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Key Concepts in Optical Imaging

• Gain a conceptual understanding of how common optical 
microscopes form an image.

• These concepts will help you use a microscope better and 
realize when a microscope is not working properly.

• Does not cover detectors or image analysis.  There is a 
separate workshop for these.

• Does not cover fluorophores or sample prep. There is a 
separate workshop for these.



Physical 
Optics

Digital 
Signal 

Processing

Histology

Dye
Chemistry

Cell Biology

Molecular 
Genetics

Biological
Microscopy

Modern Light Microscopy is Highly 
Interdisciplinary!

You’re already 
experts on these

We will 
focus on 

these



Why do we need microscopes?



Our eyes are designed to see distant objects 
over a large region.  

Human Eye

1500 FOV Lens
Retina



Imperfections in the lens limit our angular 
resolution.

Eye

0.020

(0.3 m at 1000 m for 20/20 vision)



Our eye is not a static lens

Although the distance from our lens to our retina is fixed, we 
can still see objects located at many different distances.  This is 
because our lens can change its curvature and thus also its 
focal length.

Distant Object ; 
Thin Lens

Close Object ; 
Thick Lens



Bringing an object closer to our eye allows us to discern finer 
details, but at ‘near point’ the light rays become too divergent 
for our lens to focus them on the retina.

Near Point = 25 cm

Angle A Angle B

Angle B > Angle A
Light blurry 
on the retina

Lens curvature limits how close we can focus



At near point, our spatial resolution is ~75 um

Near Point = 25 cm

Angle A Angle B

Angle B > Angle A
Light blurry 
on the retina

25 cm x 0.0003 o/a ratio = 0.0075 cm.



QUIZ

Light rays from which part of this scene are most nearly parallel?



What a microscope does

A microscope bends highly divergent light so that the rays 
become nearly parallel, as if coming from a large, distant object.

Highly divergent rays;
Object occupies small 
fraction of visual field

Parallel rays;
Image of object occupies 

large fraction of visual field Magnified 
image on 

retina
Lens 1

Lens 2



“Magnification”

Magnification as used in microscopy denotes the ratio of image size on the 
retina with a lens to image size on the retina when the object is at near 
point (without a lens).

‘Magnified’ 
image on 

retina

Microscope

Object w/o
microscope

Object w/
microscope



Some key properties of light



A light ray is a useful simplification that 
illustrates (only) a light wave’s direction 
of travel between two points.

What is a ‘light ray’?

Planar wave

Spherical wave

~500 nm

(More on the wave nature of light later!)



Reversibility

Light rays follow the same path between two points, 
whether the light is traveling forwards or backwards.

A B

A B



Refraction

Light slows and changes direction when it passes from one material into 
another.  The amount of bending is described by the Law of Refraction.  
This law is the basis for much of optics.  

Air
n1 = 1.0

Law of Refraction:
sinθ1 =  (n2 / n1) sinθ2

Water
n2 = 1.3

θ1

θ2

The n’s represent each 
material’s Refractive Index.



In dielectric (non-conducting) materials, (e.g. glass or water), the electrons 
are constrained in a bond lattice.  However, the electrons can oscillate 
within each bond and interact with light’s fields as the light passes.  
Refractive index is a measure of how the electrons interact with the light.  
It is proportional to the material’s dielectric constant.

What is Refractive Index?

Material R.I.

Vacuum 1

Air 1.00029

Water 1.33

Glass 1.51

δ+

δ-

Eδ+

δ+ δ+

Light wave

Dielectric 
material

(More on why the light bends in future lectures)



QUIZ

Match the incident rays to the refracted rays

Air
n1 = 1.0

Law of Refraction:
sinθ1 =  (n2 / n1) sinθ2

Water
n2 = 1.3

A

B
C



Reflection

Any time there is refraction, there is also reflection.  This is usually an 
undesirable side-effect that leads to light being lost.  Good lenses have 
anti-reflection coatings.

Air
n1 = 1.0

Water
n2 = 1.3

θI

Law of Reflection:
θIncidence = θReflection

Reflection

θR



Critical Angle

For any pair of materials, there is a ‘critical angle’ beyond which all light 
reflects back into the higher RI material.  This has important implications 
(later….).

Air
n1 = 1.0

Law of Refraction:
sinθ1 =  (n2 / n1) sinθ2

Glass
n2 = 1.5

Θ1 = 900

θ2

1 =  1.5*sin θ2

Θ2 = 420



Dispersion

Air
n1 = 1.0

Water
n2 = 1.3

The amount of refraction is wavelength (energy) dependent, a property 
called dispersion. Dispersion is a cause of lens artifacts, as we will see later.

