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Important aspects for microscopy

I -

ideal image

Aberratlons —

image uaI|t

i1 1




Important aspects of microscopy:
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Magnification in Microscopy

Purpose of a microscope:
— Improve the visibility of small objects to be seen by the naked eye.

— The knowledge of the performance and limitations of optical systems is
key to use the microscopes properly.

The naked human eye itself can be seen as an
optical system.
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The human eye — a single lens system

Retina Eye Muscle

The Human Eye



The human eye — a single lens system

“Accommodation” of the eye results in changes in the focal length (thus the optical
power) of the eye lens.

Due to this accommodation, images in the eye can have different sizes (i.e. eye yields
different magnification) depending on the distance of the object away from the eye.

— If we vary d, but fix f, we cannot form a image
d, at the same d.
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The human eye — a single lens system

Eye Muscle

 Comfortable near point is about ~25 cm

 We define the size at 25 cm as magnification, M =1



The human eye — a single lens system

We could get a larger retinal image if the object gets closer, BUT we face:
- Limited accommodation (especially with age)
- Limited "magnification” range by naked eye

Solution: Add a “loupe” in front of an eye



The human eye — a single lens system

Unaided (naked) eye:
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Specifications of the human eye

Angular resolution: ~1°
Spatial resolution: ~80 um
Ability to resolve contrast: ~ 5%
More sensitive to color than the light intensity
Spectral range: 400 nm - 800 nm
* Max sensitivity is at 555 nm during day (cones)
* Max sensitivity is at 505 nm during night (rods)

Absorption Spectra of Human Visual Pigments
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Magnifying Glass

Unaided eye:
The object is at the near-point
distance of w= 25 cm
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Magnifier

Aided eye with a loupe (magnifier):

The object is at the focal point of the magnifier

- Avirtual intermediate image is generated at
infinity

—> Relax eye focuses this virtual image at retina to
form the final image

loupe




Magnification with a Single Lens (i.e. Loupe)
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Un-aided eye:
The object is at the near-point distance of w=25 cm

h

Un-aided Angle > Qun—aid = W

Aided eye with a loupe (Magnifier):
The object is at the focal point of the magnifier
- Avirtual intermediate image is generated at infinite

15t Propagation over a distance of f,
29 Pass through the lens
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Magnification with a Single Lens (i.e. Loupe)

I Eye

:: Un-aided eye:
— [“(_Z_Hiii?id_ ____________ 4 The object is at the near-point distance of w=25 cm

I Un-aided Angle > Qun—aid = W

Aided eye with a loupe (Magnifier):
N I The object is at the focal point of the magnifier
- Avirtual intermediate image is generated at infinite
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Magnification with a single lens
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For a magnifying lens with f,, . = 250 mm, Magnification (M) is 1x




Magnifying Glass
_ 250mm

M

Iff . =250 mm =» M=1

Lens

Iff . =50 mm = M=5

Lens

Maximum magnification for a magnifying glass is
LIMITED to ~10x-20x




Magnification & image formation for a microscope

* A microscope uses two lenses, namely an objective and an eyepiece (ocular), together to
produce a final magnified image.
* Due to the use of two lenses together, it is also called compound microscope

A compound microscope provides higher magnification than a magnifying glass.
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Compound microscope: objective lens followed by an eyepiece (a.k.a ocular)
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The specimen on the microscope stage is examined by the
objective, which produces a magnified real image of the
LY on Retina object in the image plane of the eyepiece.

* When looking in the microscope, the eyepiece acting
together with the eye’s lens projects a still more
magnified real image onto the retina, where it is

Eyepiece perceived and interpreted by the brain as a magnified
virtual image about 25 cm (10 in) in front of the eye.
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Magnification of a compound microscope (finite correction)
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Until the late 1980s, most microscopes had a fixed tube length distance (L) between objective and eyepiece.
This distance is known as the mechanical tube length of the microscope.

The design assumes that when the specimen is placed in focus, it is a few micrometers further away than the
front focal plane of the objective. Finite tube lengths were standardized at 160 mm during the nineteenth
century by the Royal Microscopical Society ( RMS ), and were in use for then next ~100 years.

