
Electron microscope physics & optics
Chris Russo



S. Chen







The Optical Microscope



Optical Microscope Lens Diagram



Convex lens ray diagram

Important diagram
  (Draw in ~10 seconds)

Steps are 1, 2, 3



Very basic electron image formation

• Part of the beam electrons hit the nuclei or electrons of the atoms in specimen, 
and they are “scattered” 

•  Scattered electrons can be removed using apertures 
•  Dense sections in the specimen (i.e. stained parts) cause more scattering and 

are dark in the image plane 
• The most important factor in image formation in TEM is scattering  

• (NOTE! In light microscopy: it’s absorption, in phase contrast microscopy, it's 
photon scattering)



Large Number of Signals

~5% ~15% 
~80%
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Properties of electrons are used for 
simple calculations

Volts vs. electron Volts 
dose, fluence, flux
electron density

Some words:

Example: how many electrons are in the 
column at a time?

Reimer 2008



Limitations of electron beam instruments

• Vacuum
•  Damage Damage Damage Damage Damage Damage Damage Damage

Electron microscopes are used to simulate damage in the core of a 
nuclear reactor!

• Electron lenses terrible (relative to photon lenses) and hard to make 
• Have to record many many noisy images, lots of data (just ask Jake & Toby!)
• Charging:  non-conductive samples charge up and act like lenses
• Samples must be very thin and are quite fragile, move around in the beam 
and are often difficult to make
• Expensive (From £300k to £10M)   Krios is £3000/day





Reimer 2008

How to get electrons



Thermal Emission Source

Important ideas

Wehnelt is the first lens

Anode plate

Dimensions

Cross-over



Hairpin filament

Underfocused  but 
centered

Underfocused
& off center

Centered &
 focused
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Brighter, 
More coherent 
More monochromatic source 
crudely, think ‘laser vs. light bulb’

FEG
Field
Emission
Gun

Russo 2010



Characteristics of Electron Sources

Reimer 2008
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Diaphragms & Apertures

“Going through the door”



The Basic Electron Condenser System

Most TEMs 2 lenses + 1 aperture

Krios: 3 lenses + 1 aperture



Shift and tilt through a lens

Shift Tilt

Same direction -> Different area Same area -> Different direction









Concentrate flux

Field varies

Zero force on axial 
electrons

Magnetic Lens
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Phase contrast and the perfect objective lens

The objective lens is far from perfect



How bad is the
objective lens? 

Really bad



Electron lens aberrations



Lens aberrations can also be 
visualized using Zernike polynomials

Aberrations are corrected with additional lenses in the microscope 
or in software after the image is collected (“CTF correction”)

Complete set of orthogonal functions
Zernike transform analogous to Fourier transform

Frits Zernike, 
1953 Nobel Prize in Physics 
inventor of phase contrast
microscopy

https://en.wikipedia.org/wiki/Frits_Zernike


Defocus



Too strong Just right Too weak

Focus terminology
overfocusunderfocus

astigmatismexact focus



Astigmatism



Astigmatism (example)



Astigmatism Correction
Correcting the
astigmatism
on the objective lens

Routine alignment using

overfocus

Remember to 
correct the
condenser lens too

underfocus

astigmatismexact focus

Fresnel fringe

More accurate with FFT



Just change focus

Underfocus

Overfocus

90°->

Beam Astigmatism Correction



Coma



Example image from I. Norman



Reducing coma by 
minimising beam tilt

1. Voltage centring
2. Current centring
3. Zemlin Tableaux



Spherical 
aberration



Lens is stronger off axis

Plane of least confusion

Spherical Aberration



CTF

Contrast
Transfer
Function



Correct with software instead: 
CTFFIND, GCTF or similar



What about the rest of the
Lens aberrations?

Do they matter for biology? 

not till < 2 Å



objective
lens

transfer
doublet

transfer
doublethexapole hexapole

object plane
coma free plane

Image courtesy of M. Haider

Aberration corrector



66 mrad

27 mrad
region of uniform phase

1.0 Å-1

Russo 2010

3rd order aberration corrector

for going from 2 Å to 0.5 Å
or low energies (< 100 keV)

expensive, slows data collection, increases Cc
harder to use no advantage for most projects



Chromatic Aberration
• Different wavelengths focus at different 

planes





Objective aperture 



Objective aperture 

(111) 2.338 Å
(200) 2.024 Å

(220) 1.431 Å
(311) 1.221 Å

(222) 1.1690 Å

(400) 1.0124 Å

(111) 2.338 Å
(200) 2.024 Å

(220) 1.431 Å
(311) 1.221 Å

(222) 1.1690 Å

(400) 1.0124 Å

FT Low-pass filter

x

Beware...