Low Dispersion

A material’s refractive index is always relative to a reference wavelength.

High Dispersion

Same RI for green light but 
different RI for red light

White light



Some key concepts in optics



Lenses bend light in a particular way

Using the Law of Refraction, Rene Descartes proved in the 1650’s 
that a double convex hyperboloid shape defines a perfect lens.

Object Point Image Point

Lenso1 i1

A

B

C
D

E
F

1) All the rays from the object converge to the same 
location in the image (i.e. Aplanatic)

2)    Travel time over A+B+C = travel time over D+E+F

An ‘in focus’ image

Apply Law of Refraction 
across surface.



Light does not 
converge

Light converges, but 
not all rays converge 
to the same point

Object

o1

o1

Lenses bend light in a particular way

Not a lens

Not a lens
(but close)



How rays travel through a lens

Because of the Law of Refraction, the angle at which rays enter a lens 
determine the angle at which the rays will leave the lens.  This angle is 
determined by 1) the curvature of the lens and 2) distance of the object 
from the lens. 

Divergent rays
No image (‘virtual image’)

Lens
o1 o2 o3 i1

Collimated rays;
No image

Converging rays;
‘Focused’ image



It follow from Law of Refraction that rays paths will change angle for 
off-axis objects.

Divergent rays
No image

Lens

o1 o2 o3

i1

Collimated rays;
No image

How rays travel through a lens

Converging rays;
‘Focused’ image



Lens

A

QUIZ

Match the incident rays to the refracted rays

B C



Focal length quantifies lens curvature

When parallel rays (as from a distant object) enter a lens, where they 
converge is defined as the lens’s focal length (F).  All other object 
positions are then measured relative to the focal length.

O1 > F

Divergent rays
No image (‘virtual image’)

Lens
o1 o2 o3 i1

Collimated rays;
No image

Focal Length
O2 = F

O3 < F
Converging rays;
‘Focused’ image



Object location relative to the focal length 
determines image location.

Lens
o1

i2

o2

i1

2F

o3 i3

1F 1F

2F

𝟏

𝑰𝒅
=

𝟏

𝑭
−

𝟏

𝑶𝒅



The image may be magnified, de-magnified, or stay the same size.

Lens
o1

i2

o2

i1

2F

o3 i3

De-magnified

1F 1F

2F

Most magnified

Image size  = Object size

𝑴 =
𝑰𝒅
𝑶𝒅

Object location relative to image location 
determines image size (magnification).

(Think of it just like a lever where the lens is the fulcrum)



Microscope Objectives

Microscope objectives have a very short focal length and a very high 
curvature so that they can collect a large angle of light and achieve 
high magnification over a fixed image distance.

F = 200 um

Additional lenses 
collect and focus 
the divergent lightDiameter = 

1 mm

Lens may collect light 
from >150 degrees



Limitations of real lenses



Real lenses encounter problems

1) Must deal with many wavelengths of light

2) Must image both off-axis and on-axis objects

3) Must image into objects that are not surrounded by air

These demands introduce the potential for aberrations 
that must be dealt with and understood.



Dispersion causes chromatic aberration

Dispersion implies that different wavelengths of light are focused to 
different locations.  Thus the image of different colors will not perfectly 
overlap.

Lens

o1 i1 Longitudinal

Transverse

o2

i2



The distance from an object to the lens increases as the object moves off-
axis, so its image will become closer to the lens. However, detectors are 
planar, resulting in field curvature blur.  

Lens

o1

o2

o3

i1

Flat
Detector

i3

i2

Flat
Object

Lenses focus to a spherical surface

Off-axis images follow a 
curved surface.



Often, lens shape is more spherical than hyperboloid.  This defect causes the 
more oblique rays from all objects to be focused to a different axial location 
than less oblique rays.

Lens

o1
i1

Spherical aberration causes the entire 
image to look blurry.

Incorrect lens curvature causes spherical 
aberration



If a lens has a different curvature along one axis than the other, the 
image will be in focus one direction but out-of-focus in the other 
direction. 

Higher curvature axis

Lower 
curvature 

axis

A cylindrical lens an extreme example 
and will produce a sheet of light.

