
Scanning electron Microscope





Electrons are used to create images

of the surface of specimen  topology

Resolution of objects of nearly 1

nm

Magnification upto 500000X (250

times > light microscopes)

secondary electrons (SE),

backscattered electrons (BSE) are

utilized for imaging

specimens can be observed in high

vacuum, low vacuum and in

Environmental SEM specimens can

be observed in wet condition.

Gives 3D views of the exteriors of

the objects like cells, microbes or

surfaces

Features of Scanning Electron Microscopy



o Electron source

o Electromagnetic  Lenses

o Deflection coils

o Scanners

o Electron detectors
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Thermionic electron gun

(electrons are emitted

when a solid is heated)
• W-wire, LaB6-crystal

(Lanthanum hexaboride)

Field emission guns

(FEG) (cold guns, a strong electric

field is used to extract electrons)

Electron Source
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 Commonly used electron source 

 Cheap and does not require relatively high vacuum

 Electrons are emitted from a heated tungsten filament / LaB6  and then

accelerated towards an anode; a divergent beam of electrons emerges from

the anode hole 

Single crystal of LaB 6 Tungsten wire

Thermionic Electron Gun

W
LaB6
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Functioning of Thermionic Electron Gun

An positive electrical potential is applied to the anode.

The filament (cathode) is heated until a stream of electrons is produced .

A negative electrical potential is applied to the Whenelt Cap.

A collection of electrons occurs in the space between the filament tip and

Whenelt Cap. This collection is called a space charge.

 Those electrons at the bottom of the space charge (nearest to the anode) can

exit the gun area through the small (<1 mm) hole in the Whenelt Cap .

These electrons then move down the column to be later used in imaging 

Spot Size:
30 μm for  W

5 μm for LaB6
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Scanning electron micrograph of W filament: (a) unused, 

(b) failed

(a) (b)
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Field Emission Gun (FEG)

In recent years cold field-emission and thermally-assisted field emission guns have

become increasingly common.

FEG requires a different gun design as well as  much better vacuum in the gun area

With  field  emission  guns  we  get  a  smaller  spot  and  higher  current  densities

compared to thermionic guns

In these a very fine point on the pointed filament is formed.

Electrons are emitted by tunnelling through the potential barrier at the tip surface

when  a very high potential field gradient is formed  at the surface.

Field Emission Tip

A simple tungsten tip can be very sensitive

to surface contamination. More than any

other cathode design, the field emission tip

is extremely sensitive to the size, shape and

surface condition
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Functioning of the Field Emission  Gun

Consists of a small single-crystal

tungsten needle that is put in a strong

extraction voltage (2-5 kV). 
In the case of a cold FEG, the needle is

so  sharp  that  electrons  are  extracted

directly from the tip. 
In the case of a thermal FEG, the tip is

heated  to  2000K  for  few  seconds  to

clean the adsorbed gas on tip. It also

stabilizes the emission of electron beam

at low vacuum
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Electron probes of sizes down to ~ 6 nm are attainable with conventional

thermionic emission sources, although smaller probes ~ 2 nm can be achieved using
field emission sources

Unlike the thermionic gun, the FEG does not produce a small cross-over directly

below the emitter, but the electron trajectories seemingly originate inside the tip
itself, forming a virtual source of electrons for the  microscope.
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 Magnetic Lenses are used because of less aberrations and good focus.

 As electrons are deflected by the electromagnets, the trajectories of electrons can

be adjusted by the current applied to the coils(electromagnets).

 Electron lenses can be used to magnify or demagnify ( SEM Lenses always

demagnifies) the electron beam diameter, because their strength is variable, which

results in a variable focal length

Electron Lenses

Condenser Lenses

 Hole at the center of pole pieces 

 Coil of several thousand turns of wire

through which a current (0-1A) is

passed  which creates a magnetic field

 To concentrate field further a soft iron

pole piece is inserted into the bore of

the objective lens

 Appropriate aperture size is chosen to

exclude inhomogeneous and scattered

electrons

 A second condenser lens is often used

to provide additional control on the

electron beam 93



Electromagnetic Lens

Copper Wire

Iron Piece





Working Principle 



Working Principle 

•A source of electron beam is 

accelerated down

•A series of lenses condenser 

and objective lens to control

the diameter of beam and to 

focus it.

•A series of apertures (Micron 

size hole on metal film) to 

control the beam.

Magnification = Area scanned 

on the monitor/ Area scanned on 

the sample



How do we get an image? 

Image

Detector

Electron gun





Auger electrons

Secondary electrons

Backscattered electrons

Cathodoluminescence

Bremsstrahlung

Characteristic x-rays

Electron beam

Transmitted  and  inelastically 

scattered electrons

Elastically 

scattered electrons

Heat

Specimen

current

TEM

SEM

Specimen – Electron Beam Interaction
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Secondary electron detector:

Backscattered electron
detector:
(Solid-State Detector)
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Beam-Specimen Interaction



Beam-Specimen Interaction



Schematics of Working Principle



USAGE AREA

• Morphology

• Topology

• Microstructure studies

• Solid state physic

• Biology



Accelerating  

Voltage

 High Resolution  Unclear surface structures

 More edge effect

 More charge-up

 More damage

 Clear surface structures

 Less damage

 Less charge-up

 Less edge effect

 Low resolution



Working Distance

 Greater depth of field

 Low depth of field

 Low resolution

 High resolution

The working distance is the distance between the final condenser lens and the specimen



Aperture size

(objective lens)

 Large current

 Grainy image

 Low resolution

 Smaller depth of field

 High resolution

 Greater depth of field

e.g. Better for EDX



SAMPLE PREPARATION

For organic materials

• fixation - to preserve structure

• drying - moisture must be removed

• coating - to conductive the sample

For metals;

• Cleaning the surface of the 
specimen

For non-metallics;

• need to be coated



SAMPLE PREPARATION

SPUTTER COATING;

• Makes non metallic samples 

conductive

• Uses Ar and electric field to 

tear off metal from cathode

• Metal  fall onto sample and 

coat the material



SAMPLE PREPARATION

The coating material;

• commonly carbon, gold, or some other metal or alloy

 carbon - elemental analysis

metal coatings - high resolution imaging applications

• must be vacuum compatible

• must be appropriate thickness



LIMITATIONS
• Samples must be solid

• Size of analyte 

vertically        <40mm

horizontally    <100mm

• Stable in a vacuum

• Designed to prevent any electrical and magnetic interference

• Can not detect low elements (Lighter than Na-11) like most of 
analys microscopy



ADVANTAGES

• High resolution and magnification

• 3-D Topographical imaging

• Compatible with PC technologies 
and softwares

• Fast Analysing

• Store data in digital form

• Easier sample preparation techniques



DISADVANTAGES

• Can not analys fluid or gas compounds

• Expensive Instrumentation

• Wasting time on sample preparation

• Constant voltage during analysing



RESULT

• SEM uses electrons instead of light to form an image.