Objectives designed to be used with a microscope having the industry standard tube length of 160 mm are
inscribed with “ 160 ” on the barrel.
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So far we focused on imaging part ....
An imaging system with 2 lenses:
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. we also need to consider illumination part.

Field or Image Forming
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Research grade “upright” optical microscope (i.e. objective is above the specimen plane).

« It has two lamps: bottom lamp provides transmitted illumination, and top lamp provides reflected
illumination.

lllumination is a critical determinant of optical performance in light microscopy.



Important aspects for microscopy
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Eve Fiece

Ilntermediate
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3 Collectar Lens

Lamp

Critical or Melsonian

Humination

“Critical lllumination”

Traditional methods of critica

| illumination:

The lamp is focused directly on the specimen with a

condenser.

=» But the images are uneven

< - a,‘i g')f:;’:;
August Koehler
1866-1948

ly and dimly illuminated.

August Koehler introduced a
new method of illumination
that greatly improved image
quality in light microscopy.

Koehler introduced the system
in 1893 while he was a
university student and
instructor at the Zoological
Institute in Giessen, Germany,
where he performed
photomicrography for
taxonomic studies on limpets.
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Critical VS Kohler
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“Kohler” illumination highlights the special relationship between two sets
of planes in the microscope’s light path:
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Microscope has two sets of interlaced conjugated focal planes:
a set of 4 field (or object) planes
a set of 4 aperture planes.

Each plane within a set is conjugated with the other three planes of it’s set.
Let’s check the locations of these planes
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» Arrows mark four conjugated focal planes.
The locations of the conjugate planes are at the crossing points of the rays in the optical train diagram.

* Red arrows (left) shows that the “object” plane is conjugated with the “real intermediate image” plane in the eyepiece, the
“retina” of the eye, and the “field stop diaphragm” between the lamp and the condenser.

» Blue arrows (right) shows that the “lamp filament” is conjugated with the “aperture stop” at the front focal plane of the
condenser, the “rear focal plane” of the objective, and the “iris diaphragm” of the eye.



Conjugate Field Planes

Conjugate Aperture Planes
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Each plane within a set is conjugated with the other planes, thus all of the planes of a given set can be seen

simultaneously when looking in the microscope.
The “simultaneous visibility” of conjugated focal planes can be understood by the following example:

- Consider an image of a dirt is visible with the focused specimen. This “dirt” could lie in any one of the four
field planes of the microscope: as floaters near the retina, as dirt on an eyepiece field stop, as dirt on the

specimen itself, and as dirt on the glass plate covering the field stop diaphragm.
With the knowledge of the conjugated field planes locations, one can find the location of the “dirt” by (1)

rotating eyepiece field stop, (2) moving microscope slide, or (3) wiping the field diaphragm cover plate.



Conjugate Field Planes Conjugate Aperture Planes
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» These two sets of conjugate planes are interdigitated with one another.
 Optically, they are reciprocal or Fourier transform planes with each other.

= This means when something is “in-focus” in one set, it is “maximally out-of-focus” in
the other.



Limitations of conventional compound microscope
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Adding optical accessories such as polarizers, filters, and DIC prisms into the light path can introduce spherical aberration and
“ ghost images ” into an otherwise perfectly corrected optical system.

I
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To circumvent these artifacts, Reichert (microscope manufacturer based in Vienna) pioneered the concept of infinity optics.

The company started experimenting with infinity—corrected optical systems in early 1930s, but this concept did not become
standard for most manufacturers until 50 years later.
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Infinity Corrected Compound Microscope

Eyepiece
Objective
Spetl:imen Intermediate
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h ¢ Image
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Objective
—-
Parallel Light Beam
“Infinity Space”

(a) finite corrected microscope configuration

(b) infinite corrected microscope configuration

Infinity optical systems have a different objective design that produces a flux of parallel light wavefronts imaged at

infinity, which are then brought into focus at the intermediate image plane by a special optic termed tube lens.

The region between the objective rear aperture and the tube lens is called infinity space, where auxiliary components

can be introduced into the light path without producing r optical aberrations.



