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Definition

* Optics: branch of Physics that studies the behavior and properties of light, its generation, propagation, interaction with
matter, and detection.

* Light: electromagnetic radiation that can be detected by the human eye; shows both wave and particle characteristics
(visible EM).

* Photon: the smallest discrete amount or quantum of electromagnetic radiation; has zero (rest) mass and travels at
c =299,792,458 m/s.

— =rQuantum Optics
N\ > Electromagnetic Optics
0\ > Wave Optics Classical Optics
> Ray Optics =

Photonics: science and technology of generating, controlling, and detecting photons (i.e., “particles” of light).
Biophotonics: optics with an emphasis on interaction of light with biological tissues
Biomedical Optics: design and application of advanced optical techniques to solve problems in medicine and biology
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Basis of geometrical optics

@Bwus
Rectilinear propagation of light rays D
Law of reflection,
(Euclid ~ 300 BC)
Light travels in a straight line
shortest path, mEvUs
(Hero’s principle ~100 A.D.)
Angle of Angle of
incidence reflection
Incident 21 Zr Reflected
law of refraction, ra” e -
dates to Ptolemy (~170 A.D.)
Plane mirror
@Bvys
A
Incident ray
Air Boundary
Glass

Refracted ray
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Electric and magnetic fields

N 1 n
By = ey (27)
47'[60 r

Electric field

stationary electric charge q,
at distance r

in vacuum (&)

€o = 8.854187 x 10712 Fm™1
(vacuum electric permittivity)

= Ho I1di X+
B=—]| .
4 Jwire 12

Magnetic field

wire carrying current |,

at position r

in vacuum (i)

po = 4w X 10°7 H/m

(vacuum magnetic permeability)
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Electromagnetic fields

¢ = fA (in vacuum)
E=hf=h-

¢ =299,792,458 m/s

Vector Wave Equation

(second-order linear PDE) Maxwell’s differential equations (in vacuum)
(linear, first-order partial differential equations (PDEs) in terms of field)
= 9%E
VZE == /1080 ﬁ R P , )
V-E= - : Guass’s law (electric field)
0
c= \/61_” =3 x 108 (?) speed of light in vacuum V-B=0 : Guass’s law (Magnetic field)
oMo - B 9
v = \/61_# speed of light in medium VXE=—-5 : Faraday’s law
— - 0E
.. VXB= — A s 1
n= % = ﬂﬂi refractive index (\/ 1 (] * 3t> S R
0co0
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Electromagnetic spectrum
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https://w.wiki/Hzx3

c=fA
E=hf=h:

c =299,792,458 m/s
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Electromagnetic spectrum
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EM wave is a transverse wave.
Electric field vector oscillations
determines the polarization:

Linear, Circular, Elliptical

EM field - Polarization

0 0 /2

0O ocoooooo oo RCP
OO OO0 000 00
cooco 00000
—==zz77 ) ) |

X — /7 / | | LP
===z 7 7 ) | |
coco o 00 00
OO o000 0000

2 OO O 000000 LCP

LINEAR

CIRCULAR

ELLIPTIC

-

T Franacesco Bulfs

5/22/2026

Bio Imaging Resource Center




EM field - propagation

Reflection
Ny
incident S3ihiis
ray Reflection
0; = 0,
Ny
http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/reflectcon.html#c1 https://commons.wikimedia.org/wiki/File:Internal-reflection.gif

e : Refraction
n: Refractive index

is the parameter with which light slows Refraction: Snell’s law

| |
| |
| |
| |
' down while propagating in a medium. | . .
| L —
i The ration speed of light in vacuum with i N, Sin e1 = Nz SIn et
i respect to medium. |
| |
| |
i In vacuum: ¢ = Af,qcuum i }
|
|
|

i In medium: V =c¢/n, n>1

—_—_———— e - — a1

https://en.wikipedia.org/wiki/Refraction
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https://en.wikipedia.org/wiki/Refraction
http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/reflectcon.html#c1
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Polarization effect in Reflection and Refraction

EM field - propagation

Incoming rav with
arbitrary polarization

Incident light

p-polarized light

s-polarized light

Medium A
Refraction index I’IA

Medium B

Refraction index I’IB

Normal line

Refracted light
(Transmitted light)

Reflected light

Polarizing BS in microscopes

p-polarized component

SRS

LN N N

, Tw w m

s-peolarized component

¥ [

|

Refraction simulation

physics.thick.jp
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https://phet.colorado.edu/sims/html/bending-light/latest/bending-light_all.html

Refractive Index and Total Internal Reflection

EM field - propagation

o - Total iri"nternal air 1
. Critical angle refle:ction water 133
PBS 1.37
n, Immersion o1l | 1.52
5 glass 1.46-1.8
Water i

https://en.wikipedia.org/wiki/Reflection_(physics)#Laws_of_reflection

Refractive index of most biological
specimen is around 1.4

In vacuum: ¢ = Af,qcuum
In medium: V = c¢/n

fvacuum = fmedium (function of source)
Ephoton = hf (Energy of light photon)

