Review



Fermat’s Principle

Light travels between two points along the path
that requires the least time,
as compared to other nearby paths
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(Fermat = French mathematician, 1600s)




Snell's Law (Refraction)
N1 SIN B1=N2SINO:>




Total Internal Reftlection

/ N1SIN B¢ = N2

Critical Angle



Geometrical Ray Optics

Three Principal Rays:




41”7 with single lens




Magnification

Simple geometrical proof: Two triangles




Imaging at different focal positions

a. Object is at infinite distance

The image Is a point at the principal focus.




Imaging at different focal positions

b. Object is beyond twice the focal
length (2F)

A ay

Image is real, inverted, dminished and located
between F' and 2F’.




Imaging at different focal positions

c. Object is at twice the focal length (2F)

Image Is real, inverted, of the same size and
located at 2F .




Imaging at different focal positions

d. Object is between 2F and F

Image is real, inverted, bigger and located
beyond 2F".




Imaging at different focal positions

e. Object is at the focus (F)

Refracted rays are parallel. No image Is
formed.




Imaging at different focal positions

f. Object is between the focus and the

optical center

Image I1s virtual, erect, bigger and located
between 2F and F.




You don't need to memorize this
| jJust want you to have seen It;

Lens-Maker’s Equation

l I

n — refractive Inde

Negative (Diverging) Lens
R' negative

R, p;‘\:(!‘. ¢
F negatve




Spherical Aberration

Cross-section

/

the caustic curve




Spherical Aberration

Lens with
Spherical Aberration Aspherical Lens
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Legend Legend
—> Light Rays —> LightRays
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Best Focus Point we Best Focus Point




Spherical mirror




Parabolic Retflector

Parabolic Reflector




Fresnel Lens

Fresnel lens in lighthouse



The Fresnel Lens saves
bulk/weight




Refraction In a Prism




Visible Light Wavelength Spectrum

Energy

Wavelength [m]

108 101

Radio waves IV Gamma-rays
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Refractive index ~ wavelength
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“/  Chromatic aberration




Chromatic Aberration

Longitudinal / Axial Lateral / Transverse
Chromatic Aberration Chromatic Aberration




Achromatic Doublet

First lens: Crown glass Second lens: Flint glass



Not perfect

(Mirrors dont have chromatic dispersion)



Fleld Curvature

Curvature of field:




| arge aperture = less DOF




Small aperture = more DOF

point ght
Source narrow depth of focus

| i

wide depth of focus

s e

small aperture camera sensor




Circle of Confusion




Did | use a small or large
aperture here?

Monarch butterfly (Danaus plexippus) on its favorite food, the milkweed plant



Straight Photography
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Transmission Electron
Microscopy




Scanning Electron
Micrograpn




ris vs. pupll




Image Formation in the Eye




Refractive Index map

Vitreous Humor (n = 1.337)

Eyeball
Crystalline Lens (n = 1.47)

Cornea (n = 1.376) —

Rays from

Infinity ' ™ Retina
L Focal Point

Aqueous Humor
(n = 1.336)




Camera Objective
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HD lens || Super ED lens| ED lens | Aspharical lans]

Camera objectives contain many different lenses that
act together as a single next-to-perfect lens

This is necessary to correct for optical aberrations




Optical Aberrations

 Aberrations deteriorate image quality. Lens
systems are designed to mimic a single, ideal,
infinitely thin lens.
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Microscope Obijective

Nikon CFIl60 Infinity-Corrected Objective

- F 25 Millimeter
- Thread Size

Optical Nikon | | Lens
Correction Plan Fluor & o Triplet

Magnification 60x/085 Numerical ,. '}  Group

Objective DIC M Aperture

Working ’ 11.023 WD 0.30
Parameters , o

. - Correction — 4 . Doublet
| ;||i Collar | ‘

Coverslip
Thickness
Gauge

Retractable

Lens Hemispherical
Housing Front

Lens




Imaging with two lenses




Magnification

M = f2/f1

2

Simple geometrical proof that this is M with like-sided triangles




\Vlicroscope:




eye Lens

. ® e
e ¢ O

Fast Filter
Wheel




Pupil Stop

Pupil stop determines Numerical Aperture (NA)



Angle vs. Position




NA = n sin(a)

refractive index of immersion medium

halt angle of light acceptance angle

Lightthatis not captured
by objective lenses with NA=n - sin ()
loveer numencal aperures




'mmersion Medium

Immersion Oil in Optical Microscopy

Optical Axis
Figure 2 |
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Match to Specimen!