Conjugate Planes for Infinity Corrected Microscope
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Important aspects for microscopy
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Major Optical Aberrations in Microscopy

* The major six aberrations are:

Spherical aberration >

Chromatic aberration

Coma
Astigmatism
Curvature of field

Distortion



Recall: Spherical Aberration

Incident rays parallel to the optical axis are focused at different locations depending on they are closer to
the center and the periphery of the lens.

Spherical aberration gets worse near the lens edges:

- rays near the lens edge bent more

Optical axis o 7 '\[/’ —
p— N —
>—
>~
Zone of
\ Confusion

= Results in blurry images



Recall: Spherical Aberration

Incident rays parallel to the optical axis and reaching the center and the periphery of the lens are focused
at different locations.

Aperture One possible solution:

Use aperture to reduce the extend of light

Optical axis N —
—
v "

Focus is defined better
= It leads to sharper images
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Major Optical Aberrations in Microscopy

* The major six aberrations are:

Spherical aberration

Chromatic aberration >

Coma
Astigmatism
Curvature of field

Distortion



2. Chromatic aberration

White Blue Light
Light y
| /i Red Light
- . \, \
Optiesl ' Focal Point
Simple Green (Red Light)
Thin Lens Light

Chromatic aberration occurs because a lens refracts light differently, depending on the wavelength.

Blue light is bent inward toward the optical axis more than red light = this results in focusing of blue
wavelengths in an image plane closer to the lens than that for red wavelengths.

Even at the best focus, point sources are surrounded by color halos. The colors change depending
on the focus of the objective and the image never becomes sharp.

Since each wavelength is focused at a different distance from the lens, there is also a difference in
magnification for different colors (chromatic magnification difference).



Example: Chromatic aberration

Chromatic
aberration
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Tilia (European Lime) pollen X60 planapochromat objective Canon G9
super widefield eyepiece, showing chromatic aberration (colour fringing)



Material Dispersion — n(A)

Disperses the different wavelengths of white light
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Correcting chromatic aberration

* One solution is to make compound lenses made of glasses having different color-dispersing properties.

=>» For example, glass types known as crown and flint are paired together to make an achromatic doublet
lens that focuses blue and red wavelengths in the same image plane.
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Major Optical Aberrations in Microscopy

* The major six aberrations are:

Spherical aberration

Chromatic aberration

Coma >

Astigmatism

Curvature of field

Distortion



3. Coma aberration

Zone 1 . . .

Zone2 . o1 * Coma is the most prominent “off-axis”
Z°"°B4 aberration.

* It affects the images of points located far away

from the optical axis—that is, when the object

A
7% 7% rays hit the lens obliquely.

1 Rays passing through the edge of the lens are
Optical focused at a different place than the rays

Axis passing through the center of the lens. This
causes a point object to look like a comet with
the tail extending toward the periphery of the
field.

Lens

* Comais greater for lenses with wider apertures.

A
Coma Blur




Major Optical Aberrations in Microscopy

* The major six aberrations are:

Spherical aberration
Chromatic aberration
Coma

Astigmatism >

Curvature of field

Distortion



4. Astigmatism aberration

Airy ' Tangential
Diffraction ' Meridional)
Pattern ocal Plane

Astigmatism Aberration

Airy Sagittal Optical
Diffraction Fgcal ~ Rxls
Pattern Plane
of Least »
Confusion
Airy
Diffraction
X Pattern

AN
Object Point

Object Examples of images

Astigmatism , like coma, is an “off-axis” aberration.

Rays from an object point passing through the horizontal diameter (yellow rays) and vertical diameter
(red rays) of a lens are focused at two different focal planes.

The point source appears as ellipse in horizontal and vertical directions at either side of “the least
confusion” focus.



Major Optical Aberrations in Microscopy

* The major six aberrations are:

Spherical aberration
Chromatic aberration

Coma

Astigmatism

Curvature of field >

Distortion




5. Curvature of field aberration

Field Curvature

Fiald curvature

i Simple
Flat Specimen Lens
Surface

* Jtis an “off-axis” aberration.