• developed new areas of study & still helping.

• popular among researchers due to their wide range of applications

• provides detailed surface data of solid samples

• informs external morphology, chemical composition, crystalline 
structure



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Transmission Electron Microscope 
 

 
 
 
 
 



 

 

 
 

 
 
 
A generalized cut-away diagram of the internal structure of a transmission electron microscope alongside an example of a 

modern instrument.



 

 

 

Background information - What is transmission electron microscopy? 

A transmission electron microscope (TEM) is an analytical tool allowing visualization and analysis of specimens in the 

realms of microspace (1 micron = 10-6m) to nanospace (1 nanometer/nm = 10-9m). The TEM reveals levels of detail and 

complexity inaccessible by light microscopy because it uses a focused beam of high energy electrons. It allows detailed 

micro-structural examination through high-resolution and high magnification imaging. It also enables the investigation of 

crystal structures, specimen orientations and chemical compositions of phases, precipitates and contaminants through 

diffraction pattern, X-ray and electron-energy analysis. 

 

Transmission electron microscopy is used to produce images from a sample by illuminating the sample with electrons (i.e. 

the electron beam) within a high vacuum, and detecting the electrons that are transmitted through the sample. Ultimately, 

using a TEM we can see the columns of atoms present in crystalline samples. 

 

 

The word “transmission” means “to pass through”. Essentially, the way the transmission electron microscope creates a 

conventional image (usually termed a bright field image) of a sample can be compared to shadow puppetry. Imagine a torch 

beam shone through a lattice on a window. The light passes through the transparent parts of the window, but is stopped by 

the lattice bars. On a wall beyond, we see the lattice bars as shadows. The TEM uses a beam of highly energetic electrons 

instead of light from a torch. On the way through the sample some parts of the material stop or deflect electrons more than 

other parts. The electrons are collected from below the sample onto a phosphorescent screen or through a camera. In the 

regions where electrons do not pass through the sample the image is dark. Where electrons are unscattered, the image is 

brighter, and there are a range of greys in between depending on the way the electrons interact with and are scattered by 

the sample. 

 
 

Magnifications of up to 1, 000,000x and resolution below 1 nm are achieved routinely. A scale bar is essential on a TEM 

image. From this the actual size of structures in the image can be calculated.  

Quantitative and qualitative elemental analysis can be provided from features as small as 1 nm. For crystalline phases the 

crystal structure, lattice constraints and specimen orientation can be determined. 

Electrons are negatively charged particles within the atom. Unlike light photons, electrons cannot be focused by glass 

lenses; instead, electromagnets are used to focus the electrons. 

 



 

 

 

Advantages of the TEM over a light microscope 

The transmission electron microscope (TEM) provides the user with advantages over the light microscope (LM) in three key 

areas: 

 
1. Resolution at high magnification. Resolution can be defined as the smallest distance between two closely opposed 

points, at which they may be recognized as two separate entities. The best resolution possible in a LM is about 200 nm 

whereas a typical TEM has a resolution of better than 1 nm. 

2. Structural information. If the material being viewed has a periodic structure like a crystal then the beam can interact with 

that structure in such a way that it diffracts. This provides information on crystal structure, symmetry and orientation of 

materials. 

3. Microanalysis i.e. the analysis of sample chemical composition can be performed in the TEM. 

Parts of the machine 
 

The typical transmission electron microscope 

laboratory contains a machine with these 

components: 

 
● Electron gun 

● Electron column 

● Electro-magnetic lens system 

● Detectors 

● Water chilling system 

● Specimen/sample chamber 

● Main control panel and operational 

controls 

● Image capture. 

Electron gun 

The electron gun generates the electron beam. It is usually positioned in the top of the instrument column. In the image 

sequence below the gun assembly is lifted off and moved aside to show how the electron emitter is replaced. The emitter is 

seated within a cone-shaped Wehnelt cylinder and the beam travels out of the small central hole shown in the apex of the 

cone. Details about the electron gun can be found in the SEM module here and here. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This is an electron gun with the Wehnelt cylinder removed to show the filament within. This is a tungsten filament. 

 



 

 

 

Electron column 

The electron column is made up of the gun assembly at the top, a column filled with a set of electromagnetic lenses, the 

sample port and airlock, and a set of apertures that can be moved in and out of the path of the beam. The contents of the 

column are under vacuum. 
 

The apertures can be easily removed from the beam path by the user. This is important for operation of the objective and 

selected area diffraction apertures during imaging. 

 

The apertures are located within apertures strips, typically consisting of a strip of molybdenum containing a sequence of 

different sized holes,that allow modulation of the beam to different degrees of precision. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Adjacent to the sample port is a ‘cold trap’; this consists of a liquid nitrogen dewar containing a conductive metal tassel 

which is joined to a rod at the top (see arrow path in image). The rod penetrates the column and sits near the sample. This 

cold area acts as a condensation site for material which leaves the sample. Such material can contaminate the chamber or 

affect the vacuum status of the machine. 

 

At the base of the column is the sample viewing chamber. This has a screen which produces an image via fluorescence 

when impacted by the projected electrons. A set of binoculars is attached to the column and can be swung around to focus 

on a small, movable screen within the chamber. This screen is used for finely focusing the image. A camera is positioned 

either above or below the screen (accessed by raising the large round white screen via a lever). 

 

The viewing port can be blocked with a light-retardant cover. It is often important to do as the phosphorescent screen is 

sensitive to fluorescent light sources, and can degrade when exposed to them. 
 
 



 

 

 

Magnetic lens system 

Within the column the electromagnetic lenses shape the electron beam, which travels in a spiral trajectory. Each lens is 

constructed of a coil of copper wire through which a current runs. There is a hole in the center through which the beam 

travels. 

