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lens (also known as the image distance). Let /'be the focal
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Optical Performance
Resolution

« Recall: the resolution of a system is the smallest distance
between two points or lines that can be observed.

« In the case of optical microscopy it is a function of the
wavelength of light and the N.A. of the objective.
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where: d= resolutlon
A= wavelength of imaging radiation
= index of refraction of medium between point source
and lens, relative to free space
a= half the angle of the cone of light from specimen plane
accepted by the objective (half aperture angle in radians)




Optical Performance
Resolution & Depth of Field

-Resolution Depth of Field Ranges
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+ Large D,and r; cannot -
be obtained
simultaneously.
« Large D,means larger r, Figure 1
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and worse resolution.
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How to improve depth of field

1. Reduce N.A. by closing down aperture diaphragm, or use a
lower N.A. objective lens. ~ lower o
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How to improve depth of field

1. Reduce N.A. by closing down aperture diaphragm, or use a
lower N.A. objective lens. ~ lower o
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How to improve depth of field

. Reduce N.A. by closing down aperture diaphragm, or use a
lower N.A. objective lens.

. Lower the magnification for a given N.A.

A e
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. Use longest possible wavelength



Depth of Focus

» The range of image plane position at which
the image can be viewed without appearing
out of focus for a fixed position of object.

— Often confused with depth of field

— Not as important as depth of field

- Depth of focus is M? times depth of field
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alala Depth of field and focus
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Image Quality

When you look at a specimen using a microscope, the
quality of the image you see is assessed by the
following:

‘Brightness - How light or dark is the image?
‘Focus - Is the image blurry or well-defined?

‘Resolution - How close can two points in the image be
before they are no longer seen as two separate points?

-Contrast - What is the difference in lighting between
adjacent areas of the specimen?
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Brightness

Image of pollen grain under good brightness (left) and poor brighthess
{right)

Focus

Image of pollen grain in focus {left) and out of focus (right)
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Resolution

Image of pollen grain with good resolution {left) and poor resolution
{right)

Contrast

Image of pollen grain with good contrast (left) and poor contrast (right)
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e Aberrations in optical systems

Resolution and depth of field are based on the assumption that
all the components of the microscope are perfect, and that the
light fmm any pn:-int on an c:bject fn:u:uaea at a 5i111il'11 1111iq11~=:

11ght. .Ewlu:u ter wav eleugth % 1:11__2&1 degree mi cleﬂeu.tmn.
Because a range of wavelengths 1s present in the light (e.g..

in white light), light cannot be focused to a single point.

Optical Axis

4000m  CHorieas:  700mm

confusion

--------------------
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Chromatic Aberration

» Spherical and chromatic aberrations are the only “on-axis™ aberrations.

» Chromatic aberration occurs for lenses only.
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Spherical Aberrations(/ 3 X}
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Figure 4-1 Spherical aberration arises when light rays or electrons passing
through a lens are brought to different focal points. The differential bending of the
light rays or electrons is due to varying lens strength.
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« Astigmatism (H|I=%=%t)
Astigmatism 1s related to spherical aberrations. A
lens, which does not have 1dentical properties 1n the
horizontal and vertical planes, generates the
aberrations as shown in the figure.
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lens
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tocal ling  lgost focal line
confusion

Ray diagram illustrating the formation of astigmatism for a lens with slightly
different optical properties in the horizontal and vertical directions. In this
illustration the lens 1s more powerful in the vertical plane.



Astigmatism(HI & %=X}

Of The Electron Beam Cross Sectlon Of formed from an electron beam that is
The Electron Beam not circular in cross section.

Stigma: point
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Cause of Astigmatism

Aperture ®

Astigmatic
Electron
Beam @

Figure 4-18 A dirty aperture charges,
resulting in a symmetrical electrostatic
field that produces an astigmatic
electron beam.

1. Nonsymmetrical fields in electron lens
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Astigmatism(H| & =X

Astigmatic Beam :
Circular Object Is
Blurred At Focus

Circular Object Viewed Circular Object Viewed
With An As]tigmatic Beam With An Astigmatic Beam
Above Focus Below Focus

Figure 4-16 A circular object appears elongated in an astigmatic image.

Figure 4-17 Scanning electron micrographs of the same area of magnetic tape taken at an
accelerating voltage of 30,000 V. (a) An in-focus micrograph showing no astigmatism. (b)
and (c) Images taken with an astigmatic electron beam showing how the orientation of details
of the specimen changes 90° as the operator goes from overfocus to underfocus. (b) An
astigmatic overfocused image showing the orientation of details primarily in the vertical
plane. (c) An underfocused astigmatic image showing the orientation of details primarily in
the horizontal direction.
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Correction of aberrations

All aberration corrections are designed to reduce in size
of the disc of least confusion.