Asymmetric curvature causes astigmatism



Strategies for reducing aberrations



Objective design reduces some aberrations

From www.microscopyu.com

Corrects 
Chromatic 
Aberration

Corrects 
Field 

Curvature

Provides 
magnification

Chromatic aberration, field curvature, and coma can be reduced by using 
complicated lens systems, but this costs LOTS of money!  Astigmatism 
and spherical aberration are due to manufacturing defects.

~$5,000 ~$10,000



Choose the proper level of artifact correction

From www.olympusmicro.com

Objective
Type

Spherical
Aberration

Chromatic
Aberration

Field
Curvature

Achromat 1 Color 2 Colors No

Plan Achromat 1 Color 2 Colors Yes

Fluorite 2-3 Colors 2-3 Colors No

Plan Fluorite 3-4 Colors 2-4 Colors Yes

Apochromat 3-4 Colors 4-5 Colors No

Plan 
Apochromat

3-4 Colors 4-5 Colors Yes

Objective manufacturers use a special terminology to describe the 
level of aberration correction in a lens.  Pick an objective with the 
corrections that you need! 



An objective’s design is written on the barrel

http://www.microscopyu.com/articles/optics/objectivespecs.html

The first thing you should do when using a microscope is read the 
objective barrels.



Lens

o1

i1

Detector

i2

Oblique ray aberrations such as spherical aberration and coma
can be reduced by blocking the oblique rays with an aperture stop.  
However, this approach also reduces brightness (less light collected) and 
resolution (later). 

Aperture  Stop

Light blocked

Light blocked

Block oblique rays with an aperture stop



Apertures stops also change depth of field

Lens

o1

Aperture  Stop

Light blocked

Light blocked

Depth of field is the axial (z) distance in the sample over which the 
focus changes by a set amount.

Depth of Field

Lens

o1

Light blocked

Light blocked

Depth of Field



Aperture stops cause uneven brightness

Aperture stops preferentially block light from off-axis objects, 
meaning their image will be darker, an artifact termed vignetting.

Lens

o1

o2

i1

i2

Edges of image 
will be dimmer

A.S. especially blocks light 
from of off axis object



QUIZ

What is wrong with these pictures?



Mis-Use-Induced Aberrations
(Please don’t do these!!!)



QUIZ

What happens to the rays if you put oil on an objective 
designed for use through air?

Air: RI 1.0

Focus Point

Glass: RI 1.5

Oil: RI 1.5

No refraction happens!
Rays don’t focus.



QUIZ

What happens to the rays if you do not put oil on an 
objective designed to be used through oil?

Oil: RI 1.5

Glass: RI 1.5

Unintended refraction.

Rays converge, but to 
different locations

SPHERICAL ABERRATION



QUIZ

What happens to the rays if you use an oil objective to 
image into an aqueous sample?

Oil: RI 1.5

Glass: RI 1.5

Glass: RI 1.5

Unintended refraction.

Rays converge, but to 
different locations

SPHERICAL ABERRATION

Water: RI 1.3



∆zRI1 = k x ∆zRI2

Objective
Position (∆z)

Spherical aberration gets worse the further the rays travel into the ‘wrong’ 
medium.  As the objective moves x units, the ‘focal position’ (ill defined) 
moves kx units, where k <1.    

Oil
RI=1.5

Objective

Water
RI=1.3

Sample

Sample
Position (∆z)

Spherical objects (in z) 
will appear as stretched 
ovals in a 3D image.

where k < 1

Spherical aberration causes z-stacks to be 
stretch or squished in z

Oil
RI=1.5



Why coverslip thickness matters
When using an air or water objective, a (glass) cover slip induces spherical 
aberration.  However, this problem is usually compensated for in the 
objective’s design assuming a #1.5 cover slip thickness. The image will be 
blurry if you use a cover-slip-corrected objective without a cover slip!

~500 um ~170 um

Oblique rays are shifted laterally (x), 
and will be focused 10’s um deeper 
(z) than more direct rays.

~170 umθ1

θ2

x

z

x = 170 (cosθ1  - cosθ2 )

90-θ1



Oil: RI 1.5

Glass: RI 1.5

Glass: RI 1.5

Unintended refraction.

Change ray angles here 
to compensate

Water: RI 1.3

Correction collars compensate for spherical 
aberration at one depth

Rays focus



When a sample is placed under a cover slip, it is surround by some media 
called ‘mounting media’.  Mounting media should be chosen based on 
imaging requirements and the objective lenses available.