The color that our eyes perceive: Energy — frequency

Refractive index, n = % is a function of the wavelength
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https://en.wikipedia.org/wiki/Reflection_(physics)#Laws_of_reflection

EM field - Coherence and Interference

Coherent, monochromatic light (lasers)

A VAN

Low coherence, low bandwidth light (LEDs)

OOV

\\,L/ Y _,:_//
Incoherent, polychromatic (high-bandwidth)
light (sunlight, lightbulbs)

* Coherent light: well-defined relationship in
phase at different points in space
(wavelength dependent)

* Generates constructive and destructive
interference- useful for looking at path-
length differences and moving light-
scatterers

Constructive Interference Destructive Interference

/NVVV\  /VVV\
AT +

http://study.com/cimages/multimages/16/
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EM field - Interference

Interference and Young’s double slit experiment

@BBYJUS
Constructive Interference Destructive Interference
D =Propagation
D Direction D D=Propagation
A c A= Amplitude A, c Direction_
1- Wavelength 1 A+A, =A, A= Amplitude
e : D (Resultant) % A,-A,-A,
e, Meooe st So-
Av%-‘n oot e oo | Monochromatic
B .

A, c Figure 2 Ar c Figure 3 light source
https://evidentscientific.com/en/microscope-resource/knowledge-
hub/lightandcolor/interference

x — D )( = L
X=L+D
double slit
interference of : A
For small f:tanf = 0 = sinf = —
sunlight
5/22/2026 Bio Imaging Resource Center 14


https://evidentscientific.com/en/microscope-resource/knowledge-hub/lightandcolor/interference
https://evidentscientific.com/en/microscope-resource/knowledge-hub/lightandcolor/interference
https://evidentscientific.com/en/microscope-resource/knowledge-hub/lightandcolor/interference
https://evidentscientific.com/en/microscope-resource/knowledge-hub/lightandcolor/interference
https://evidentscientific.com/en/microscope-resource/knowledge-hub/lightandcolor/interference

EM field - Diffraction

Superposition of many Whits Light :
interferences from an aperture [ — Double slit
(wavelength dependent) simulation
MATLAB app
Prism
White Light Sli

[Most accurate approximation| Diffraction Grating
?:gsf;%h'sommerfeld dispersion prisms separate wavelengths through refraction (top)
Fraunhofer diffraction gratings separates wavelengths through diffraction (bottom)
[Least accurate approximation]. EdmundOptics
15
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Percent Scattering of Direct Sunlight

Longer Wavelength : Rayleigh scattering |
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Light Interaction with Matter
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Pair Production

https://radiologykey.com/4-radiation-interactions-with-tissue/
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Light Propagation in Tissue

EM wave (in material)
https://emanim.szialab.org/index.html

Light Interaction with Matter

| —

te—

Incident signal

RN NRREY

Diffuse light

Transmitted signal

Scattering
medium

Ballistic light

=l Detector

absorption absorption + scattering
'\
IO I E——

Iy —

I

+—>
X +—r
HaX .
= T Ha — - +us)x
I = Iye [ = [yje~(Haths)
Ballistic, “snake” and diffuse scattered light
Collimated light “Snake” light

C Dunsby and P MW French 2003 J. Phys. D: Appl. Phys. 36 R207
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https://emanim.szialab.org/index.html

light ray manipulation

. . . . . BYJU'S
Refraction, Reflection, Image formation, (De)Magnification " @RS
A . A
ol B’ c,
% F, N 2‘?2
£
A
B
2F,
C

- Al

AI'
453,
2F, :
- [
2F, c, B" 2r,
C

@ Byjus.com
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light ray manipulation

Ray diagram for a converging lens

F,  2F,

2F, F, \m y
I F, 2F,

2F, F, \m )

1. Rays parallel to symmetry axis (optical axis) get focused (focal point).
2. Rays crossing the center point of the lens are not refracted.
3. Rays crossing the focal point, refract parallel to the optical axis.
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light ray manipulation — 4f system, telescopes, telecentric scan, etc.
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light ray manipulation — building microscope

real image

https://www.school
physics.co.uk/

virtual image _~

eye lens

objective lens
0 r@ﬁ\\ﬁ If,, _-- - https://physics.sta

ckexchange.com/

- —
-
-
-

=
—

—
e

r--

I

[
A
[
I'I"
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light ray manipulation — building microscope

Finite-corrected objective
Object a Image Plane
Infinty-corrected objective
L Other Optics Tube lens
Object = Parallel Image Plane
Other Optics

Figure 4

Eyepiece

— Intermediate

https://micro.magnet.fsu.edu/

5/22/2026
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light ray manipulation — Objectives

Objectives come in various designs.
Dry, water, oil, NA, working distance, aberrations, etc.