Alr:n =1
Water: n = 1.33
High refractive index Oil: n = 1.515

Glycerol / Silicon oiln = 1.4



Distortion in Aqueous Media
Oil Immersion Objective Water Immersion Objective

- -

- n=1.515

Glass
n=1.515

Actual

Sphere 3\ Aqueous Medium

Apparent L

Sphere —— . Actual
Image v S?‘iﬁ'.?se : Sphere

Figure 5




EXAMPLES AND
QUESTIONS



Diffraction

Sht

(e.g. small aperture)

Light entering shaded
area behind slit

-

Wavelength

Light shield (e.g. aperture blades)




P0OISSON'S sSpot

Light ripples and bends around edges too



The Airy Disc

Arises from diffraction when we image through a circular aperture



lmaging Point Sources

 The object can be modeled as
a number of point sources

* [he points are blurred by the
Imaging system

(The response function of a point
Imaged through a circular aperture
s the Aliry disc)

(from Seurat’s
the Circus)



e Abbe

Resolution criteria:

e Raleigh
o Sparrow

o Alry




Abbe Limit of Resolution
d = A/ (2xNA)

Lateral resolution is classically limited by diffraction to ~200nm
(determined by Numerical Aperture NA and wavelength)

Example for green light with high NA objective: d = (550 nm) / (2x1.4) = 200 nm



Assumptions

e Limited NA
e Uniform lllumination

e Linearity

ERNST ABBE
1840-1905
FRIEDRICH SCHILIER
UNIVERSITAT JENA
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Resolution
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Contrast
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Depth of field
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Modulation Transfer Function

Figure 4.23. Object and image contrast.




Fluorescence vs. not

* Shining light onto / through a specimen to see
the effects ot absorption, reflection, diffraction
etc

* Shining light onto a fluorescent protein and
imaging the light emanating from it



Konler [llumination

Luminous field

Lamp
filament

diaphragm

Aperture
diaphragm

Specimen

Collector
lens

Exit pupil

Eyepiece

Condenser

Objective




Two conjugate planes:

the Pupl

dl

S.
the Field St

d

op (=aper

ure stop)

Op

Field Stop limits the Field of View

Pupil Stop limits t
which effec

ne angle of illumination,
vely limits the NA



Advice for the exam:

e Be able todo this:

Draw out a Kohler illumination system



summary:

 Modern microscopes work with two lenses:

* Objective

e Tube Lens



Eyepiece
Diaphragm
Plane

Eyepiece

Intermediate
Image

Tube
Lens

"Infinity Space'

w — Objective

Front Focal
Plane of
Objective




Eyepiece
Diaphragm
Plane

Eyepiece ——
"

Intermediate
Image

. Tube
= ! L1 Lens

"Infinity Space'—

- Objective

Front Focal
Plane of
Objective




-luorescence Microscopy

Green Fluorescent Protein



GGreen Fluorescent Protein

N-Terminus
— C-Terminus

|3-Barrel
|3-Barrel

Chromophore

[3-Sheet

Figure 1




Fluorescence excltation

Stokes shift
IntePsity - >

S

Fluorescence
~ 1-10 ns later

e

~

Excitation

Absorption Emission

>Vibrational
levels

>

600 A (nm)




The 2004 palette of nonoligomerizing fluorescent proteins

GFP-derived mRFP1-derived Evolved by SHM

/_H

Exc. 380 433452 488 516 487504 540 548 554 568 574 587 595 596 605 590 nm
Em. 440 475505 509 529 sazse2 553 562 581 585 596 610 620 625 636 648 nm
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Nathan Shaner et al (2004) Nature Biotech. 22: 1567-1572
Lei Wang et al (2004) Proc. Natl. Acad. Sci. USA 101: 16745-16749



Filters and Dichroic Mirrors




Fluorescence Filter Set Configurations

Filter Block Turret :
g~y (b) Excitation

Selection

Balancers

Interference

Dichromatic
Mirror

Excitation \Filter

Int?:(flerence Combination Emission

Block (Cube) , l . Slider
Multiband Excitation

Figure 8 Filter Slider




Advice for the exam:

Draw o

IHum

Nna

e Be able todo this:

Ut how

on ligh

the exc

t and fl

itation
uorescent light

go through a dichroic mirror/tilter set



Fly-eye Lens

Fast Filter Wheel

g
&
=

Fast Filter Wheel

-

Do
w

Maximum Field Number:
22 (IX83P1ZF, IX73P1F), 20 (IX73P2F), 18 (IX83P2ZF)

*Field of view is limited when fi Iter wheel inserted.




Functionalized FP:s

e Use chemistry and spectroscopic methods to
probe the environment inside a living specimen
such as:

e \oltage
op|—|

e Calcium concentration



Optogenetics
L aser mind control

Channelrhodopsin

Activatbon inhibsion o
oni2 NOHR Asch eCation channel

(470 nm) (589 nm) (575 nm)

: . eActivated by blue light (470nm)

=

eAllows Na* influx across the
membrane and depolarizes the
neuron, thus activating it

L4

i o i e, w2 eActs as the on switch
ChE TA (470 nm 59 ren cBR (560 rerd ' ' '”
SHO (470 or 542 nm) GR3I1472 nm)
VORI (535589 nm)

Halorhodopsin

*Chloride pump

ChiR2

!_“, > el e Activated by yellow light (580 nm)

NOMR
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Optogenetic tools for modulating membrane volage potential Acts as the Off switch

eTriggers influx of Cl- which
hyperpolarizes the cell and inhibits
the neuron

"Avira Comd

Pastrana, E. (2011). Optogenetics: Controlling cell function with light. Nature
Methods, 8(1), 24-25. DOI:10.1038/nmeth_f.323