  
 

 

The inside of the column is maintained under vacuum so that the density of molecules which can interfere with the electron 

beam are minimized. To achieve this, a system of vacuum pumps are attached to the TEM column. 
 

Detectors 

One of the most common detectors seen on a transmission electron microscope is the x-ray energy dispersive spectroscopy 

(EDS or EDX) system. This typically involves a large dewar for liquid nitrogen (to keep the detector cold), an arm on which 

the equipment sits, and a solid state detector that penetrates the column (arrow) so it is located near the sample. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 



 

 

 

Specimen/sample chamber 

The specimen holder has one or two wells at the end. The sample is loaded into this via a flange or a ring that screws into 

the well to hold it securely in place. It is imperative that the grid is secured so that it does not fall out of the specimen holder. 

 
 

 

 
 

The holder is then inserted into the column. During this process the sample airlock is evacuated which can take a few Minutes. It 
is important to keep the O-ring on the holder free from lint or dust and properly greased or it can interfere with the vacuum. To 
keep it clean, the holder is stored in a covering sleeve when outside of the machine. A cable can be observed on some specimen 
holders. The cable is plugged into the column to enable electronically-controlled tilting of the holder and therefore the sample. 

This is important for obtaining precisely oriented diffraction patterns and high resolution images. 



 

 

 

Main control panel and operational controls 

The instrument can be controlled through external panels (as shown below), which consist of buttons, toggles and knobs. 

Foot operated tilt-pedals may be positioned on the floor. The virtual TEM steps a user through how they are used. 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Image capture 
 

 

At the base of the column is a viewing chamber with a window port and an adjustable pair of binoculars. The image is 

projected onto the screen in the viewing chamber. The binoculars are available for focusing the image. The screen in the 

chamber is only for producing a temporary image. To collect a permanent image a CCD camera is inserted into the path of 

the beam. This allows the image to be collected in a digital form. 

 

The exposure time – the length of time that the beam is directed at the collection device – can be adjusted to suit beam 

parameters and to control the quality of the desired image. 



 

 

 

Applications and practical uses - what the TEM can do 

The transmission electron microscope (TEM) is used to examine the structure, composition, and properties of specimens in 

submicron detail. Aside from using it to study general biological and medical materials, transmission electron microscopy 

has a significant impact on fields such as: materials science, geology, environmental science, among others. 

 

The investigation of the morphology, structure, and local chemistry of metals, ceramics, and minerals is an important aspect 

of contemporary materials science. It also enables the investigation of crystal structures, orientations and chemical 

compositions of phases, precipitates and contaminants through diffraction pattern, characteristic X-ray, and electron energy 

loss analysis. 

 

Transmission electron microscopy can: 

 
● Image morphology of samples, e.g. view sections of material, fine powders suspended on a thin film, small whole 

organisms such as viruses or bacteria, and frozen solutions. 

● Tilt a sample and collect a series of images to construct a 3-dimensional image. 

● Annalise the composition and some bonding differences (through contrast and by using spectroscopy 

techniques: microanalysis and electron energy loss). 

● Physically manipulate samples while viewing them, such as indent or compress them to measure mechanical 

properties (only when holders specialized for these techniques are available). 

● View frozen material (in a TEM with a cryostage). 

● Generate characteristic X-rays from samples for microanalysis. 

● Acquire electron diffraction patterns (using the physics of Bragg Diffraction). 

● Perform electron energy loss spectroscopy of the beam passing through a sample to determine sample composition or 

the bonding states of atoms in the sample. 

 

 

What the TEM can't do 

There are some things TEM can't do: 

 
● TEM cannot take colour images. Colour is sometimes added artificially to TEM images. 

● TEM cannot image through thick samples: the usual sample thickness is around 100-200nm. Electrons cannot readily 

penetrate sections much thicker than 200nm. 

● A standard TEM cannot image surface information. 

● The TEM cannot reliably image charged molecules that are mobile in a matrix. For example, some species (e.g. Na+) 

are volatile under the electron beam because the negative electron beam exerts a force on charged material. 

 
 
 

Images from electrons 

Electron images from the TEM can be used to achieve different information, for example for morphological, crystallographic 

or compositional studies. 

 

It is also possible to label molecules with electron dense particles (e.g. nano-sized gold spheres that attach to molecules 

through immunolabelling techniques) or construct 3-dimensional images of particle, structures or cells through tomography. 

 

Various types of microanalysis are also able to be undertaken using TEM equipped with electron energy loss spectroscopy 

(EELS) or x-ray energy dispersive spectroscopy (EDS or EDX) systems. These are described in the Microanalysis module. 

 

 

 
 



 

 

Example images from the TEM 

 
 
 
 
 
 
 

 

Bight field electron micrograph of mitochondria from a rat's liver. The tissue was chemically fixed, mounted on a grid, sectioned 
with a room-temperature ultra-microtome and the section was stained and viewed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Dark field image of a zinc oxide crystal                           Selected area diffraction pattern of Nd13CaO7



 

 

 

 
 

 

Resolution 

Definitions 
 

● Resolution the ability to distinguish closely spaced points as separate points. 

● Resolution Limit smallest separation of points which can be recognized as distinct. 

● Resolving Power resolution achieved by a particular instrument under optimum viewing conditions. 

 
 

The concepts of resolution and magnification are often confused. Any image can be magnified without limit, but most will 

become blurry if we do this. A crisp image is what is wanted. This means: 

 
● the image must be properly focused, and 

● the image must have adequate resolution 
 

   

   

The left image shows low resolution and the right image shows high resolution. The left image is an enlargement of a low 

magnification image whereas the right image is taken at the higher magnification. Both images are of a cell nucleus (rat’s 

liver cell). 

 

Magnification is simply the process of enlarging an image. Once a TEM is calibrated then it is possible to determine exactly 

how much enlargement has occurred. This can be recorded on an image as a scale bar. The use of ‘time’s magnification’, 

e.g. 50,000x, will only be accurate for an image of set/ fixed dimension and so can lead to errors. 

 

Higher magnification will not necessarily give higher resolution. Unless a microscope is equipped to deliver higher resolution 

images, higher magnification will only achieve 'empty' images. 

