 

Structural Biology

2D crystals

Protein in solution

3D crystals

Electron 
crystallography

Single particle 
EM

Electron 
crystallography 
on 3D crystals

Organelles or big 
proteins in solution

Electron 
tomography



Overview of EM 
techniques in 

Structural Biology

2D crystals

Protein in solution

3D crystals

Electron 
crystallography

Single particle 
EM

Electron 
crystallography 
on 3D crystals

Organelles or big 
proteins in solution

Electron 
tomography



Transmission Electron Microscope

Electromagnetic 
lenses

High vacuum



Electron gun
Thermionic: W or LaB6
Source heated above extraction energy 
of electrons of the material. Electrons 
accelerated by electric field

Field Emission Gun (FEG): W filament 
Emission obtained by an electrode at 
~2 kV that tunnels out electrons through 
narrow potential barrier

Easier to exchange, 
less expensive

More spatial and 
temporal coherence, 

higher intensity 

e-

+ + + + + 

Extractor 

Coherence: required to obtain high resolution data. 
Spatial coherence is optimal when beam is collimated 
(parallel illumination); temporal coherence depends on 
wavelength spread of the incident electrons.

Brightness: number of electrons that pass through an 
area per second, per steradian. Thermionic source: 106-
107 A/(cm2rad2). FEG: 107-108 A/(cm2rad2). 

e-

- - - - - - -

+ + + + + 

E: electron energy 
e: electron charge
V: accelerating voltage (100-300 kV)
h: Planck’s constant
m: relativistic mass of the electron
: electron wavelength



TF20 FEI Titan Krios FEI

Accelerating Voltage

80kV 300kVEnergy
Wavelength
Strength of interaction
Radiation damage
Contrast
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Magnetic lenses
Magnetic fields that induce spiral movement of 

electrons.
Changing current in the lens changes focal length. 

Alignment of the lenses (and apertures) before data 
collection: ≈ 40 min/day

Condenser lenses: collimate and focus the beam. Allows to change beam size 
and intensity: it affects how parallel the illumination is. Require alignment to 
obtain better spatial coherence.
Deflection coils: to position the beam and align it with the optical axis of the 
objective lens.
Condenser aperture: change intensity. Requires alignment.

Objective lens: focusing of the image. Changing focal length (focus) of the 
objective lens changes phase of the wave function. Objective lens introduces 
spherical and chromatic aberrations and can generate astigmatism. Images in 
electron microscopy are usually collected in defocus. Objective lens is 
positioned very close to the sample, to minimize aberration effects.
Objective aperture: improves contrast, but can also limit achievable 
resolution of the image.
Projector lenses system: generate magnification of the object to be projected 
on the screen/camera. 

(Eventually) Energy filter lenses. 
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Specimen stage 
and sample 

holders

Sample holders for negatively stained samples

Sample holders for Cryo samples

Side-entry stage
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 Area of the detector: number of pixels of the image that can be recorded

 Pixel size: connected to the Nyquist limit (maximum resolution that can be obtained)

 Signal-to-Noise Ratio (SNR): noise generated (1) by the inelastically scattered electrons 
and (2) from the detector readout

 Detector Quantum Efficency (DQE): ௌேோೝ೐ೌ೏೚ೠ೟
మ

ௌேோ೔೙೛ೠ೟
మ

DQE depends on exposure level, saturation effects, accelerating voltage…  Typical 
values of DQE 

(for imaging): 0.6 for films; 0.7-0.8 for CCD cameras. 

 Dynamic range: number of grey levels that can be separated before reaching the 
saturation level. For films: 100; for CCD cameras: 104.

Detectors
For alignment and sample evaluation (not recording!): 

FLUORESCENT SCREEN     or     TV CAMERA
For data collection: 

PHOTOGRAPHIC FILM CAMERA     or     SOLID STATE CCD CAMERA



Direct Detection Devices (or DDD camera)

• Direct Detection Devices: 
direct detection of electrons 
with no light conversion

Revolution in the field!!



Direct Detection Devices (or DDD camera)

More sensitive 

Less noise

Fast readout

Lower dose & less 
radiation damage! 

Higher SNR, higher 
resolution!

Motion correction on 
frames, higher 

resolution!
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Bright field electron microscopy
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Effect of the objective lens
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Atomic scattering 
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Image formation
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Contrast Transfer Function

௦



V=300kV
Cs=2.0mm
Dz=2.5mm

Nyquist=0.81Å-1

Amplitude contrast=10%

Without astigmatism: CTF is invariant with 
respect to the angular direction.

Plot and simulation: e2ctfsim.py

Contrast Transfer Function
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Without astigmatism: CTF is invariant with 
respect to the angular direction.

Plot and simulation: e2ctfsim.py

Contrast Transfer Function
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V=200kV
Cs=2.0mm
Dz=2.5mm

Nyquist=0.81Å-1

Amplitude contrast=10%



V=300kV
Cs=2.0mm
Dz=4.0mm

Nyquist=0.81Å-1

Amplitude contrast=10%

Without astigmatism: CTF is invariant with 
respect to the angular direction.

Plot and simulation: e2ctfsim.py

Contrast Transfer Function
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V=300kV
Cs=2.0mm
Dz=2.5mm

Nyquist=0.81Å-1

Amplitude contrast=10%
Non-coherent beam

Without astigmatism: CTF is invariant with 
respect to the angular direction.

Plot and simulation: e2ctfsim.py

Contrast Transfer Function
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When astigmatism 
is present: the CTF 
is not rotationally 

symmetric.

V=300kV
Cs=2.0mm
Dz=2.5mm
za=1.5mm
a0=25deg

Nyquist=0.81Å-1

Amplitude contrast=10%

௔ = astigmatism amplitude
଴ = astigmatism angle
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Contrast Transfer Function



CTF correction



CTFFIND3

2. Remove areas with 
high-low pixel density 
variance

3. FFT

5. Averaged power 
spectrum

1. Divide image 
in tiles

4. Background correction: 
empirically estimated, 
monotonically 
decreasing background 
function

6. Least-squares fit 
between calculated 
and observed power 
spectrum



Phase flipping



Wiener filter
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Phase plates



Zernike and Volta phase plates





Image collection issues

ି ଶ



• DDD camera: Li X. et al., “Influence of electron dose rate on electron counting 
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• Phase plates: Danev R. and  Nagayama K., “Transmission electron microscopy with 
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“Laser phase plate for transmission electron microscopy.”, Nat Methods. 2019, 
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