Advanced Characterization of
Materials at Micro-, Nano-
and Atomic Scale

Basics in Light Microscopy
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= Definition
* optics, science concerned with the
genesis and propagation of light, the
changes that it undergoes and
produces, and other phenomena closely
associated with it.

= Physical optics
 Nature of light
» Propagation of light
= Geometrical optics

* Image formation properties of lenses,
mirrors, and other devices

https://www.britannica.com/science/optics

Arne Seitz, EPFL-BIOP
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Theories for Light

(Optics)

Electromagnetic
optics

Quantum
electrodynamics

Light fields

All (currently-known) light phenomena
including interactions with atoms,
molecules, solids

Arne Seitz, EPFL-BIOP
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Electromagnetic
spectrum

102 meters 10° 10 10°% 10° 10°
1 nanometer 1000 nanometer 1 millimeter 1 meter 1 kilometer

X-rays Microwaves Broadcast
band

Ultraviolet Infrared Radar
(UV) (IR)

/\/\/ \_/\

Short Wavelenghts S Long Wavelengths

Visible Light

Ultraviolet Infrared
(UV) (IR)

400 nanometers 500 nanometers 600 nanometers 700 nanometers

» A for visible spectrum is 400 — 700 nm

* In order for ray optics to hold object size (e.g. lenses) should be >> A

Arne Seitz, EPFL-BIOP
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Why do we need
microscopy?
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Human eye

crystalline lens  (min. refractive power approx. +20 D,
max. refractive power approx. +33 D)

retina

iris fovea

sclera optic nerve

Normal viewing distance - 250 mm
Angular resolution a,,, = 1’

Spatial resolution h_;, = 80 ym

Nodal distance -17 mm

Average retinal cell distance 1.5 mm
Spectral range 400 nm - 800 nm

Can resolve contrast about 5%

High dynamic range - 10 decades
Max sensitivity at 505 nm (night, rods)
Max sensitivity at 555 nm (day, cones)
More sensitive to color than to intensity

Most perfect sensor for light detection up to now

Arne Seitz, EPFL-BIOP
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Ultramicroscopy

Siedentopf, H. and Zsigmondy, R. (1902). Uber Sichtbarmachung und
GrolRenbestimmung ultramikoskopischer Teilchen, mit besonderer
Anwendung auf Goldrubinglaser. Ann. Phys. 10, 1-39.

Arne Seitz, EPFL-BIOP



Lens based imaging

Image formation
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Spherical Lens Types

biconvex planconvex

convex R, <0 R, <0
concave R, >0 R, >0
biconcave planconcave

meniscus
convex

meniscus
concave

R, >0

R,>0
R,>0

Arne Seitz, EPFL-BIOP
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Lense types
Image formation

= Convex lenses
 convergent
* f: positive
* Real and virtual images

= Cancave lenses
* divergent
* f: negative
e virtual images

Note: virtual images can be
recorded.

Arne Seitz, EPFL-BIOP



=PFL - Image Formation
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Image Formation

opy
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F F’
real
\ \ image
>

1 1 1
_=__|__,
f a a
a=55cm
a =149 cm
f= 40cm
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Image Formation

F F
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EPFL  Image plane
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Image Formation

Virtual
. Image
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Image Formation
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EPFL  Image formation

Summary
T
Object Image

Position Type Position Orientation Rel. size
o>a>2f real f<a'<2f iInverted smaller
a=2f real a=2f Inverted equal
f<a<2f real o>a>2f Inverted bigger

a=f + o0

a<f virtual |a’|>a upright bigger

py

Concave lenses
Object Image

Position Type Position Orientation Rel. size
everywhere virtual f<a' <2f upright Smaller

H CCMX2024, Basic Light Microsco
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Optical instruments




=PFL - Magnifying glass

a
M=—
au
1
D=-= d=0.25m
f
d
M = Z [1 + DL — l]
aa
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Magnifying glass

A

A

\ 4

A A

\ 4

v

= Simple Magnifying
glass
= one lens
M= 2-3 due to
aberrations

= Higher magnification
requires more lenses

= Ocular

Arne Seitz, EPFL-BIOP
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Compound microscope

Objective Eyepiece pig':g(eq

Image
Plane (2)
FObjective

I [

Image I : I

Plane (3')-s Lol [
(Infinity) : PP 1 R I Retina

,."‘ :Optlcal Tube:-Plam’:g (3) :

e 1 Length 1 I

I

1

Sample is placed in front of objective
e M. .=272?
focal plane. Intermediate image obj =% 1

Is formed by objective and is OTL = 160 mm
observed through eyepiece.

