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Light Microscopy



History of optical light microscopes

http://www.history-of-the-microscope.org/invention-of-glass-lenses-and-
the-history-of-the-light-microscope.php
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Robert Hooke
(1635-1703)







. .. | could exceedingly plainly
perceive it to be all perforated and
porous, much like a Honey-comb,
but that the pores of it were not
regular. . . . these pores, or

cells, . . . were indeed the first
microscopical pores | ever saw,
and perhaps, that were ever seen,
for | had not met with any Writer
or Person, that had made any
mention of them before this. . .
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... my work, which I've done for a long time, was
not pursued in order to gain the praise | now
enjoy, but chiefly from a craving after knowledge,
which | notice resides in me more than in most
other men. And therewithal, whenever | found out
anything remarkable, | have thought it my duty to
put down my discovery on paper, so that all
ingenious people might be informed thereof.
Antony van Leeuwenhoek. Letter of June 12,
1716
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Hooke had discovered plant cells -- more precisely, what Hooke saw were the
cell walls in cork tissue. In fact, it was Hooke who coined the term "cells": the
boxlike cells of cork reminded him of the cells of a monastery. Hooke also
reported seeing similar structures in wood and in other plants. In 1678, after
Leeuwenhoek had written to the Royal Society with a report of discovering "little
animals" -- bacteria and protozoa -- Hooke was asked by the Society to confirm
Leeuwenhoek's findings. He successfully did so, thus paving the way for the
wide acceptance of Leeuwenhoek's discoveries. Hooke noted that
Leeuwenhoek's simple microscopes gave clearer images than his compound
microscope, but found simple microscopes difficult to use: he called them
"offensive to my eye" and complained that they "much strained and weakened
the sight.”
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Today'’s light microscopes...




Light microscopy: topics

* Properties of light
« Compound microscope
* Resolution & contrast

« Contrast modes in light
microscopy

 Koehler lllumination



General References

Salmon, E. D. and J. C. Canman. 1998. Proper
Alignment and Adjustment of the Light Microscope.
Current Protocols in Cell Biology 4.1.1-4.1.26, John
Wiley and Sons, N.Y.

Murphy, D. 2001. Fundamentals of Light Microscopy
and Electronic Imaging. Wiley-Liss, N.Y.

Keller, H.E. 1995. Objective lenses for confocal
microscopy. In “Handbook of biological confocal
microsocpy’, J.B.Pawley ed. , Plenum Press, N.Y.

Microscopes: Basics & Beyond [pdf available]



Some properties of light
important for the microscope



Figure 1.1 Electromagnetic waves
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Light as electromagnetic wave with mutually perpendicular E, B
components characterized by wavelength,A, and frequency, v, in
cycles/s. Wave velocity = v x L. [A.=500nm--> v=6x1014 cycles/s]



Figure 1.2 Spherical wavefronts emanating from a point oscillator source
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Light microscopy

Part Il



Velocity of light in different
media

* |[ndex of refraction, n =c/v

— C=speed of light in vacuum=3x108 m/s; v= velocity in media

» Light travels slower in more dense media




Index of refraction for different media at
546 nm

- Ultraviolet

Infrared —»

Air

Water
Cytoplasm
Glycerol
Crown Glass
Immersion Ol

Protein
Flint Glass

1.515
1.51-1.53
1.67

n increases with
decreasing A




Visibility
Resolution Contrast
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UV-Visible-IR portion of optical spectrum;
Spectral response of eye and electronic image detectors
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Note: electronic cameras do not have same spectral response as eyes




The simplest microscope: a magnifier

Simple
Matnlfylng

Figure 5§

Sample
Holder
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Figure 6 Translator




The compound microscope



The purpose of the microscope is to create
magnification so that structures can be

resolved by eye and to create contrast to make
objects visible.



In the compound microscope, the objective forms
a real, inverted image at the eyepiece front focal

plane (the primary image plane)
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Virtual image!