* Field curvature indicates that the image plane is not flat. Instead, it has the shape of a concave
spherical surface as seen from the objective. This creates a problem because the camera surface is
flat thus the whole image cannot be focused simultaneously on a flat imaging surface.

 The aberration gets worse near the lens edges.



Curvature of field aberration

Object Image

The image of a plane object is located on a curved surface.

The effect is that if we look at the images formed in a plane perpendicular to the principal axis, part of each image will
be out of focus.

If we adjust the part of the image near the edges for good focus then the central part will be fuzzy.
If we adjust the part of the image near the axis for good focus then the edges will be out of focus.

A 4
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Object Images




Major Optical Aberrations in Microscopy

* The major six aberrations are:

Spherical aberration
Chromatic aberration
Coma

Astigmatism

Curvature of field

Distortion >




6. Distortion aberration
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Barrel Distortion Pincushion Distortion

* Itis an aberration that causes the focus position of the object image to shift laterally in the image plane
with increasing displacement of the object from the optical axis.

* The consequence of distortion is a nonlinear magnification in the image from the center to the
periphery of the field.

* Depending on whether the gradient in magnification is increasing or decreasing, the aberration is called
as barrel or pincushion distortion:

Example above shows the effect for a specimen with straight lines, such as grid lines with a pattern of
squares or rectangles.



Aberrations - examples

Spherical aberration

No Aberration

No Aberration

Spherical Aberration

No Aberration

Tangential Astigmatism

Sagittal Astigmatism




Major Optical Aberrations in Microscopy & Objective Lenses

e The major six aberrations are:
e Spherical aberration
*  Chromatic aberration
* Coma
*  Astigmatism
e Curvature of field

* Distortion

* Lenses are associated with many of these intrinsic optical faults that can distort the image quality.

 Aberrations can be corrected by measures such as using compound lens designs, using glass elements
with different refractive indexes and color dispersion, incorporating aspherical lens curvatures ...

* The tube lens or eyepieces sometimes help in removing residual aberrations of the objective lenses.

* Objective lenses are designed to correct for aberrations, but they can never completely remove them.

* Itis common that a solution for correcting one fault worsens other faults, so the user must prioritize the
goals for optical performance and then work toward the best compromise in correcting other

aberrations depending on the sample/application. For these reasons, objectives vary considerably in
their design, optical performance, and cost.



Achromat: a commonly used “corrected objective” lens

10x Achromat

* Achromats are red-blue color corrected (meaning for wavelengths at 656 and 486 nm).
* Spherical correction is for mid-spectrum yellow-green light at 540 nm.

* These objectives give satisfactory performance in white light and excellent performance in
monochromatic light and are suitable for low magnification work at 30—40x and lower.

* They are also much less expensive than more highly corrected objective designs.



Objective Lens Correction for Field Curvature

« Correction for field curvature adds a considerable number of lens elements to the objective as illustrated
below example with a simple achromat.

« In this example, uncorrected achromat on the left contains two lens doublets, in addition to a simple thin-
lens front element.

* In contrast, the corrected plan achromat on the right contains three lens doublets, a central lens triplet
group, and a meniscus lens positioned behind the hemispherical front lens. Plan correction, in this instance,
has led to the addition of multiple elements bundled into more sophisticated lens groupings, which
dramatically increases the optical complexity of the final objective lens.

Objective Correction for Field Curvature

Achromat Plan Achromat

Lens
. j Doublet
. Group

Lens
=—Triplet

f! Group
- Lens

' Doublet
Groups

“£ Meniscus
Lens

Hemispherical
Front Lens



Some common “corrected objectives”: Fluorite

10x Fluorite

Meniscus
Lens

Fluorite or semiapochromat objectives contain elements made of fluorite (CaF2 ) or synthetic
lanthanum fluorite. These materials provide very high transmission and low color dispersion.

Corrections for color dispersion and curvature of field aberration are applied.

The combination of good color correction, high transparency (including to near ultraviolet [UV] light)
and high contrast makes them favorites for UV-excitable calcium dyes, immunofluorescence
microscopy, polarization and differential interference contrast (DIC) microscopy.