Specimen

Objective Lens

5/22/2026
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Resolution and NA dependence

Focal 2 Specimen
- tanf T=sinf T =0 T ——
| dl
— GlaoHBtE Spics e The angle of spreading (0) is

(@) inversely proportional to the

size of the particles
Focal -
\’/ finer periodic structures leaves . . .
/\ the sample at a higher angle.

Wave optics focus
(b)

https://phys.libretexts.org/

Douglas B. Murphy Michael W. Davidson,
Fundamentals of Light Microscopy..

Diffraction gratings Demo
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Resolution and NA dependence

Numerical Aperture: NA = nsin®

E

n: refractive index
0: 1s the half-angle of the maximum cone of light that
can enter or exit the lens

The numerical aperture of a microscope objective is a
measure of its ability to gather light and resolve fine
specimen detail at a fixed object distance.

Objective
Sample back aperture Lens Camera

,_t"fivﬂ'_’L] f[ube L
Ax g, o1 My
High NA . :_:

f_tut_:e L ftube

Low NA

https://www.teledynevisionsolutions.com/learn/learning-
center/scientific-imaging/resolution-and-numerical-aperture/

5/22/2026
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Image formation, PSF, and Resolution

NA =0.8 NA =1.0 NA =1.2

Lateral

Axial

\

Object

- / IlndLe

https://svi.n

https://bioimagebook.github.io/

Abbe Lateral Res ~ A I

2nsina 2NA

24

Abbe Axial Res ~
(NA)?

g=h=xf
The 1mage (g) = the convolution
of the object ( f) and the PSF (h)

PSF: Point Spread Function (how
a point-like object appears)

5/22/2026
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Resolution and NA dependence

The Concept of Numerical Aperture for Objectives and Condensers
)
A A

Lateral Res ~ — =

2nsin«a 2NA el

. 27 Objective ective
Axial Res ~ (NA)Z Cond+enser
a Objective | >/
A rt:g’e—-
. ng
IfIVACOTLd = NAObj' Specimen — — 4 ‘ Specimen — — 4+ — — ‘
1.22 A Plane Plane

Lateral Res ~ (Abbe formula) Condenser-

NAobj+NAcond Aperture |Q

ngle
Incident
lllumination —
— — - | Condenser—w
(a) (b)
Figure 1

https://zeiss-campus.magnet.fsu.edu/
In epi FL microscopes the objective acts as the condenser:
Lateral resolution: only objective NA
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Diffraction limited resolution

(A) 2 radii separation (B) 1 radius separation (C) 0.8 disk separation (D) 0.5 disk separation

Resolution Limit Imposed by Wave Nature of Light

A

~ 2nsind

: 4
5 //ihx'ﬂ” %
NA = nsin() E / \
gt 7 §F @ % 1.5 -
X( «—— Beam waist P4 : : N
i 1.0 -
0.5 -
Microscope
Objective 0.0 -
-2 0 2 -2 0 2 -2 0 2 -2 0 2
Disk radii Disk radii Disk radii Disk radii

https://bioimagebook.github.io/

Rayleigh Lateral Res nsin8 = A . — — :
2d The Rayleigh criterion : the minimum resolvable detail.

A
d =061~ “The first diffraction minimum of the image of one source point
coincides with the maximum of another.”
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light ray manipulation — Kohler illumination

Uniform illumination using several lenses , _
Microscope lllumination System

Aperture and Image Planes in Kéhler lllumination Substage

Condenser Condenser
Vertical

Position Coarse

Collector Condenser Objective Tube Lens Eyepiece

Stage and
r Pz -
- - - — = Apert
l b - Yo . pe Ure ==
- I : ~ Diaphragm
Objective |
sLight Dll\ape'::grem Reajr Focal Intermediate e I Field
F"gl,',','g:t Field peg Specimen e Image Retina Diaphragm —

Diaphragm Plane Plane Pupil I
I

Aperture Pl I Pl Mirror Emlg n
perture Planes mage Flanes a ogen
— = Figure 8 E!f,,',;’ C"L'{;f;“ Lamp

https://zeiss-campus.magnet.fsu.edu/

Kohler Illumination

Condenser Lens
Collector Lens

Beéam Pencils

Lamp Filament
AAMAAAAL

Sample Plane

Field Lens

£ f; f. | f

. - a
- e - >

www.teledynevisionsolutions.com/
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Microscope main components

INlumination
Sources

Optical Components

g - R
<~ ap &
& C» 4 ;'/

Data Acquisition
Components
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Microscope main components — [llumination sources