Arne Seitz, EPFL-BIOP



EPFL - Compound microscope

P‘g'nae(e«t)
1 1 1 1
_— T —— — a _— —_—
'l 1 4 a f a’ 1 — l
)- - R f a
(Infinity) 1 /‘,'—‘L—" - i Retina
Y _.==*%"" |Optical Tubei-piane (3) |
'. 1= Length +1 : al 1 1 al
|- 25cm -1 M= =a’.___]=__1
1 i
1_1
a 1 1 1 /o
L M=— =t
a f a a @ =f+O0TL = f +160mm
: OTL =160 mm a =777 a’ f + 160 mm 160 mm
: 7 7 7



=PrL

opy

B CCMX2024, Basic Light Microsc

Compound microscope

Objective Eyepiece pi?n?&)

Imag

Plane (2)

F -

Image , '
I

Plane (3')= o :

(Infinity) : L2 - L Riics ! Retina

Y L 1Optical Tube.-maneg(s) :

e 1< Length =1 I

I

!

N
o
o
3

Sample is placed in front of objective

focal plane. Intermediate image b= OTL _ 160 mm
) o : obj = 7 =

Is formed by objective and is fObj. fObj.

observed through eyepiece.

Arne Seitz, EPFL-BIOP



EPFL . Compound microscope
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By il g Eyepiece tanes
'. ocal” ! 1pe yep Plane (4)

Image
Plane (3')-1
(Infinity) :

I
1
! I Image !
| Optical '~Plane (3) !
i
I
I

>

- [
- Tube
? =1 | ength '+

| . 28 CIT sl

opy

The sample is placed in the focal plane of f
the objective. Parallel light beams are o JTL
focused by the tube lens. The intermediate obj fObj
image is observed through the eyepiece. '

fTL — 160 - 250 mm

B CCMX2024, Basic Light Microsc
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Different beam paths

/
/

Convergent beam Parallel beam
Beam is focused differently Beam is only shifted
More aberrations Less aberration

Presence of parallel light beam is microscope light path is important
for modern light microscope (for filters, and other optical elements)

Arne Seitz, EPFL-BIOP



=PFL  \Working principle of a
microscope

=Compound microscope
* Two step magnification: objective and eyepiece
*Convergent beam paths (2 lenses)
*Infinite beam path (3 lenses)
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Components of a
microscope
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Eyepiece

Eyepiece Lenses Image
', ' Plane (4)
Image F, : Field Diaphragm
Plane (3') — —
(Infinity)

i
planc(3)—l a e

(Intermediate Image)

-b(=a')

The eyepiece/ocular acts as a magnifier of the intermediate image

Arne Seitz, EPFL-BIOP
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Camera as image
detector

Video and CCD Sensor Image Planes

Image
Plane (3')
(Infinity)

(Infinity) ———1 :4— b ——l

When the camera is used, the intermediate image is directly
projected on the camera chip (additionally an intermediate
magnifier might be used).

Arne Seitz, EPFL-BIOP



=PrL

Camera detection

Why Is no intermediate magnification
needed If a digital camera is used as
a detector?

opy

B CCMX2024, Basic Light Microsc
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Objective

Objective Image Planes
Lens Assembly

Image .
Plane (2) =

| = F - Objective Rear  Image
i L Focal Plane Plane (3)

\-r'
I g sy = Objective Rear
| “'. S —— Aperture

i

14— 3 — — p———————

* Objectives are constructed of several
high-quality lenses.

 For infinity corrected objective the
specimen is in the focal plane.

* For not infinity-corrected objectives the
specimen is in front of the focal plane

Arne Seitz, EPFL-BIOP



=PFL \Working and parfocal
distance

Objective Working and Parfocal Distance _
= Parfocal distance

Mounting aglj,ﬁ,':{; » Distance from objective shoulder
Position - till the specimen plane
Ob 332}"* * 45 mm for most manufacturers, 60

mm for Nikon CFI 60

Description Barcéal = \Working distance
an .
Specifications Distance - Distance from the front edge of the

objective to the coverslip

* Varies from several mm to several
hundred micrometers. Special long
working distance objectives are

y Specimen available.