 

Resolution in a microscope is determined primarily by the wave nature of light or electrons according to Abbe's equation: 
 
 



 

 

TEM resolution equationTEM resolution equation 

 

Illumination with a smaller wavelength results in better resolution (the two spots can be seen as distinct) and this is why the 

electron microscope produces higher resolution images than the light microscope; because the wavelength of an electron is 

smaller than visible light. 

 

 

 
 

 
Illumination with a smaller wavelength results in better resolution. 

 

Where Equals 

d resolution (minimum resolvable distance) 

? wavelength of the energy source 

n refractive index of the medium 

Ø aperture angle 

Note: The term nsin Ø is named numerical aperture. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

Theory of TEM image generation 

● Wavelength 

● Image types 

● Image formation basics 

● Object/Image planes 

● Diffraction basics 

● Diffraction images 

● Combining images 

● Imaging mode setup 

● Focus/stigmation 
 
 

Image formation basics 

The TEM images are formed in two stages: 

 
A. Stage A is the scattering of an incident electron beam by a specimen. This scattered radiation passes through an 

objective lens, which focuses it to form the primary image. 
 



 

 

 

B. Stage B uses the primary image obtained in stage A and magnifies this image using additional lenses to form a highly 

magnified final image. 
 

 

 
In the process of forming the primary image the objective lens produces a diffraction pattern at its back focal plane. The 

diffraction pattern is a Fourier transform of the scattered electron wave. The primary image is the Fourier transform of the 

diffraction pattern. 

 

This two-step process forms the basis of image formation during high-resolution transmission electron microscopy 

(HRTEM). 

 

The high-resolution image is, in effect, an interference pattern of the beams formed at the back focal plane of the objective 

lens. 



 

 

 

 

Object/Image planes 
 
 
 

 

 
Definition of "Planes" 

 
● The object plane contains the object point and is always located above the lens. 

● The image plane contains the image point and is always located below the lens. 

● The focal plane of the lens is where parallel rays are brought to a focus. 

 
 

Definition of "Distances" 

 
● The object distance (u) is the distance from the object place to the lens. 

● The image distance (v) is the distance from the lens to the image plane. 

● The focal length (f) is the distance from the lens to the back of the focal plane. If the lens is symmetric in strength on 

either side of the lens plane, the following basic equation known as Newton's lens equation can be written: 
 



 

 

 

 

Diffraction basics 

 
Samples viewed using the TEM can provide information about its structure, in particular its crystalline nature. This is 

because a crystal lattice acts as a diffraction grating: interference patterns are produced in the electron beam as it travels 

out from the lattice and these can be projected as an image of regular dots or rings. 

 
 

 

Image appearance 

At high magnification, crystals may exhibit diffraction contrast. This can occur for one of two reasons: 

 
1. Strongly diffracting regions of crystals can appear darker because there are fewer electrons transmitted along the 

primary beam. These crystals may be sitting on the grid holder at a tilted angle so that a lattice of the crystal lines up 

parallel to the beam. 

2. Thicker regions can also appear darker due to greater scattering. This can be seen in the image here, where some 

crystals lie on top of one another. 

 

As the sample is tilted it will change in appearance to darker or lighter contrast depending on how the beam is interacting 

with the internal lattice. When strong diffraction conditions are achieved, the image will appear darker as more electrons are 

scattered outside of the objective aperture. 

 
 



 

 

 

The diffracted beam 

When the electron beam passes through the thin crystalline sample, it is diffracted by the atomic planes in the sample when 

the Bragg condition is satisfied. These waves interact constructively and are brought to focus at the back focal plane of the 

objective lens (see Planes) to form the diffraction pattern. 

 
 

 

 

 
Unscattered electrons continue through to O to produce a central spot. The beam diffracted by angle 2 Ø produces a spot, 

marked G. The distance between a diffracted (G) and transmitted (O) spot is inversely proportional to the corresponding 

lattice spacing in the sample. 

 

The beam deflection angle and electron beam wavelength are important. 

Bragg's law describes the interaction: 

? = 2d sin Ø 

 

This equation can be used as long as the wavelength is less than the crystal interplanar spacing (d). This works for a TEM 

where the accelerated electron beam describes a wavelength of a few pm. This means for most crystalline materials that 

the 

Bragg angle is much less than 1°. 

 

The Camera length (projection distance) is also important to know in order to calculate details about the sample. It can be 

set when photographing a diffraction pattern. 

 



 

 

 

The Eucentric Position 

The eucentric position is the center of the objective lens. The sample must be set to this position. To do this the entire 

sample holder is raised or lowered. 

 

TEMs are set up so that magnification, camera length, and correct focus are set to this reference position. When the sample 

height (in the Z-direction) is set at the eucentric position, one can tilt the sample around its axis without the image of the 

sample moving across the projection screen. 

 

 
 
 
 
 

 
 

 

The eucentric height can be set by adjusting the objective lens current to a specific known setting for a specific voltage (e.g. 

80kV, 100kV or 200kV), and then raising or lowering the Z-height until the image is in focus. The "wobbler" button can be 

used as a focus aid where one brings the vibrating split image together into one static image. 

 

Alternatively, if the objective lens current is not known for the correct sample height, the sample Z-height is raised or 

lowered until, when tilted, the axis of the sample remains centered. 

 

This is how the beam path looks when set up for selected area diffraction (SAD) and the sample height is incorrectly set 

(left) and correctly set (right). Observe what happens to the magnification and focus. 



 

 

 

 

Tilting 

The appearance of a diffraction pattern will depend on the orientation of the specimen to the electron beam. If the specimen 

is tilted so a plane of atoms or crystallographic direction satisfies the Bragg condition, distinctive diffraction patterns will be 

obtained with diffraction maxima (i.e. spots - often called reflections) in arrangements which reflect the crystal structure of 

the specimen. 

 

To achieve this, samples in a TEM can be tilted. There are both single-tilt and double-tilt specimen holders. A double-tilt 

holder is superior since the tilting of the sample can be achieved in two axes (X and Y). It is common to try and tilt a sample 

so that a crystal zone axis is, in effect, parallel to the electron beam. Under these conditions a predictable arrangement of 

reflections will be present in the diffraction pattern - see the pattern below for ZnO. 

 
 

 

This diffraction pattern has been simulated and tilted using the jems program by Pierre Stadelmann.  

Camera length 

In order to calculate the lattice spacing in our sample we need to know the ‘camera length’. 