Magnify it!

Intermediate & projector lenses magnify the image 
created by the objective lens

Goal: take image created by the objective lens 
and match it to the detector with as little 
distortion as possible (don't forget Niquist…)

Nearly perfect lenses b/c very small angles used 

Beware: If not aligned properly, projector lenses 
can distort image causing differential 
magnification and other weird effects (barrel, etc.)



Magnification Calibration

•Pixel size is fixed - a property of the 
detector 

•Magnification is variable from ~ 10 to 10^6 
- must be calibrated 

•Do it yourself for each dataset - it is easy 
•Take an image of gold crystal or graphitised 
carbon (many other choices as well) 

•Also helpful to check that the microscope is 
well aligned.

!55
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• Electron sources 

• Stable lenses and power supplies 

• Improved high vacuum systems w/  
anti-contamination systems 

• High-resolution objective lenses 

• Low drift, low vibration, sample stages 
and cryo-specimen holders 

• Stable specimen supports 

• Computer control and automation of 
microscope lenses, stages and controls 

• Methods for measuring and correcting 
lens aberrations 

• Improved detectors

Important hardware advances in CryoEM



A brief aside  
Ewald Sphere correction in EM
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P22 virus structure  
 EMPIAR-10083

Chen et al. 2017
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P22 virus structure  
 EMPIAR-10083
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Ewald sphere correction for single-particle electron microscopy

Matthias Wolfa, David J. DeRosiera, Nikolaus Grigorieffa,b,!
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Abstract

Most algorithms for three-dimensional (3D) reconstruction from electron micrographs assume that images correspond to projections
of the 3D structure. This approximation limits the attainable resolution of the reconstruction when the dimensions of the structure
exceed the depth of field of the microscope. We have developed two methods to calculate a reconstruction that corrects for the depth of
field. Either method applied to synthetic data representing a large virus yields a higher resolution reconstruction than a method lacking
this correction.
r 2005 Elsevier B.V. All rights reserved.

PACS: 87.64.Bx; 87.64.Dz

Keywords: Three-dimensional reconstruction; Resolution; Depth of field; FREALIGN

1. Introduction

The three-dimensional (3D) reconstruction of a biologi-
cal molecule or complex from images of single, isolated
particles is an important step in electron microscopy (EM)
of macromolecules. The reconstruction algorithms com-
monly used assume that the images are projections of the
three-dimensional (3D) object. Although this assumption is
a valid approximation for many situations, it breaks down
when the size of the object and the desired resolution
exceed the depth of field of the microscope [1]. The present
work describes two methods to accommodate the depth of
field in the reconstruction and alignment of single particles
without the use of tilt or defocus pairs. We demonstrate the
validity of the approach using simulations.

2. Theory

2.1. Ewald construction

A 3D reconstruction algorithm can be understood most
easily by considering its action in reciprocal space. The

Fourier transform of the data from each image does not
correspond to a plane through the origin (central section)
but rather to the surface of the Ewald sphere (EWS, [2])
that passes through the origin of the 3D Fourier transform.
The construction in Fig. 1 shows that the deviation, Dz,
between the sphere and a plane increases with increasing
resolution (determined by the length of the vector g). The
value of the Fourier transform of the object differs between
the two points B, where the transform is sampled, and B0,
where the data corresponding to a projection lies; the larger
the difference, the greater the deviation of the image from a
projection. The magnitude of the difference depends on the
dimensions of the object and is larger for objects having a
longer dimension along the beam direction.
The error made in the reconstruction when using the

planar approximation depends, therefore, on the resolu-
tion, the size of the object, and the radius of the EWS (the
wavelength of the radiation). DeRosier [1] performed an
analysis of the expected phase error between B and B0 and
showed that a phase error of 661 for the planar
approximation of a spherical shell, such as a virus, occurs
at a resolution R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2" 0:7=ðtlÞ

p
(0.7 is a dimensionless

empirical factor for a spherical shell, object diameter t and
wavelength l are given in units of Å) [1]. For example, for a
virus of 500 Å diameter and a wavelength of 0.025 Å
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Correction of high-resolution data for curvature
of the Ewald sphere

David J. DeRosier*
W.M. Keck Institute for Cellular Visualization, Rosenstiel Basic Medical Sciences Research Center, Brandeis University,