Magnification—3
Color Code

roscopy

Working
Distance

B CCMX2024, Basic Light M
o
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EPFL  Geometrical aberrations

 Astigmatism (tangential and meridianal focus are different)
- Coma (image of a dot is not symmetric)

- Distortion (parallel lines are not parallel in the image)
 Curvature of the field (image of plane is not flat)

- Chromatic (different focus for different wavelengths)

« Spherical (different focus for on and off-axis beams)

: It Is desired to minimize aberrations by proper use of objectives with
: good aberration correction



=PFL  Spherical aberration

= Use a cover slip 0.17 mm thick or
= Use objective with a correction ring
= Avoid refraction index mismatch of immersion and mounting media

light
A

\

T ———

[
[
l
|
\
\

(=]
>
z
2
.}

lens

scopy

/
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EPFL  Chromatic Aberration

Axial Chromatic Aberration 19

Blur = 0.30 mm wunum dense flint LaSF9
i 1.8~
‘ b 17 Dense flimt SF10
(a) o k
550nm ’ Flint F2

Single Lens s 550nm 1.6
Barium crown BakK4
Blur = 0.01 mm \ Borosilicate crown BK7

- = w 650nNm
1.5
_L Fluorite crown FK3 1A

Refractive index n

I 14 T T T T T T
0.2 04 0.6 08 1.0 1.2 14 1.6
(b) Wavelength A (um)

Achromat
Doublet

B CCMX2024, Basic Light Microscopy
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Objective Types

Common Objective Optical Correction Factors
10x Achromat 10x Fluorite 10x Apochromat

Achromat 1 Color 2 Colors

Plan Achromat 1 Color 2 Colors
Fluorite 2-3 Colors 2-3 Colors
Plan Fluorite 3-4 Colors 2-4 Colors

Plan Apochromat 3-4 Colors 4-5 Colors

No

Yes
No

Yes

Yes

Arne Seitz, EPFL-BIOP
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Resolution and illumination

Diffraction of light
Numerical aperture
Resolution

Koehler illumination




EPFL  Far field diffraction

Parallel light Observation plane

distance R R>1.3 m J. Fraunhofer (1787-1826)

aperture
100 pm
=40
=30 E
. ()
. Sin
S||t =20 E | = IO ( /2)
) 10 O 2
1 " 1 " 1 " I. 0

Intensity

H CCMX2024, Basic Light Microsc
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Diffraction

Intensity



=PFL  Numerical Aperture and
Diffraction Orders

= Consider a 1D linear grating in the object plane of an optical system

These are the images at the rear focal plane of objective
(i.e. at the Fourier plane) at different NA conditions.

N

No specimen Increasing NA

opy

With increasing NA, we collect higher diffraction orders

H CCMX2024, Basic Light Microsc
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EPFL  Diffraction Limited
Resolution

A
2-(n-sinf)

d =

NA = (n-sin@)

Ernst Abbe
1840-1905

“According to Abbe, a detail with a particular spacing in the specimen is resolved
when the numerical aperture (NA) of the objective lens is large enough to capture
the first-order diffraction pattern produced by the detail at the wavelength employed.
In order to fulfill Abbe's requirements, the angular aperture of the objective must be
large enough to admit both the zeroth and first order light waves.”

http://micro.magnet.fsu.edu/optics/timeline/people/abbe.html

B CCMX2024, Basic Light Microscopy
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EPFL  Role of immersion

Nlicroscs

7 Lenses x objecti

ANANAD
Unrefracted \
light rays

Refracted \
light rays

lost to lens

Arne Seitz, EPFL-BIOP

enter lens/” \I V/ /immersion oil

Glass cover slip ' Glass cover slip \\\l
Slide Slide
./ : :
Specimen  Light source Specimen  Light source
(a) Without immersion oil (b) With immersion oil
NA = n*sina . o
. - Immersion media increase the NA of an
Eierfracm’e 'qdé%e;' objective or a condenser
= . . . - . .
£ Water:  1.33 by bringing the beams with higher
g Glycerol:  1.47 incidence angle into the light path
§ Qil: 1.52
-