Camera length = the distance from the sample to the projected image. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

The diffraction pattern (formed in the back focal plane) forms the projected image on the screen and can be recorded, hence 

the term ‘camera length’ since this is where the camera is positioned. 

 

The projection process enlarges the distance between the reflections in the diffraction pattern. 

 

To obtain precise measurements from a diffraction pattern using a TEM, one must precisely know the camera length. 

 

A small camera length provides a pattern with little space between the reflections and a large camera length provides a 

pattern with large spaces between the reflections. 

 

So, too small a length and the diffraction image only fills up a small region of the projection screen. Too large and part of the 

diffraction pattern can be lost at the edges beyond the projection screen. 

 

It must be remembered that the camera length must be calibrated for accurate measurements. This can be done by using a 

calibration standard sample for which the lattice spacing is known. 

 

Once an accurately calibrated diffraction pattern is achieved, the information in the pattern is used to determine lattice 

Planes and in the indexation of diffraction patterns [see useful links for information on how to index diffraction patterns]. 

 

The images are convergent beam electron diffraction patterns (CBED) from a ZnO crystal. With a larger camera length we 

see more detail from the discs. 

 
 
 
 
 
 
 
 
 
 

 
The image at a camera length of 8cm 

 
 
 
 
 
 
 
 
 
 
 
 
 

The image at a camera length of 50cm 

 

 



 

 

Kikuchi Patterns 

Bragg scattering, that is diffraction of in elastically scattered electrons, can lead to the formation of pairs of parallel lines in 

the diffraction pattern called Kikuchi lines. For each plane of atoms in the sample there exists a pair of parallel lines, rather 

like train lines. The various sets of Kikuchi lines intersect in diffraction space in a manner which represents the arrangement 

of crystal planes in real space. This is called a Kikuchi map. These lines can help an operator to tilt a crystal around to find 

different crystal planes. Kikuchi Patterns are a useful phenomenon to use when initially learning how to tilt crystals because 

they form regular intersecting lines over a zone axis. 

 

This spot diffraction pattern shows Kikuchi lines on the left side of the pattern. This pattern is in the process of being tilted 

and not yet on the zone axis. 

 
 

 
 
 

Diffraction patterns 

The appearance of the diffraction pattern can reflect the nature of the crystalline phases in the specimen. For example, if the 

material is microcrystalline or amorphous the diffraction pattern consists of a series of concentric rings rather than 

spots/discs. 

 

Spot patterns 

 
 
 
 
 
 
 
 
 

 
 

 
When the electron beam interacts with the sample when the sample is oriented with a zone axis pattern parallel to the 

electron beam, then the diffraction pattern form in the back focal plane of the objective lens is a regular array of reflections. 

This is seen projected onto the viewing screen as an array of reflections organized in a predictable manner based on the 

crystal structure of the sample. 

 

The image shows a classic spot diffraction pattern obtained from Nd13CaO7. 
 
 

 

 



 

 

 

Combining images 

Images can be combined to get the most information out of a sample. Here is a diffraction pattern on the left and a high 

resolution electron image on the right for the same material: Nd13CaO7 

 
 

 

But more is achievable. Diffraction patterns can be combined with information from bright field and dark field images. 

Here is the diffraction pattern from a cluster of minute crystals of zinc oxide (a hexagonal crystal structure). 

 

 

The diffraction pattern is a mixture of information from closely positioned crystals that are all fairly similarly aligned so the 

patterns are being gained from three of the crystals at the same time. 

 

In one sense it is not an ideal diffraction pattern because it contains multiple sets of information. But if we were looking at 

material containing different phases, or different alignments of the lattice within a material, this is the sort of image we might 

see. 

Bright field image of the ZnO crystals. 

 

Dark field images of the ZnO crystals (from left to right, 1 to 4, as in the diffraction pattern). 

 
In dark field imaging, notice that only one crystal at a time produces an image and it is a ‘white’ image with a black 

background. 

 



 

 

The reason only one crystal or region is seen in each dark field image is because the electron beam is lined up on a discrete 

intensity spot in the diffraction pattern, hence only electrons diffracted by that lattice arrangement are being imaged. 

The process of selecting a spot in the diffraction pattern can be repeated for different intensity spots of interest and the dark 

field images gathered and coloured, then overlaid so we can see all the information in one image. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Notice that the fourth colour belongs to a crystal alignment that does not show up in the diffraction pattern shown (see circle 

number 4). The circle placement for 4 in the diffraction pattern shows where the beam has been positioned to collect the 

image for this fourth crystal. 

Using this approach of combining bright field, dark field and diffraction pattern imaging is useful to pin-point the 
presence of a phase in material because a diffraction dot that does not ‘fit’ with the overall pattern can be ‘interrogated’ 
by discovering exactly where that phase occurs in the material using the dark field image. 
 
 

Imaging mode setup 

There are a number of concepts that need to be mastered when setting up the electron column for suitable imaging 

modalities. The first is that the column should be properly aligned. 

 

The first component to consider are apertures. There are a number of movable (adjustable) apertures in the TEM column. 

 

The condenser lens aperture, situated below the condenser lens apparatus, can be used to reduce the spot size of the 

beam and reduce aberration. 

 

 

 

 

There are two other apertures to be concerned with when imaging. The objective aperture is the first aperture situated below 

the sample plane. It is used to increase contrast and is introduced into the column for bright field and dark field imaging. 

 

Sitting below the sample, the objective aperture is designed to improve the contrast of the image since it excludes scattered 

electrons that serve to reduce contrast. 

 
 



 

 

 

 

 

There are a range of sizes to choose from: the smaller the aperture, the greater the contrast and darker the image (because 

more electrons are excluded from the image). 

Note that the greater the mass in a sample or the thicker the sample, the more the beam scatters as it passes through  the 
sample. 

 

For bright and dark field imaging, it is necessary to adjust the objective lens (focus knob) to produce a crisp image of what is 

in the plane of the sample (specimen). This means that the electron beam is adjusted so that the beam cross-over occurs at 

the level of the sample. 

 
 

 
When undertaking diffraction imaging, the focus point drops below the sample to the back focal plane. So for diffraction 

imaging the cross-over of the beam needs to occur in the back focal plane. When this happens, the objective aperture, if left 

in place, is seen to be in focus. It becomes obvious as a hole in a black platform with a crisply focused edge. 