The maximum obtainable numerical aperture ( NA ) is about 1.3.



Some common “corrected objectives”: Apochromats

Apochromat Objectives
10x (NA=0.30) 20x (NA=0.65) 40x (NA=0.95) 100x (NA = 1.40)

Lens el i :
Element [ —

Low Magnification  Stationary Spring-Loaded

Front Lens Front Lens Retraction

Group Assembly Stopper

* Apochromats are red, green, blue, and dark blue color corrected, and also corrected for spherical aberration at green and blue
wavelengths.

* Highly color-corrected designs suitable for color photography using white light.

* They are expensive.

* This design tends to suffer some curvature of field, but it is corrected in plan - apochromatic objectives.

* The high degree of color correction makes them desirable for fluorescence microscopy and color brightfield imaging, since
various fluorescence wavelengths emitted from a multiple stained specimen are accurately focused in the same image plane.

* |tis possible to obtain very large NAs (up to 1.49) with this objectives design, making them desirable for high resolution and
low light applications, such as dim fluorescent specimens.

* Newer designs are more transparent down to near-UV light, making them suitable for fluorescence microscopy involving UV—
excitable dyes.

* The range of wavelengths used for apochromatic correction continues to get wider. Originally a 3-color correction in red,
green, and blue wavelengths, many apochromatic corrections are now based on a 5-color correction over a wide spectrum
(350 — 1000 nm).

* They are particularly useful for photoactivation in the near-UV and for near-IR and multiphoton imaging, where excitation
wavelengths are in the 800 — 1000 nm range.



Aberration correction

Common Objective Optical Correction Factors
10x Achromat 10x Fluorite

10x Apochromat

There is more to
know than just the
maghnification of the
Objective!

TEST BEFORE
BUYING!!

Degree of correction

low D

- ) |,

Transmission

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
Plan Apochromat 3-4 Colors 4-5 Colors Yes



Markings on the decorative barrel of an objective:

Screw Thread

Nosepiece

Magnification —— Objecti

e pe
Immersion and
x Application
Aperture

Parfocal Adiustment Il ) Cover Glass Thickness (mm)

Distance
(45 mm)

Infinity
Corrected
Optical System

Immersion
Indicator
Color Band

Cover Glass \, | Working
. Distance
g Slide \ I (mm)

"N - b 0

* Markings indicate the type of lenses and correction, initial magnification, immersion
medium, numerical aperture, lens—image distance, and required coverslip thickness.

* For quick reference, the color - coded ring, farthest from the thread, denotes the type
of immersion medium (black - immersion oil, white - water, orange - glycerin, yellow -
methylene iodide, and red - multi - immersion).



Markings on the decorative barrel of an objective:

Screw Thread

Nosepiece

Magnification

Infinity . il Iri Immersion and
Corrected 3/0. Application
Optical System

185 ‘ | Numerical Aperture (N.A.)
—1.35p | | X
! i Cover Glass Thickness (mm)

W

Aperture
Parfocal Adjustment

Distance

(45 mm) Magnification Indicator

Color Band

Immersion
Indicator
Color Band

Cover Glass Working

- Distance
__ slide\ _I (mm)

Black [Gray| Red Green ‘ Light Blue BEEEIEN White

"N - b 0

* Multi-immersion objectives are used in cases where it is necessary to image specimen details that
are several micrometers away from the coverslip surface and where the refractive index of the
tissue and/or the mounting medium causes blurring.

* Histological specimens are frequently mounted in agueous media, glycerol etc.

* With a multi-immersion objective, one can choose the appropriate immersion medium (oil,
glycerol, water) and adjust the correction collar on the objective to get the best image definition.



Markings on the decorative barrel of an objective:

Screw Thread

Nosepiece

Magnification —— Objective Type
—— Immersion and

Infini
nfinity Application

Corrected
Optical System

Numerical Aperture (N.A.)

Aperture
Parfocal Adiustment over Glass Thickness (m
?.«:gtﬁq"nﬁ? Magnification Indicator
Immersion Color Band
Indicator
Color Band
Cover Glass Working

Distance
- Slide \ —I_ (mm)

Black [Gray | Red Green Light Blue BEEEIEN White

* Markings indicate the type of lenses and correction, initial magnification, immersion
medium, numerical aperture, lens—image distance, and required coverslip thickness.