=PFL  Depth of Field

Depth of Field Ranges
Low
=4 NA

Object 4x 0.10 155 0.13
(Specimen)

- T 10x 0.25 85 0.80

High
NA

Depth 20x 0.40 5.8 3.8
Field
s 40x 0.65 1.0 12.8
i 60x 0.85 0.40 29.8
Figure 7 100x 0.95 0.19 80.0
d Diffraction limited depth of field
tot

Detection system

B CCMX2024, Basic Light Microscopy
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=PFL  Obligue illumination

| ——
A
diffraction
orders

A A A A4

\am/

A A A A A
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Collector and
condenser

Collector Lens Image Planes
Lamp

House Collectorlens s S, = Conjugate Points
- Field Condenser

v Front__
¢ Diaphragm Focal
Focus Plane

Image Planes o} the Condenser Lens

Collector Field
Lens Diaphragm Condenser Lenses
L

Image

" -y~ Image ‘
: i Plane (1) Condenser ’
Diaphragm

Collector

gathers light from
light source

Condenser

directs light onto
the specimen

Arne Seitz, EPFL-BIOP



£PFL  Oblique illumination

ZEROTH ORDER ZEROTH ORDER I1IST ORDER

1ST '
ORDER \ / IST ORDER / OBJECTIVE

R S dE BEONTAR SO TN = SPECIJ\AEN
CONDENSER
A. 8.
BRIGHTFIELD DIRECT BRIGHTFIELD OBLIQUE
ILLUMINATION ILLUMINATION

I\IAtot:I\I'A‘obj-l_l\l'a‘cond

W CCMX2024, Basic Light Microscopy
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EPFL  Requirements for
illumination

= Uniform over whole field of view

= Has all angles accepted by objective

= Allows optimize image brightness/contrast

= Allows continuous change of intensity

= Allows continuous change of field of view

= Changes in illumination and imaging parts do not affect each other

Realized in Kohler illumination
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Challenges in light
mICroscopy




EPFL - Microscopy:
Magnification

low high
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Microscopy: Resolution

OW

Arne Seitz, EPFL-BIOP



=PFL - Main challenges of

microscopy
=|n order to observe “small = Only fulfillment of these
objects”, three three conditions allows
preconditions have to translation of information
be fulfilled as accurately as possible
from object into an image
- Magnification wh_ich represents that
» Resolution object.

e Contrast
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Low pass filtering

pixel intensity

(o)
o

[e)]
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AN
(@)

N
o

o

0 20 40 60 80
length / um

UPlanFLN
40x/1.30 OIL
«/0.17/FN26.5

length / um
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cPFL  Contrast

| | UPlanFLN . Imax - Imin
-1 17PN Imax + Imi
max min

100 B— 100
max

z o 0 1= W W m --------- e

0 ) )

c

% 60 60

= m=1.0 : m = 0.62
g )
2 40 40
.% o
s 20 2041t V.V V V V VI ¥
E k min
: 0 ' ; ; == i 0 : . . —
3 0 20 40 60 80 0 20 40 60 80
Q
O
- length / um length / um
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pixel intensity

Contrast

100

80

60

40

20

0

UPlanFLN
40x/1.30 OIL
©/0.17/FN26.5

e 100
max
80
60
m=1.0 -
40
20#
l y l s R Imin 0
0 20 40 60 80 0

length / um

20 - 40
length / um

60

modulation =

m = 0.08

Imax — Imin

max + I min
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Modulation Transfer Function

Gray Value

35000

30000

25000

0000

o

o
o
=t
=

10000

5000

Object

10 15
Distance (um)

Gray Value

8000

4000

2000

NA 0.4

10

I
15

Distance (um)

Gray Value

2000

1500

1000

NA 0.8

o

10 15

Distance (um)

20
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Modulation Transfer Function

low spatial frequencies
high contrast
medium spatial frequencies
medium contrast

high spatial frequencies
low contrast

relative modulation

—=— NA=0.3
0.8 - —e— NA=0.6
—a— NA=1
0.6 - cut off frequency
0.4 - f(c)=2-NAJ/A
0.2 -
0 ' J ' J ' J ' J
0 1 2 3 4

spatial frequency / cycles*um™

Arne Seitz, EPFL-BIOP
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Imaging point by point