 

Often, in diffraction mode, it is necessary to isolate a local region so that only this region produces a diffraction pattern. This 

is achieved by introducing the selected area diffraction (SAD) aperture into the column. When the selected area diffraction 

aperture is used to limit the area which is used for obtaining a diffraction pattern, this is called selected area diffraction 

(SAD). 

 

The beam paths for the different imaging modes are shown in the diagram. 
 



 

 

 

 

 

Dark Field imaging is achieved by blocking the unscattered beam and only allowing scattered electrons to form the image. 

There are a few ways this can be achieved. Methods 1 and 2 involve putting the objective area into to column. 



 

 

 
 

Method 1: (DF1 in the image) is where an objective aperture is introduced and moved so that it excludes the unscattered 

beam but allows some signal to pass through from a specific area of interest in the diffraction pattern, for example a specific 

intensity spot. 

 

Method 2: (DF2 in the image) is where the beam is tilted so that the unscattered beam path is blocked by the objective 

aperture. In this way a particular intensity spot in a diffraction pattern can be centred as the new “main beam”. The dark field 

image will be produced only from those electrons being diffracted along this axis. The image is then focussed in the sample 

plane (on the sample). 

 

Convergent Beam Electron Diffraction (CBED) 

 
When the electron beam is converged on the sample to a point (method = convergent beam), instead of using a parallel 

stream of electrons through the sample, the diffraction pattern forms discs instead of points ("Focused Convergent" in the 

image below). These discs can contain detail that provides information about the crystal symmetry of the specimen. 

 

For this type of imaging the focus (objective lens) is adjusted so that the sample is in focus (not the objective aperture). 
 
 



 

 

 

 

Focus/stigmation 

Micrograph quality is affected by aperture size, focus, stigmation, and use of image collection software. 

 

The image of rat’s liver on the left was taken without an objective aperture inserted. The image on the right had an objective 

aperture inserted. Note the increased contrast in the right image. 

 
 

 

Achieving correct focus of an image is important. 

 

The image on the left shows a hole in a resin support film that is close to focus (suitable for collection). On the right the 

image is out of focus: note the added white ring (also known as a Fresnel fringe) on the inside edge of the hole that provides 

extra contrast which is appealing to the eye but incorrect. 

 
 

 

To achieve good focus by eye, at high magnifications, it is helpful to focus on the ‘grain’ of the sample support film. This 

supplies information about both focus and stigmation. The presence of stigmation results in a streaking or stretching of the 

normally roundish grains (see arrows on the left and right in the image) which makes achieving focus more difficult. 

 

Correcting stigmation involves rounding the cross-section of the beam with the X and Y stigmators. Often both X and Y stigmation 
need adjustment, however, each results in a stretching of the grains along a different axis.



 

 

 

Lenses: electromagnetic lenses 

 

This is an image of the copper coil of an electromagnetic lens 

from an electron microscope. The electron beam travels through 

the central hole. Current runs through the coiled copper wire 

creating a magnetic field. 

The electron beam present within a TEM requires manipulation by lenses as it travels down the column and through the 

sample in order to examine the right areas of the sample. 

 

In an optical microscope this is achieved using glass lenses, but the electron microscope requires electromagnetic lenses 

instead. 

 

Since the electron beam is charged (negative), an electromagnetic force can be used as a lens. Wire coils surround the 

beam and produce such a field which generates a deflecting force on the electrons. 

 

 

Pole-pieces and Coils 

A magnetic electron lens has 2 parts: 

 
● a pole-piece: a cylindrically symmetrical core of soft iron with a hole drilled through it (bore) 

● a coil of copper wire which surrounds each pole-piece. 

 
 

When we pass a current through the coil, a magnetic field is created in the bore. The strength of the field in a magnetic lens 

controls the ray paths, bringing off axis rays back to focus. 

 
 

 
 
 
 
 
 
 
 
 

 

Comparing the action of an electromagnetic lens with an optical lens we see that the image is rotated, to a degree that 

depends on the strength of the lens. Focal length can be altered by changing the strength of the current. 

 

The resistive heating of the coil means that the lenses have to be cooled and a water recycling system is an essential part of 

TEM lenses. 



 

 

 

Problems with lenses: aberrations 

Over the last 300 years, glass lenses have developed to near perfection, while electromagnetic lenses remain quite 

imperfect. There are at least 10 kinds of defects for electromagnetic lenses but we will emphasize the ones that limit 

microscope performance in substantial ways. 

 

There are: 

 
● Spherical aberration 

● Chromatic aberration 

● Astigmatism 

 
 

Spherical and chromatic aberrations limit the resolution of conventional electron microscopes. Both these defects are 

unavoidable when using static rotationally symmetric electromagnetic fields. It is necessary to learn how to use the 

microscope to minimise them. 

 

Spherical aberration is the type that is most significant in defining the performance of the objective lens. 

 

Chromatic aberration worsens for thicker samples. To reduce this problem it is good to make thin samples (e.g. thin foils for 

physical science preparation). 

 

Astigmatism affects the ability to focus an image but is totally correctable. 



 

 

 

 

Spherical aberration 

The spherical aberration is caused by the lens field acting inhomogeneously on the off-axis rays. In other words, the rays 

which are "parallel" to the optic axis but at different distances from the optic axis fail to converge at the same point. The 

further off-axis the electron is, the more strongly it is bent back toward the axis. 

 

As a result, a point object is imaged as a disk of finite size, which limits the ability to magnify detail, because features are 

degraded by the imaging process. 

 

The figure shows the effect of spherical aberration. A point P is imaged as a disk with a minimum radius in the plane of 

"least confusion" and as PI with an intense central bright region with a surrounding halo in the image plane. 

 
 
 

 

 

An expression for calculating the radius of the spherical aberration disk (rsph) in the image plane use: 
 

 

 

 
Where Cs is a constant for a particular lens called the spherical aberration coefficient and ? is the maximum semi-angle of 

collection of the objective lens aperture. 



 

 

 
 

From this derivation, Cs has the dimensions of length; typically, it is approximately equal to the focal length which in TEM is 

normally about 3 mm but in HRTEM is well below 1 mm. One way to minimize this aberration is to use a short focal length 

lens (i.e. small spherical aberration coefficient). 