The optical tube length (OTL), typically 160mm, is the distance between the rear focal plane
of the objective and the intermediate image plane



Total magnification in the
compound microscope

M, = Mg X Mg,

Max M, = 1000xNA; > 1000NA, empty mag.




1860s - Emnst Abbe discovers the Abbe sine condition (a condition that must be
fulfilled by a lens or other optical system in order for it to produce sharp images), a

breakthrough in microscope design, which was until then largely based on trial and

Ernst Abbe
1840 - 1905

N.A. =n (sine a)
n = index of refraction
o = half angle of illumination



In light microscopy the N.A. of
a lens and therefore resolution
can be increased by a) increasing
the half angle of 1llumination,

b) increasing the refractive index
of the lens by using Crown glass
and c¢) decreasing the wavelength

(A) of illumination.



In_ microscopy, the numerical aperture of an optical
system such as an objective lens is

N.A. = n (sine a)

where n is the index of refraction of the medium in which
the lens is working (1.00 for air, 1.33 for pure water, and
typically 1.52 for immersion oil;

and a is the half-angle of the maximum cone of light that
can enter or exit the lens.

In microscopy, NA is important because it indicates the
resolving power of a lens. The size of the finest detail
that can be resolved is proportional to A/2NA. where A is
the wavelength of the light.

A lens with a larger numerical aperture will be able to

visualize finer details than a lens with a smaller
numerical aperture.

Assuming quality (diffraction limited) optics, lenses with
larger numerical apertures collect more light and will
generally provide a brighter image, but will provide
shallower depth of field.

Entrance

Pupil




Modern microscope component identification

Modern Microscope Component Configuration

Camera
ﬂrﬂlm Plane
Focusin .
Viewfinder Figure 1

¢ Automatic
—Exposure
Monitor

Prisms Used to [ F{
Re-Direct Light [ =y
In Imaglng Path & —-l Prisms gri'nr('iogglaar;splitter
While Mirrors "°’e°‘e°°‘i
. Objectlve-& - —Stand
Are Used in || ™ "
o . Stage ; :
[1lumination — Khob.
Path Condenser— - Lamphouse
a - ' :

Field
Diapragm=—
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o ad
Collector Lens

Lamp

E.D.Salmon



Identify

Major
Components
And

Their
Locations

And Functions
Within
Modern
Research Light
Microscope
(See Salmon
And Canman,
2000, Current
Protocols 1n Cell
Biology, 4.1)

MICROSCOPE COMPONENTS

Binocular

Eyepiece

Beam Switch
Magnification
Changer

Filter Cube
Changer

Slot for Analyzer
Body Tube

Slot for DIC Prism

Objective Nosepiece

Objective
Stage

Condenser:
Diaphragm&Turret
Centering
Focus

Slot for Polarizer

Field Diaphragm

Upright Microscope
Sielle!

‘ Diaphragm
& Centering Filters

Camera

Camera Adapter

Epi-Condenser
Diaphragm

Epi-Field Epi-Lamp Housing

Mirror:
Focus and
Centering

Shutter

[

I s

. I
- .

|
[ ' Focus, Centering
I—. Trans-Lamp Housing
|
L
ZEE—— Mirror:
. Focus and
_ Centering
(L B B . t
Coarse/Fine Filters Lamp: Focus, Centering

Specimen Focus and Diffuser



In the compound microscope, the objective forms
a real, inverted image at the eyepiece front focal

plane (the primary image plane)

'
!
I
(VY
Ml
o
"
"
11}
)
1
|
1
|
ol
"
'
1
'
I

el A
§~__:

A
Virtual image!