MS029, 415 South Street, Waltham, MA 02454, USA

Received 6 April 1999; received in revised form 25 August 1999

Abstract

At su$ciently high resolution, which depends on the wavelength of the electrons, the thickness of the sample exceeds
the depth of "eld of the microscope. At this resolution, pairs of beams scattered at symmetric angles about the incident
beam are no longer related by Friedel's law; that is, the Fourier coe$cients that describe their amplitudes and phases are
no longer complex conjugates of each other. Under these conditions, the Fourier coe$cients extracted from the image are
linear combinations of independent (as opposed to Friedel related) Fourier coe$cients corresponding to the three-
dimensional (3-D) structure. In order to regenerate the 3-D scattering density, the Fourier coe$cients corresponding to
the structure have to be recovered from the Fourier coe$cients of each image. The requirement for di!erent views of the
structure in order to collect a full 3-D data set remains. Computer simulations are used to determine at what resolution,
voltage and specimen thickness the extracted coe$cients di!er signi"cantly from the Fourier coe$cients needed for the
3-D structure. This paper presents the theory that describes this situation. It reminds us that the problem can be treated
by considering the curvature of the Ewald sphere or equivalently by considering that di!erent layers within the structure
are imaged with di!erent amounts of defocus. The paper presents several methods to extract the Fourier coe$cients
needed for a 3-D reconstruction. The simplest of the methods is to take images with di!erent amounts of defocus. For
helical structures, however, only one image is needed. ! 2000 Elsevier Science B.V. All rights reserved.

Keywords: Electron microscopy; Depth of "eld

1. Introduction

The assumption in three-dimensional (3-D) image reconstruction is that the image is a projection of the
3-D structure [1]. This assumption breaks down if the object does not obey the weak phase object
approximation or if size of the specimen exceeds the depth of "eld of the microscope. This paper considers the
latter problem only. The assumption that the image is a projection breaks down at su$ciently high
resolution [2] at which resolution the thickness of the specimen exceeds the depth of "eld of the microscope.

0304-3991/00/$ - see front matter ! 2000 Elsevier Science B.V. All rights reserved.
PII: S 0 3 0 4 - 3 9 9 1 ( 9 9 ) 0 0 1 2 0 - 5
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CONTRAST TRANSFER FOR FROZEN-HYDRATED SPECIMENS:
DETERMINATION FROM PAIRS OF DEFOCUSED IMAGES
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Electron imaging of frozen-hydrated biological molecules allows density maps to be obtained directly, without the need for
fixatives or stains. The appearance of such maps may, however, be strongly influenced by the contrast transfer properties,
which have not previously been evaluated by quantitative experiments. Here we determine the contribution due to amplitude
contrast in a typical ( - 300 A thick) frozen specimen, consisting of arrays of acetylcholine receptor, by comparing pairs of
images recorded with different defocuses. We find that this specimen is imaged as a "weak-phase-weak-amplitude" object
and that the contribution due to amplitude contrast is 7%.

1. Introduction

It is now well established that the linear theory
of image formation provides a good approxima-
tion in accounting for the contrast present in
electron micrographs of thin biological specimens
(see ref. [1], for a recent review). In this approxi-
mation, the phase contrast produced by defocus-
ing modulates components of the object having
different spacings as sin xCv) (X is the phase shift
of the scattered wave and v is the spatial
frequency; see section 2) causing them to be re-
corded with different weights [2]. Thus there is a
direct relation between the object and the image,
and it is possible to compensate computationally
for the variation in sin xCv) (i.e. the phase con-
trast transfer function) to derive a more accurate
representation of the densities composing the
specimen [3,4].

• Present address: Medical Research Council Laboratory of
Molecular Biology, Hills Road, Cambridge CB2 2QH, UK.

Compensation for the effect of the contrast
transfer function (CTF) is not usually needed in
the analysis of images of negatively stained mole-
cules, where amplitude contrast, which modulates
as cos X(v), largely makes up for the reduction in
phase contrast that occurs at low resolution [4].
However, with unstained, ice-embedded speci-
mens [5-7] the amplitude contrast, in the absence
of heavy metal salts, has a weaker effect and
compensation is more likely to be necessary [8]. In
addition, specimens preserved by freezing may
contain more precise information about the struc-
ture, making the accuracy of the compensation -
and hence the exact proportion of the amplitude
contrast - more critical. The corrections are most
important with small crystalline arrays and iso-
lated particles, where electron diffraction cannot
be used to obtain a measure of the unmodulated
strengths of different spatial components [9]; yet
quantitative measurements of the influence of am-
plitude contrast in such cases have not so far been
made.