Corrections of chromatic aberration

e Combining lenses of different shapes and refractive indices

¢ Elimimnating the variation in wavelength from the light
source by using filters and special lamps.

Corrections of astigmatism
It can be corrected relatively easy in electron microscope,
because the magnetic lens strength can be adjusted n two

perpendicular planes.
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Chromatic Aberrations

Monochromatic
Light

Figure 4-9 Monochromatic light rays
are brought to a single focal point by a
perfectly constructed glass lens.

White Light

Flint Point
Glass

Figure 4-10 Chromatic aberration in a glass lens can be minimized by combining
a converging and diverging lens of the correct strengths so that the light rays are
brought to a single focal point.
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Spherical Aberrations(7 2 =Xt)
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Figure 4-3 Electrons of equal energy passing through an electromagnetic lens are
brought to different focal points. The closer the electrons are to the windings, the
more the electrons are deflected by the magnetic field and the closer the focal
point is to the lens.

22



Electrostatic Stigmator

Astigmatism In Electron Astigmatism In Electron
Beam Before Correction Beam Corrected
g
Cylindrical Rods
Of Electrostatic Astigmatic
Stigmator Electron Beam

Figure 4-19 An electrostatic stigmator used to correct astigmatism of the electron
beam by applying an electrostatic field to push and pull the electron beam into a
circular cross section.

Stigmator; AR 9] vl A G} (astigmatism)S BA 3= 2HX]
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Contrast is number of shades found in an image. A high contrast

Absorption
Reflection
Interference
Polarization
Fluorescence
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Observation Modes

‘Brightfield - This is the basic microscope configuration This
technique has very little contrast.

Darkfield - This configuration enhances contrast.

‘Rheinberg illumination - This set-up is similar to darkfield, but
uses a series of filters to produce an "optical staining" of the
specimen.

(a) Brightfield (b) Darkfield (c) Rheinberg

25



Imaging Modes

* Bright-field and dark-field are the most
commonly used examination modes.
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Figurc .28  (a) lin]_;hl field 1llumination: and (b dark=feld illumination in transmitted mode. Shaded
areas indicate where the light is blocked.



Examination Modes
Bright Field

* Bright-field examination is the most widely used
method of observation.

this mode. For example, if there is a color difference Iin
the phases present it would add contrast to the image.
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Examination Modes
Dark Field

« Dark field microscopy is usually use to examine things

|t works opposite of bright-

field microscopy in that no | I Centra stop
light that is directly reflected

from the sample contributes 2
to the image.

« Only the light ray that are

deflected by diffuse \ /
scattering enter back into %
th €0 bJeCt IVE Ie ns fO rim age Figure 1.29 Dark-field illumination in a reflected light microscope.

formation
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Phase contrast

Many objects show only very little absorption
but can be visualized in a phase contrast microscope

Bright field microscope Phase contrast microscope




Observation Modes

‘Phase contrast - In a phase-contrast microscope, the annular rings in
the objective lens and the condenser separate the light. The light that
passes through the central part of the light path is recombined with the
light that travels around the periphery of the specimen. The
interference produced by these two paths produces images in which the
dense structures appear darker than the background.

Living Cells in Brightfield and Phase Contrast

F

(a) (b)
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Amplitude object

Absorbtion of light »  reduction of the amplitude
of the light waves.




Phase objects

Difterence mn index of refraction
—> change of phase of the light wave + scattering
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Phase contrast

The diffracted waves B have a phase difference of about 1/4 A
compared with the direct waves A - little difference in brightness

DIFFRACTED WAVE ) 1/4 }\.

.-"'-.. o
- i
.__.-'

DIRECT WAVE

- ' - -

THE SAMPLE
IS NOT VISIBLE
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Phase Contrast

« For specimens with little inherent contrast in bright-field.

« Phase changes caused by light diffraction by an object is

kg 1:

Simplified optical pathway for phase contrast microscopy
(modified from 5)

Alizmanent of condenser anmulus (bright) and phase ring (dark)

1 = light source

2 = anmular shaped Lhight mask (condenser anmulus)
3 = condenser

4 = specimen

5 = background light

G = light bent by the speciinen

7= phase 1ing

8 = eveplece with mtermediate image

9= eve

Copyright: Joerg Piper, Bad Bertrich, Germany, 2007
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Phase contrast

Add 1/4 A extra phase shift = destructive interference

1/4A+1/4N

. RESULTING WAVE

THE SAMPLE
IS VISIBLE




Polarized Light

* Polarized light waves are light waves in
which the vibrations occur in a single plane.

e |t IS used to examine materials that are
optically anisotropic.
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Eleciron Circulprly polorized
engrgy leveis emitted light Polarizer
Light is emitted from an atom when an
electron makes a transition from a higher . Iy
energy state to a lower energy state. ' A |
S EAVARV/

: !
Circularly polarized light incident on a polarizer
is transmitted as linearly polarized light.