 
 

 

 

 

Examples 
 

 
Image by Mdf, available under a Creative Commons Attribution-Share Alike 3.0 Unported license. 

 

This is an example of a point source imaged by a system with negative (top), zero (center), and positive (bottom) spherical 

aberration. Notice only the central point is a dot; the image above and below it appears as a disc. 

 

Images left of the center column are defocused toward the inside; images right of the center column are defocused toward 

the outside. 



 

 

 

 

Chromatic aberration 

The term chromatic aberration is related to the energy of the electrons. 

 

Electrons are not monochromatic. Electrons emerge from the gun at a whole range of energies and are bent by the objective 

lens to different degrees; electrons that have lost energy are bent more strongly. Thus, once again, electrons from a point on 

the specimen form a disk image, as for spherical aberration. The radius (rchr) of the disk is given by: 

 

 

 
 

Where Cc is the chromatic aberration coefficient of the lens (length), ?E is the energy loss of the e, Eo is the initial beam 

energy, and P is the semiangle of collection of the lens. While ?E in the incident electron beam is < 1 eV. It is typically 15-25 

eV for a good fraction of the electrons coming through thin foil 50–100 nm thick. Chromatic aberration gets worse for thicker 

foils as this leads to a higher fraction of inelastically scattered electrons which may be subject to such effects. 

 
 
 



 

 

 

 

Astigmatism 
 

The left image of this sample film shows astigmatism 

The aberration called astigmatism occurs when the electrons sense a non-uniform magnetic field as they spiral round the 

optic axis. It arises because the soft iron pole pieces comprising the electromagnetic lens cannot be fabricated with perfect 

cylindrical symmetry. The soft iron may also have micro-structural inhomogeneities which cause local variations in the 

magnetic field strength. 

 

The apertures introduced into the lens may disturb the field if they are not precisely centered around the axis. Furthermore, 

if the apertures are not clean, contamination causes charge accumulation and deflects the beam in unexpected ways. 

 

There are a variety of factors which contribute to form an astigmatism, which distort the image by an amount rast =??f, where 

?f is the maximum difference in focus induced by astigmatism. 

 

Fortunately, astigmatism is "easily" corrected using stigmators. These are small octupoles that introduce a compensating 

field to balance the inhomogeneities causing the astigmatism. Stigmators are present both in the illumination system 

(condenser lenses) and in the imaging system (objective lens). 

 
 
 



 

 

Virtual TEM 

● Basic Imaging 

● Diffraction and advanced imaging 
 

Virtual TEM - Basic imaging 
Adobe Flash player is required to use the simulator. 
 
Terms used in this activity 

 
● Magnification 

● Focus 

● Sample height 

 
Sample insertion videos: 

 
1. Place sample in holder 

2. Insert holder halfway 

3. Switch on vacuum pump 

4. Insert holder fully 

 
Sample removal videos: 

 
1. Remove holder halfway 

2. Switch off vacuum pump 

3. Wait for pump 

4. Remove holder fully 
 

Virtual TEM - Diffraction and advanced imaging 

Adobe Flash player is required to use the simulator. 

Terms used in this activity 

● Magnification 

● Focus 

● Sample height 

 
 

Sample insertion videos: 

 
1. Place sample in holder 

2. Insert holder halfway 

3. Switch on vacuum pump 

4. Insert holder fully 

 
 

Sample removal videos: 

 
1. Remove holder halfway 

2. Switch off vacuum pump 

3. Wait for pump 

4. Remove holder fully 



 

 

Sample preparation 

● Chart for organic or biological samples 

● Chart for inorganic or physical science samples 

● Artifacts 

● Fixation 
 
 

Organic sample/physical science specimen preparation for TEM 

This is vital to getting good quality information from your sample. A poorly processed sample can lead to viewing artefacts. 

This section is designed to help you choose appropriate preparation processes. Text and video help guide you through 

processes. 

 
 



 

 

 

 

Inorganic sample/physical science specimen preparation for TEM 

Click the linked items below to read information or watch videos about each process. 
 
 

 



 

 

 

 

Artifacts 

Artifacts are often found in TEM specimens. These can be the result of problems with the initial sample that was chosen or 

can develop during preparation. Since the aim is to produce a sample for viewing that is artifact free it is important to be able 

to recognize artifacts and determine what has caused them. 

 

In physical science preparations artifacts may arise from several sources. For example, during ion milling/ thinning, argon 

ions can be implanted into the sample and this can result in amorphization and phase transformations. This is caused by 

using too high an acceleration voltage leading to energetic ions damaging the specimen. Chemical preparation procedures 

can leave contamination on the sample. Poor mechanical polishing can produce uneven surfaces and scratches, leave 

residues or introduce dislocations into the sample. Even preparation of particulate on a sample grid can result in artifacts if 

the samples are sonicated for too long or the wrong solvent chosen. When using cryo-techniques the sample must be able 

to tolerate the low temperatures involved without compromising the structure. 

 

For biological samples fixation can introduce artifacts. Sample degradation can occur as a result of too much time elapsing 

between harvesting a sample and fixation. Mechanical damage can be introduced by poor harvesting procedures. Osmotic 

damage can occur by not matching the fixation solution to the sample conditions. Poor washing between fixation steps can 

later result in the appearance of “pepper” in the sample from precipitation. 

 

Cryo-fixation has its own range of artifacts related to sample thickness and too slow a cooling rate. 

 

Dehydration and resin infiltration can result in artifacts. Removing water too quickly can result in shrinkage artifacts. Poor 

resin infiltration and polymerization can result in holes in a sample. 

 

The sectioning of material introduces another set of possible artifacts: tearing, compression, or scratches. 

 

Staining samples can result in precipitation on the surface. Even breathing too heavily on samples during staining with lead 

citrate will result in lead carbonate precipitation. Poor cleanliness of equipment (forceps) and bench can result in oils and 

contamination ending up on the sample surface. 

 

Condensing the beam too rapidly onto the sample can also cause damage to the specimen or the film on the grid. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Section of rat’s liver showing scratches caused by a  
damaged knife edge 
 

Section of rat’s liver showing precipitation on the 
surface that occurred during staining and handling 



 

 

Fixation 

Why chemically fix samples? Organic and living materials usually need to be preserved before further preparation for 

viewing. Biological samples are alive. When they die changes occur to their fine structure quite rapidly. It is necessary to 

hold the sample in a form as close to living as possible using a process referred to as fixation. Chemical fixation involves 

cross-linking proteins and stabilizing some lipid components. 