0304-3991/88/$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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a b s t r a c t 
The extent to which the resolution varies within a three-dimensional (3-D) reconstruction, when the 
diameter of an object is large, is investigated computationally. Numerical simulation is used to model 
ideal three-dimensional point-spread functions at different radial positions within an object. It is shown 
that reconstructed density maps are affected less than might have been expected when particles are 
larger than the depth of field. This favorable outcome is attributed mainly to the fact that a point which 
lies outside the depth of field relative to the center, for some orientations of the object, will also lie 
within the depth of field for other orientations. We find, as a result, that the diameter of a particle can 
be as much as four times the depth of field (as defined by a 90 ° phase-error criterion) before curvature 
of the Ewald sphere becomes a limiting factor in determining the resolution that can be achieved. 

© 2017 Elsevier B.V. All rights reserved. 
1. Introduction 

High-resolution electron microscopy of unstained biological 
macromolecules (single-particle cryo-EM for short) has recently 
made significant advances [14] . Three-dimensional density maps of 
large macromolecules are now being obtained with a resolution in 
the range from 3 to 4 Å, and in a few cases the resolution has al- 
ready exceeded 2.5 Å [3,4,13] . A fundamental approximation used 
in this method is that the image intensity is linear in the projected 
Coulomb potential of the specimen – see, for example, Chapter 4 
of [7] . Equivalently, when referring to Fourier space rather than 
real space, the corresponding approximation is that curvature of 
the Ewald sphere [6] can be neglected. 

Validity of the assumed “projection” approximation requires, 
among other things, that all portions of the specimen are imaged 
with the same amount of defocus. This only happens, of course, if 
the size of the object (i.e. its thickness) is much less than the opti- 
cal depth of field. As a result, the fundamental approximation, i.e. 
that the image is a projection of the object, is not expected to be 
useful if the size of the object is similar to, or much greater than, 
the depth of field. 

This issue has been raised in the past, both in the context of 
very large virus particles [10,17] and in the context of smaller par- 
ticles that are randomly distributed within a certain range of Z - 
heights, which is determined by the overall ice thickness [9] . It 
seemed to be paradoxical, for example, that high-resolution, three- 
dimensional reconstructions were obtained from images of icosa- 

∗ Corresponding author. 
E-mail address: rmglaeser@lbl.gov (R.M. Glaeser). 

hedral virus particles whose diameters are larger than the corre- 
sponding depth of field [8,12,16] . An often-mentioned resolution of 
this paradox is that a large number of (symmetry-related) subunits 
are located at the same Z -height as is the middle of the virus parti- 
cle. At the same time, it is suggested – reasonably so – that estima- 
tion of the defocus value for the image of a virus particle is biased 
towards the middle, i.e. its center of mass. Thus, if the contrast- 
transfer-function (CTF) correction for the region near to the mid- 
dle of a large virus particle is done correctly, a significant amount 
of signal may be produced from the many subunits whose images 
have been properly corrected. The suggestion is that this signal can 
overwhelm the (high-resolution) “noise” contributed by other sub- 
units that lie at Z -heights that are outside the depth of field. Be- 
cause of this argument, it seemed plausible that the depth of field 
might be a greater limitation for asymmetric particles than it is 
for icosahedral virus particles. It thus remains inconclusive that no 
improvement in the quality of density maps was obtained when 
computational algorithms were used to compensate for violation of 
the projection approximation for images of large, icosahedral virus 
particles [11,15] . 

We now reopen the question by using computational simula- 
tions to better understand what limitations to expect when the 
size of a particle approaches, and even exceeds, the depth of 
field for a given resolution. The approach that we have taken is 
to first calculate noise-free, three-dimensional (3-D) reconstruc- 
tions of “single points” that are located at different distances from 
the center of an object. The resulting 3-D point-spread functions 
are then convoluted with high-resolution density maps for atomic 
models of two peptide structures found in tubulin, the sizes of 
which are both much smaller than the depth of field for 300 keV 

http://dx.doi.org/10.1016/j.ultramic.2017.08.007 
0304-3991/© 2017 Elsevier B.V. All rights reserved. 
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Some previous work on Ewald sphere correction
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10 nm gold  
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amorphous ice
defocus series 

from 0 to –10 μm 

300 keV 
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Russo & Henderson 2018b
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 Measurement and compensation of defocusing and aberrations by

 Fourier processing of electron micrographs

 BY H. P. ERICKSON AND A. KLUG, F.R.S.