. . — Detector

Detector
. , m — Pinhole
Out-of-Focus — Aperture
Light Rays
Dichromatic . L?t'sa%r
-xcitation
In-Focus ;
Light Rays Sugrce |

Objective |

1
Light Source
inhole
Aperture

. Focal
Planes

Image formation by
reconstruction

Arne Seitz, EPFL-BIOP
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Confocal microscopy




EPFL  Imaging modalities

Transmission Reflection




=PrL

B CCMX2024, Basic Light Microscopy

Imaging modalities

Transmission

Reflection

Arne Seitz, EPFL-BIOP
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Microscopy practical
considerations

= Correct choice of microscope optics is the key to successful imaging
= Pay attention to the engravings on the objective and eyepiece

= Optical aberrations can be minimized
 use well-corrected optics or use a green filter
 use cover slip 0.17 mm thick
« maitch the refractive index of immersion media and specimen

= Choose magnification carefully
« excessive magnification does not reveal new details
* moreover it decreases the brightness of the image

Arne Seitz, EPFL-BIOP
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sic Light Microsc

B CCMX2024, Ba:

Summary microscope

= Magnifying glass has a limited magnification of 10x-20

= Compound microscope makes two-stage magnification
* initial magnification with objective
 further magnification with the eyepiece

= Compound microscope beam path designs
* finite — old microscopes
* infinity corrected — modern microscopes

= There are several microscope types
* inverted
 upright

Arne Seitz, EPFL-BIOP
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60th Anniversary Edition

Text Books

Principles of %a
Optics

OP-EICS

OPTICS THIRD EDITION

Frank L. Pedrotti, Leno M. Pedrotti,
and Leno S. Pedrotti

Max Born and Emil Wolf
Foreword by Sir Peter Knight

Premiers cycles « Licence

JOSE-PHILIPPE PEREZ

Optique

{; Fondements.et app! ions

DUNOD |
h

VA

Born, M.; Wolf, E. Principles of Optics, Seventh anniversary
edition, 60th anniversary of first edition, 20th anniversary of
seventh edition.; Cambridge University Press: Cambridge,
United Kingdom, 2019.

Hecht, E. Optics, 5 ed.; Pearson Education, Inc: Boston, 2017.

Pedrotti, F. L.; Pedrotti, L. M.; Pedrotti, L. S. Introduction to
Optics:, 3rd ed.; Cambridge University Press, 2017.
https://doi.org/10.1017/9781108552493.

Lipson, S. G.; Lipson, H.; Tannhauser, D. S. Optical Physics, 3rd
ed.; Cambridge University Press: Cambridge ; New York, NY,
USA, 1995.

Pérez, J.-P.; Anterrieu, E. Optique: fondements et applications
avec 250 exercices et problemes résolus, 7e éd.; Dunod: Paris,
2004.
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Books
— = Barrett, Harrison H., und Kyle J. Myers.
Foundati : Foundations of image science. Wiley series in
Ioun as“?ns 2 pure and applied optics. Hoboken, NJ: Wiley-
IageDCICNCE | AT, Interscience, 2004.
= OPTICAL = Mertz, Jerome. Introduction to optical
Nl #r MICROSCOPY microscopy. Second edition. Cambridge,
\ United Kingdom ; New York, NY: Cambridge
|EROME MERTZ University Press, 2019.

= Murphy, Douglas B., und Michael W.
Davidson. Fundamentals of light microscopy
and electronic imaging. 2nd ed. Hoboken, N.J:
Wiley-Blackwell, 2013.

S — = Saleh, Bahaa E. A., und Malvin Carl Teich.
PHO'I'O“ICS Fundamentals of photonics. Wiley series in
pure and applied optics. New York: Wiley,
Fundamentals of \ 199 1 .
Light Microscopy and
Electronic Imaging
(C i Websites
( p) | ‘ \: I v ,

$WILEY-BLACKWELL
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https://micro.magnet.fsu.edu/primer/
https://www.ibiology.org/online-biology-courses/microscopy-series/
https://focalplane.biologists.com/