 

The initial step usually involves aldehydes since they stabilize the proteins in the sample. 

 

Formaldehyde is a smaller molecule than glutaraldehyde and fixation is relatively reversible. It can be washed out with 

water. However formaldehyde fixation is rapid. Glutaraldehyde is slower to penetrate but not reversible in its bonding. It is 

usually preferred alone or in combination with formaldehyde. A mixture of the two is known as Karnovsky’s fixative. 

 

Tip: always cut up the sample under fluid to stop drying; e.g. under buffer or fixative. 

 
 

Formaldehyde molecule 

 
Gluteraldehyde molecule 

 

 

Tip: A technique used to fix a sample while it is still within an animal is to perfuse the fixative through the sample using the 

circulatory system to carry the chemicals. This is not a common technique and needs special ethical clearance. 

 

Glutaraldehyde is the most commonly used primary fixative. It is an uncharged molecule in solution so it can penetrate 

biological membranes. It forms large three dimensional networks of cross-linked molecules throughout the cytoplasm of 

cells. 

 

The initial reaction releases protons and the result is a drop in pH, hence the need to buffer the fixative. Often used is a 

solution of 3% glutaraldehyde in 0.1M buffer (e.g. sodium cacodylate or Sorrenson’s phosphate buffer). Another protocol 

uses 4% paraformaldehyde, 2% glutaraldehyde, 0.1M PIPES buffer and 0.3M sucrose. 

 

The pH chosen is dependent on the natural tissue acidity. Usually pH 6.8 is suitable for plants and pH 7.2-7.4 for animal 

tissues. Phosphate buffer is not toxic whereas cacodylate contains arsenic. Other buffers such as PIPES and HEPES are 

often used for cell culture material. 

 

Safety: aldehyde fluid and fumes will fix the tissue of the handler as well as the sample so ensure exposure does not occur. 

 

Osmolarity: When fixing marine samples osmotic pressure may be a problem as the tissue will be most stable when in 

seawater rather than in distilled water. To avoid swelling of the sample it may be necessary to make up the chemicals in 



 

 

 

seawater or equivalent. Increasing the concentration of the buffer is an alternative. 

 

Time and temperature: Tissue is generally immersed in the fixative for 1- 2 hours at 4 degrees or sometimes at room 

temperature. 

 

Microwaves: The fixation process can be sped up by using a specifically constructed laboratory microwave (e.g. the 

BioWave microwave) that is fitted with a heat sink. In this way the tissue is exposed only to the effect of the microwave and 

not to excessive heat generated in the tissue. It is thought that the radiation flips dipoles in the tissue rapidly, allowing faster 

infiltration by the fixative and enhancing bonding. At 80 Watts and with mild vacuum, fixation of a 1 mm2 of tissue occurs in 

12 minute (with 2 minutes of microwaves on, 2 minutes off and 2 more minutes on, and repeated sequence). Larger or 

particularly dense blocks of tissue will take longer. 

 

Washing: After fixation the tissue is washed in buffer (or water) to remove extraneous fixative. This can be done in a fume 

hood on the bench with 5 to 10 minute washes or faster, in the specialist microwave. 

 

Post-fixation: Tissue is usually post-fixed with 1% osmium tetroxide in buffer (e.g. 0.1M cacodylate buffer) for 1 to 2 hours 

at room temperature (in a fume hood!). Penetration is slow at about 0.5 mm per hour at room temperature. 

 

The fixative bonds with fatty acids, locking them into position within cell membranes. The reaction turns the tissue black so 

progress can be observed as it occurs. Usually tissue is left for 1 hour if small (1 mm2). 

 

Safety again: A fume hood or air extraction device is absolutely necessary for use of osmium because the vapour (and 

fluid) can fix eyes and turn the user blind. 

 

Mixing fixatives: Aldehydes and osmium when mixed together react with one another. So any aldehydes remaining in the 

tissue after the wash can cause a precipitation. Under the TEM this may be seen as black “pepper”. It is also useful to 

remember that osmium reacts with acetone and alcohol so these must be kept away from the sample till after it is fixed. 

Once fixed, the tissue can be washed in water to remove extraneous osmium solution. 

 

General handling procedures: 

 
● Use gloves, lab coat, safety glasses and a fume hood when undertaking chemical fixation. 

● Always keep the sample covered with solution so it does not dry. 

● Use a volume of fixative that is 10 times the volume of the sample or more. 

● Keep specimens in vials. Ideally vials should be labeled but can be placed in well-labeled containers. Labels must 

contain date, name, chemical in use and hazard information. An example can be seen in the image below. 

 



 

 

 

Machine settings 
Thin Sections/Biological Samples High Resolution 

80-120 kV 200-300 kV 

Condenser aperture: 1 (biggest) Condenser aperture: 2 or 3 (small) 

Spot size: 1 (unless sample is “drifting”, 5 or 6) Spot size: 6 to 8 

Objective aperture: 3 (smallest) Objective aperture: 1 (biggest) 

An increase in voltage = increased brightness = increased resolution = thicker sections can be used = reduced contrast 

 

The condenser aperture is the top one on the column A smaller condenser aperture = increased resolution = decreased 

beam damage to sample = decreased brightness 

 

The objective aperture is the middle one (just below the specimen holder) A smaller objective aperture = increased 

contrast = decreased brightness 

 

Spot size on the JEM-1010 gets smaller with increasing number A smaller spot size = increased resolution (for some 

imaging modes) = decreased brightness = decreased beam damage to the sample = decreased sample “drift” (stability 

improved) 

 

Alignment 

The beam travels from the electron gun at the top through the sample and down to the viewing screen. If it is off axis or 

suffers from astigmatism then poor imaging can be expected. The path needs to be adjusted depending on viewing 

parameters. This process is called alignment. TEM alignment procedures involve a number of systems and parts of the 

instrument: 

 
1. Illumination system: beam tilt; beam shift 

2. Condenser aperture alignment 

3. Condenser astigmatism correction 

4. Alignment of illumination with respect to the objective lens 

5. Objective aperture centering 

6. Objective astigmatism correction 

7. Alignment of intermediate lens 

 
 
 
  
 