Mounting Media

Mounting Media Notes and Limitations

Water / PBS
RI 1.33

Compatible with most dyes and water objectives (or 
low NA air objectives).  Sample must be imaged 
immediately.  Highest resolutions not possible.

Glycerol mix
RI 1.35-1.45

Compatible with ~all dyes and water or oil 
objectives.  Can store sample for months at -20 C.
Can not be used for DIC or phase-contrast.

Prolong Gold
RI 1.47

Compatible with many dyes (NOT fluorescent 
proteins) and oil objectives.  Can store sample at RT.  
Can not be used for DIC or phase-contrast.

New Clearing 
Solutions; RI 1.50

Compatible with most dyes and oil objectives.  Must 
store at 4 C.  Most useful for deep tissue imaging.



Take Home Messages:

1)  Objectives are designed for use with a particular 
immersion media RI.  If not used as designed, you will get 
a poor image or no image.

2)  Match the RI of the mounting media to the RI of the 
immersion media to avoid spherical aberration.

3)  If there is a correction collar, adjust it as appropriate  
for immersion media and/or mounting media.



What determines the resolution of 
a lens?



Ray theory fails when considering resolution

Object Points Image Points

o1

i1o2

i2

For a perfect lens, resolution 
seems limitless since rays cross 
at a point.

However, here the ray theory 
fails and we need the more 
accurate wave theory of light.



Some key wave properties of light



Centuries of experiments show that light can often be conceptualized as a 
propagating, transverse, harmonic, electromagnetic field.  

Wave properties of light

Amplitude

The field (e or m) of a plane light wave can be described exactly according to:

W(r,t) =  A ∙  sin[ (k ∙ r)  - (f ∙ t) + p ]  

Polarity Angle

Phase Angle Electric Field

Magnetic Field



Oscillating energy potentials produce light.  The direction of the 
potential change gives light its polarity.  

Where do light waves come from?

e.g. Electrophoresis box

++++++++

----------

The potential field has a 
constant magnitude and 
direction (arrows)

e.g. Radio Antenna

The potential field 
magnitude and direction 
sinusoidally oscillate

This is light! 



Interference

When two (or more) light waves impinge on the same area at the same 
time, the amplitude of their fields combines additively to create a new 
field.

A
m

p
lit

u
d

e

A
m

p
lit

u
d

e

‘In phase’ ‘Out of phase’



Polarity Influences Interference

Polarity Angle

Electric Field

Magnetic Field

If the electric fields from different 
waves have an orthogonal polarity, 
they can not interfere.

Otherwise, the amount of 
interference is according to the 
projection of one polarity onto the 
other.

=

=



Coherence

The ‘consistency’ of the phase relationship between two waves is called 
coherence.  Coherence describes how much different regions of the light’s 
field change together (i.e. how correlated).  Coherence is important for 
microscopic imaging (more on this later). 

Coherent Incoherent



Distant
Coherent 

Source

Wave properties:  Diffraction

The spreading of wave fronts after a small opening (slit) is called diffraction.  
The angle of spread depends on the slit size, relative to the wavelength of 
the light waves.

Wider slit causes 
less diffraction

Distant
Coherent 

Source

Narrower slit 
causes more 
diffraction

mλ = d sinϴ
m = diff. order
d = grate spacing

Note in-phase 
planar waves



Common experience analogy

How light waves are diffracted by small apertures is very similar to how water 
waves are diffracted by rocks at the beach.

Plane Parallel Wave FrontsPlane Parallel Wave Fronts

Small openingsSmall Openings

Diffracted WavesDiffracted Waves



Microscopic Image Formation



A bright-field sample can be conceptualized as a collection of very small 
opening.  Light diffracts when it passes through the openings.  A lens can bring 
the diffraction orders back together so they can interfere.

Peak Valley

Slit

Distant
Coherent 

Source

Light
Intensity

P
o

s
it

io
n

m0

m1

m2

Diffraction encodes small sample details

Interference Pattern 
= Image

Diffraction orders



Intensity
Profile

P
o

s
it

io
n

m0 alone

P
o

s
it

io
n

m1 alone

Notice that the interference of 
each diffraction order provides a 
new level of detail

P
o

s
it

io
n

m2 alone

No detail

Some 
detail

More 
detail

m0

m1

m2

How the diffraction 
orders interfere



How diffraction reveals the size of the slit

Since the ‘spread’ of the diffraction orders depends on slit size, the size 
of the diffraction pattern tells the size/shape of the slit.  Each diffraction 
order carries a finer level of detail about the shape of the slit. 