Linearly polarized

Circularly polorized

A

1*' "

T

Linearly polorized lghf

Two examples of linearly polarized light
where the electric vector of the light wave

vibrates in one plane.
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Polarized light
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Polarized light microscop
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Excitation

Fluorescence

Selective
group

Emission
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Stokes' Observation

Absorption

Fluorescence
Emission

(Invisible) I‘— Visible Wavelengths —I'*I (Invisible)

Ultraviolet Infrared
v B T r

300nm  400nm  S00nm  600nm To0nm  800nm
Spectrum of "White™ Light
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Fluorescence microscopy




Differential Interference Contrast (DIC)

DIC produces images with emphasized topographic details.

the objective lens. The beams pass through the condenser, then the
specimen

In any part of the specimen in which adjacent regions differ in refractive
index the two beams are delayed or refracted differently. When they

43



Differential Interference Contrast (DIC)

Off-Axis
Raytraces

Analyzer-

=
i

Half-Mirror 3.

m Separates linearly polarized light
into two perpendicular components
and produces a phase shift in each
wavefront.

Nomarski— | o

L
V

Objective -
Another nice
description of things (b)
can be found on Opagque )
Wikipedia Gradient = m—

hitp://'www . microscopyu.com/articles/dic/reflecteddic_html
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Examination Modes

Contrast Enhancing Techniques

Specimen Type Imaging Technique

Specular (Reflecting) Surface
Thin Films, Mirrors
FPolished Metallurgical Samples
Integrated Circuits

Brightfield [llumination
Fhase Contrast, DIC
Darkfield lllumination

Diffuse (Non-Reflecting) Surface Brightfield [llumination
Thin and Thick Films Phase Contrast, DIC
Rocks and Minerals Darkfield lllumination

Amplitude Surface Features
Dyed Fibers
Diffuse Metallic Specimens
Composite Materials
Folymers

Brightfield [llumination
Darkfield lllumination

Birefringent Specimens
Single Crystals Polarized lllumination
Oriented Films
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Recording The Image
Film

Fine grain film yields the best resolution
although they require longer exposure time.

Does require a steady stage to eliminate
vibrations.
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Recording The Image
Digital

* The use of digital photography has become a
popular choice because it saves a lot of time.

« Even so digital imaging if done improperly
can ruin the quality of an image.

« Care must be taken to ensure the resolution
and quantization of a digital image is high
enough that it adequately show all of the

features of the sample.
48



Recording The Image
Digital

64 x 64, 4 grays 64 x 64; 256 grays

ASM Handbook Vol
9, Metallography and
NMicrostructures, ASM
International, Materals
Park, OH (2004), pg.
369

[14]

Fig. 3 The effect of rezoluticn and gquaniization on a digital image. The same image as Fig. 2 in

different levels of resoluticn and quantization. (a) 64 x 64 pixelz and four gray levels. (b) 64 x 64 pixels
and 256 gray levels. (c) 312 ¥ 512 pixelz and four gray levelzs. (d) 512 x 512 pixelz and 256 gray levels.



*Differential interference contrast (DIC) - DIC uses polarizing filters and prisms
to separate and recombine the light paths, giving a 3-D appearance to the
specimen (DIC is also called Nomarski after the man who invented it).

*Hoffman modulation contrast — this contrast is similar to DIC except that it
uses plates with small slits in both the axis and the off-axis of the light path to
produce two sets of light waves passing through the specimen.

*Polarization - The polarized-light microscope uses two polarizers, one on either
side of the specimen, positioned perpendicular to each other so that only light that
passes through the specimen reaches the eyepiece. Light is polarized in one
plane as it passes through the first filter and reaches the specimen. Regularly-
spaced, patterned or crystalline portions of the specimen rotate the light that
passes through. Some of this rotated light passes through the second polarizing
filter, so these regularly spaced areas show up bright against a black background.

*Fluorescence - This type of microscope uses high-energy, short-wavelength
light (usually ultraviolet) to excite electrons within certain molecules inside a
specimen, causing those electrons to shift to higher orbits. When they fall back to
their original energy levels, they emit lower-energy, longer-wavelength light
(usually in the visible spectrum), which forms the image 50