Cover slips and glasses in bio-microscopy

cover slip

\ slowly lower
water droplet

slide

Many objectives are designed to be used with
standard (1.1 - mm thick) glass slides and coverslips
of a certain thickness, usually 0.17 mm, which
corresponds to thickness grade # 1.5

Other coverslip thicknesses induce spherical
aberration and give poorer performance, especially
when used with high, dry objectives above 40x

For objectives with an NA < 0.4, coverslip thickness
is not particularly important

Grade Number

0
1
1.5
2

Thickness (¢m)

83-130

130-160

160-190 (standard)
190-250



Working distance of objectives

Screw Thread

Magnification —— Objective Type
—— Immersion and
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tty Application
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— Numerical Aperture (N.A.)

Aperture
Parfocal Adjustment I Cover Glass Thickness (m
?J?,tfmf -'L Magnification Indicator
Immersion ‘ Color Band
Indicator
Color Band
Cover Glass Working

Distance

Slide (mm)

S

Working distance is the distance between the surface of the front lens element of the objective
and the surface of the coverslip nearest to the objective.

Long working distance objectives allow focusing over an extended range of up to several mm, for
example: when imaging through thick substrates (microscope slides, culture dishes); or when
introducing devices, such as micropipettes between the specimen and the objective, or when
looking at details in thick sections that may be a long distance from the coverslip.

Example: Whereas a high resolution 40 x /1.3 NA oil immersion objective might have a short
working distance of just 0.2 mm, a 40 x /1.0 LWD water immersion objective might have a working
distance of over 2 mm.



THE CARE AND CLEANING OF OPTICS

Maintenance and care are required to protect an expensive optical
instrument and to guarantee that optimal high-contrast images can be
obtained from it.

Neglect, such as not removing immersion oil, forgetting to cover open
ports and apertures, or accidental twisting or dropping of an objective
can ruin its optical performance.

Even if the microscope is left unused but unprotected on the lab
bench, image quality can deteriorate rapidly due to the accumulation
of dust from the air.



Care and cleaning of optics -1: dust

* Keep the microscope protected with a plastic or cloth cover.
*  Wipe dust off the microscope body and stage with a damp cloth.

* Keep the objective turret spotless and free of dust, immersion oil, spilled culture
medium, and salt solutions.

Cleaning
Center-to-Rim

Cleaning
Rim-to-Center

Zigzag Pattern
(d)

(c)

(a) Cleaning is achieved using a spiral motion of a moistened cotton swab from the center to the rim.
(b) Correct spiral pattern used to clean lens surface.

(c) Avoid cleaning the lens rim - to - center.

(d) Never wipe using zigzag movements as this will only spread the dirt.



Care and cleaning of optics -2: Oil Immersion

Immersion oil is a slow-acting solvent that can weaken the
cementing compounds that act as a seal between the
front lens element and the metal lens cap of the
objective.

Residual oil should be removed with a lens tissue wetted
with a mild lens cleaner.

Gently wipe off and clean away excess oil with a high-
quality lens tissue and then clean the lens surface with an
agent designed for cleaning microscope optics.



Care and cleaning of optics -3: Scratches and Abrasions

* Never wipe the surfaces of objectives with papers or cloths that are not
certified to be free of microscopic abrasives.

* All objectives contain an exposed optical surface that must be protected from
abrasion.

» Strands of wood fibers in coarse paper, or the stick end of a cotton swab
applicator, are strong enough to place permanent scratch marks (sleeks) on the
front lens element with a single swipe.

* Once present, scratches cannot be removed, and their effect (even if hardly
visible) is to scatter light and permanently reduce image contrast.

* Further, most lenses contain an antireflection coating composed of layers of a
dielectric material; each layer is just a few atoms thick.

* Although antireflection surfaces are protected with a layer of silicon monoxide,
you should use only high-quality lens tissue and apply only a minimum of force
to wipe off drops of excess oil.