Slit

Back Focal 
Plane

Image 
Plane

Intensity
Profile

P
o

s
it

io
n

m0

m1

m2

Aperture Stop

m0 alone 
carries no 
detail



m0

m1

m2

Slit

Image Plane
(at infinity)

Image
Intensity

P
o

s
it

io
n

m0

m1

Aperture Stop
m1 adds 
more detail

m2 adds even 
more detail

Image
Intensity

P
o

s
it

io
n

Starting to 
look like 
the slit

m2

Slit

More 
detail

How diffraction reveals the size of the slit



Comparison to light ray model

m0

m1

m2

Slit

Image Plane
(at infinity)

Intensity
Profile

P
o

s
it

io
n

For microscopic slits (similar in size to the wavelength of light), the wave 
and ray model concepts disagree about what the image will look like.  
The wave model concept is correct.

Front Focal Plane Back Focal Plane

A real image 
looks like this

‘Ray’ 
image

Diffraction is not part of the ray model



QUIZ

Match the slits with their diffraction orders:

A.

B.

1.

2.



Intensity

Lens

Intensity

Resolution can be defined as the ability to distinguish two small slits 
separated by a very short distance.  The slits are distinguishable if their 
interference patterns do not overlap.

Raleigh resolution

Sum Intensity

Lens

Intensity

“Resolved”

“Not
Resolved”

Sum

Sum



Intensity

Lens

1D Profile 2D Profile

Resolution is directly related to spot size

The angle of the light cone from the sample collected by the 
objective is the objective’s numerical aperture (NA).  The diffraction 
pattern produced is called an Airy disk.

Airy Disk



In transmitted light microscopy, the limiting diffraction happens when light 
travels through opaque dyes in the sample. The cone of light that enters the 
objective determines the number of diffraction orders collected. 

Diffraction limits resolution in ALL microscopes

Sample
Apertures

Illuminating Light

Objective Lens

Diffracted Light
θ



In point-scanning microscopy, (e.g. confocal) the limiting diffraction happens 
when excitation light is focused by the objective.  The cone of light that exits
the objective determines the number of diffraction orders produced. 

Illuminating Light

Objective Lens

Diffracted Light

Sample

Diffraction limits resolution in ALL microscopes

θ



Numerical Aperture = ns sinθs

Intensity

Lens

1D Profile

Numerical aperture

The objective’s numerical aperture (NA) quantifies the angle of the 
light cone from the sample that it can collect.

θ

High NA -> Small spot size

Intensity

Lens

1D Profile

θ

Low NA -> Large spot size



NA = n sinθ

Intensity

Lens

1D Profile 2D Profile

Formula for Raleigh resolution

It follows from the mathematical description of the Airy disk 
interference pattern that that the smallest spot of light a microscope 
can produce in air is about ~300 nm in diameter. 

θ

Airy Disk

0.61 λ

NA

0.61 λ

NA
=

0.61 (500 nm)

1
= ~300 nm



Why oil immersion increases resolution

Oil immersion lenses have higher resolution because they can collect a 
larger angle of light from the sample, i.e. more diffraction orders.

Air: RI 1.0

Glass: RI 1.5

Glass: RI 1.5

Oil: RI 1.5

Glass: RI 1.5

Glass: RI 1.5

This ray 
misses

Here, the collected cone of light from 
the sample is limited to the critical 
angle (420) (NA = 1.0).

Here, the collected cone of light from 
the sample could be up to 900 (NA = 
1.5).



QUIZ

Your goal is to collect the smallest possible details in your 
aqueous sample.

Which objective would you use?  Why?

- 25x 1.1 NA water immersion

- 60x 0.9 NA water immersion

- 60x 0.9 NA oil immersion



Magnification and resolution are entirely independent properties! 
Magnification describes how big an image is. Resolution describes how 
much detail an image contains.

Caution!:  Magnification vs. Resolution

Higher magnification lenses tend to also have a higher NA, and so higher 
resolution, but this correlation is due to purely technical reasons.

-High magnification 
-Low Resolution

-Low magnification
-High resolution



Magnification is determined by the curvature of the lens (focal length), 
while resolution is determined by the angle of the light cone entering the 
lens (numerical aperture).

Caution!:  Magnification vs. Resolution

-High magnification 
-Low resolution

-Low magnification
-High resolutionθ1

θ2-High curvature
-Small angle

-Low curvature
-Large angle