The optical tube length (OTL), typically 160mm, is the distance between the rear focal plane
of the objective and the intermediate image plane



Infinity-Corrected Objective System

Eyepiece
DiaFPhragm
lane

A word about infinity o
corrected optics and its Image. —
advantages. =
[object is set at front focal 1 , Tube/
plane of ' s
objective] “"Infinity Space'—

Eliminates ghost images caused by con-
verging light, allows filters and polarizers
to be inserted in ‘infinity’ space without
corrections

s — Objective — ':' -

- Front Focal
Plane of
Objective

Figure 3




Key component: the objective

--> Aberrations



Chromatic aberration and its correction

Achromat Fluorite Apochromat
R,B corrected R,B corrected R,G,B corrected

Lens designer, using various glasses & elements, tries to bring all colors to common focus




Chromatic aberration

T Chromatic aberration

W/

Achromatic doublet




Achromat and fluorites objectives

Achromat Doublet

Green and
Blue

Doublet Figure 4




Achromat and fluorites objectives

Axial Chromatic Aberration

Blur = 0.30mm

Single Lens 550 nm
450 nm

1 ﬁmmm

Achromat Figure 3
Doublet




Apochromatic Lens

crown glass

[lint glass



Crown & Flint glass

Crown glass
Is a type of glass used in lenses and other optical components. It has relatively

low refractive index (=1.52) and low dispersion (with Abbe numbers around 60).
Crown glass is produced from alkali-lime (RCH) silicates containing
approximately 10% potassium oxide and is one of the earliest low dispersion

glasses.

Flint glass
Is optic glass that has relatively high refractive index and low Abbe number

(high dispersion). Flint glasses are arbitrarily defined as having an Abbe number
of 50 to 55 or less. The currently known flint glasses have refractive indices
ranging between 1.45 and 2.00. A concave lens of flint glass is commonly
combined with a convex lens of crown glass to produce an achromatic doublet
lens because of their compensating optical properties, which reduces chromatic
aberration (colour defects).




Achromatic and Apochromatic Objective Correction
Achromat Apochromat

Lens ;e . e =1 Doublet
Doublet — :
Group

Lens i : . . M Doublet
Doublet Groups
Group : . i |

Meniscus
Meniscus

Lens
Hemispherical

Front







Shperical aberration

Longitudinal and Transverse Spherical Aberration

Paraxial
Peripheral Circle Focus

Rays of Least (3)
\ Confusion

Transverse
Spherical
Aberration

Paraxial
Rays

. Longitudinal
Figure 2 Spherical
Aberration

Spherical aberrations are very important in terms of the resolution of the lens because
they affect the coincident imaging of points along the optical axis and degrade the
performance of the lens, which will seriously affect specimen sharpness and clarity. These
lens defects can be reduced by limiting the outer edges of the lens from exposure to light
using diaphragms and also by utilizing aspherical lens surfaces within the system. The
highest-quality modern microscope objectives address spherical aberrations in a number
of ways including special lens-grinding techniques, improved glass formulations, and
better control of optical pathways.






Objective Classes

Achromats: corrected for chromatic aberration for red, blue

Fluorites: chromatically corrected for red, blue; spherically
corrected for 2 colors

Apochromats: chromatically corrected for red, green & blue;
spherically corrected for 2 colors

Plan-: further corrected to provide flat field



The 3 Classes of Objectives

Common Objective Optical Correction Factors

10x Achromat 10x Fluorite 10x Apochromat

Meniscus
Lens

Chromatic and Mono-Chromatic Corrections

E.D. Salmon



Multilayer anti-reflection
coatings

» Highly corrected objectives may have 15
elements. Each uncoated glass-air
interface can reflect 4-5%, dropping
objective thruput to as low as 50%.

* Multi layer AR coatings suppress
reflections increasing transmission >
99.9% as well as reducing ghosts and
flare to preserve contrast.



Objective Specifications

60x Plan Apochromat Objective

/"‘\ Nosepiece
_~aF Mounting
Manufacturer ] Thread

. . _Aberration
('::é?':.e'::'t%dn Nippen JAPAN .~ Correction

Lateral Numerical
Magnification - il  Aperture

Specialized -7 .0/0.17 WD o, Immersion

Optical Medium
Properties | Woikdiig

Tube Length Distance
B Mgginiﬂgat‘ijon
Cover Sli L 3 olor Code
Thlcknesg 4 | e Spring-Loaded
e Retraction

. Stopper
E.D. Salmon Figure 1 PP