 Medical Research Council Laboratory of Molecular Biology, Cambridge

 [Plates 17 and 18]

 The effects of defocusing and spherical aberration in the electron microscope image are most simply and
 directly displayed in the Fourier transform of the image. We have investigated the process of image
 formation by determining the changes in the transform of the image of a thin crystal of catalase, which
 has discrete diffraction maxima in the resolution range of 10 to 2.5 nm, as a function of defocusing.
 The changes in amplitude and phase of these diffraction maxima have been measured and compared
 with the predictions of a first-order theory of image formation. The theory is generally confirmed, and
 the transfer function of the microscope is completely determined by finding the relative contributions from
 phase and amplitude contrast. A 'true' maximum contrast image of the catalase crystal, compensated

 for the effects of defocusing, is reconstructed from the set of micrographs in the focal series. The relation
 of this compensated image to individual underfocused micrographs, and the use of underfocus contrast
 enhancement in conventional electron microscopy, are discussed.

 This approach and the experimental methods can be extended to high resolution in order to com-
 pensate for spherical aberration as well as defocusing. In as much as spherical aberration is the factor
 presently limiting the resolution of electron lenses, this could provide a considerable extension of the
 resolution of the electron microscope.

 INTRODUCTION

 In the analysis of structure from electron micrographs it is important to know how contrast

 enhancement and artefacts from defocusing and aberrations affect the image in the electron

 microscope. These effects are displayed much more simply and directly in the Fourier transform

 of the image than in the image itself, and are best analysed in terms of the transform. The
 analysis of these effects through the image transform is of particular interest because of the

 involvement of the transform in systems for the analysis of periodic structures in electron micro-

 graphs, and in the system used for three-dimensional reconstruction by electron microscopy

 (De Rosier & Klug I968).

 Conventional microscopy today is largely concerned with the imaging of details from 10 or

 20 nm down to 2 nm resolution. Especially with the microscopy of biological specimens there

 is generally little preservation of meaningful structural details beyond 2 nm resolution. As

 modern electron lenses are essentially perfect to this resolution, the only electron optical factor

 affecting the image is defocusing. This is important in practical microscopy since micro-

 graphs are normally taken somewhat under focus, both because it is technically more difficult

 to obtain a perfectly in-focus image, and because the defocusing produces a useful enhancement

 of image contrast. We have analysed the effects of defocusing theoretically and experimentally,

 and in terms of the results of the investigation can specify conditions for the proper use of

 underfocus contrast enhancement and the nature of artefacts that will occur with excessive

 defocusing.

 At higher resolution the spherical aberration of the electron lens affects the image in a

 manner vlery similar to defocusing. Under optimum conditions modern microscopes can record
 image details at a point to point resolution of about 0.2 nm. As discussed below, however, the
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 FIGURE 1. The phase-contrast transfer function, - sinX(ac), plotted as a function of cz/A, in nm-1, for A = 0.0042nm,

 C. = 1.3 mm, and for the indicated values of Af. A negative value of this function implies that the corre-
 sponding region of the object transform is contributing to the image with normal contrast, i.e. a subtraction
 from the background electron intensity over regions of high mass density. The solid curves are for pure phase
 contrast. The dashed curves are corrected for the effects of chromatic aberration with normal electrica
 instabilities, by averaging over a range of Af of + 20 nm. The dotted curves are corrected for the effects of
 the partial coherence of the electron source, assuming a 100 gum diameter condenser aperture. These cor-
 rections are discussed by Erickson (I97T).

 THE TRANSFORM OF THE AMPLITUDE CONTRAST AND OF THE TOTAL IMAGE

 The transform of the image produced by amplitude contrast is given by an expression

 similar to equation (3)

 Tamp (a) q5) -=- T0(c, qS) AQ(a) f (c) QQxo) cos x(a) . (4)
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This correction method allows exact correction for 
Ewald sphere curvature in every micrograph 

Collecting and processing images in this way will 
potentially improve the resolution of all cryoEM 
structures, particularly of those of large particles 
at high resolution 

Perfect Ewald sphere correction will now allow the 
use of lower electron energies where the sphere is 
more curved without loss of high resolution 
information due to the incorrect assumption of a 
2D projection
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Some books you might want on your shelf

Hecht 3 - 5th ed.  

Williams and Carter 2nd or 3rd ed. 

Reimer and Kohl 2008 

Frank 2006 

Glaser et al. 2007 

MIE Volume 579 - Ed. RA Crowther 
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