Lowest
coherency
Lamps Broad spectral excitation
Light
P-Type N-Type
Semiconductor Semiconductor
: ] a @ i :@ —
Cheap, Long-lasting, Poor spectral purity, @— )
LEDs focus into fib bl -
Hard to focus into fibers, Portable systems D— =
I
. High-power, Better coherence, Stable, Easy to couple w/ fibers,
Laser Diodes g1 b 4 P
Delicate — easy to burn down, More expensive
/ . . eq e
Laser Systems 27 Des1red bandwidth, Wavelength, stability, frequency,
%, high coherency, Most expensive
Highest
coherency
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Microscope main components - Optics

Broadband Dielectric Mirrors. Laser Line Mirrors Ultrafast Mirrors Plano Mirrors, Back Side
Spectral Filters Multivariate Optical Elements Colored Glass Filters Tunable Narrow Bandpass Liquid Crystal Tunable

Mirrors: - : : . o & O 3 O . i
Broadband \

1 i i e Q Q . : (o) ,
1 K Wavelength (nm) \
MOEs
dielectric, ’ ;

J
old | L
g ) i Ij" 7 . 0O-Band and C-Band Tunable Neutral Density Filters Spatial Filters Laser Beam Attenuators Double Linear Polarizer Variable

cylindrical,

Fabry-Perot Filters Bandpass Filters

I'®Kurios’

% Transmission

Bandpass Filters Attenuator

Concave, ( . ‘ o
- (WISP - = "

-
" - Filters: Intensity (ND), bandpass, long/short pass, polarization, ...

Spherical Singlet Lenses Aspheric Lenses Achromatic Lenses Air-Spaced Doublets Cylindrical Lenses

Lenses: D) ) 4 w @
S0 ®8 o@-

Plate Beamsplitters Cube Beamsplitters

. —
Aspheric, ® : o
Achromatic, =
age-Mounted Tunable Lenses Powell Lenses GRIN Lenses Axicons
Convex, P
C - LoL1% LGLpg » D l Pellicle Beamsplitters Cube-Mounted Pellicle Dichroic Mirrors / Beamsplitters Polarizing Beamsplitters
OHC&VC, . . 20° 1oy \* y Beamsplitters

Doublet,
Powell,
Cylindrical,

Optical Systems Fused SilicaMicrolens Arrays PMMA Microlens Arrays Spherical Singlet Lens Kits Lens Tutorial

1M ™y a
W e © o

Beamsplitters: X/Y (50/50), Dichromatic, Polarizing,...

Pellicle
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Microscope main components - Detectors

Photodiodes Avalanche Photo Diodes (APD) Photomultiplier tubes (PMT)
high gain/sensitivity, higher cost, very high gain/sensitivity,
require high voltage,

prone to damage,

limited near-IR reach (< 850 nm)

(PN junction diode in reverse bias) _
cheap, high speed, moderate sensitivity ~ more delicate

Anode m Cathode

j) >— Anode
E’E, Ao
ST

Photocathod |<— Dynodes —>|

5/22/2026 Bio Imaging Resource Center



Microscope main components - Detectors

Charge coupled devices (CCD) e
» Analog e
: - Sl cocoen
» Linked capacitors transfer charges ol G @@;,g
gO(@) [ese)ies)
» Cheap (Gele e
feesetee)
{Seeilere
teelfereits
9 ee6
Complementary metal-oxide-semiconductor (CMOS) [CMOS Sensor]
» Digital . ,, 5
» High speed =) :
» Low sensitivit el =
y < =
Amplifier @
— e

7
@)

K

sCMOS (Scientific CMOS) "
» Very low noise )
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Microscope main components - DAQ components

Analog to Digital Card
(Digitizer)

» Converts the analog
signal pulses to digital
ones

» Transfers data ...

Camera (Detector array)
Frame Grabber

» Converts the signal
pulses from camera
(detector array) to
digital ones

» Transfers data ...

High Speed Data
Storage drive

» Up to several
GB/s data transfer
speed

5/22/2026
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Multifunction I/O Modules,

Microscope main components - DAQ components

BNC cables, fibers, etc.

5/22/2026
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Microscope main components - Software

Software (Acquisition & Processing)

Single detector

Detector array

Camera frame
height: M

(U

o  Signal data stream N
Camera frame width: N
1 2

Processing procedure could be
composed of: Averaging,
filtering/Noise removing
methods, deconvolution, etc.

(Explained in second session of
the course)

5/22/2026
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Examples of noncommercial microscopes

mesospim.org

openspim.org

5/22/2026 Bio Imaging Resource Center 38



Bio Imaging Resource Center team

Alison North,

Ivan Rey Suarez,

Tao Tong,

Ved Sharma,

Maria Belen Harreguy Alfonso,
Priyam Banerjee,
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