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Goals

* Reiteration of how images are formed

« The limits of brightfield

» Darkfield microscopy

« Phase Contrast microscopy

 Differential Interference Contrast microscopy
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Two sets of conjugate planes in the microscope
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Image formation a la Abbe

. The specimen diffracts light in all directions.

. The lens refracts the light diffracted by the
specimen and focuses it at the image plane

. At the image plane, the redirected light interferes

constructively and destructively to create an
image of the specimen.

. This image formation is the result of interference

between diffracted and undiffracted light.

. The intensities of the diffraction pattern at the
objective back focal plane correspond to spatial

Resultant wave

Constructive
~ 7 interference

(a)

Resultant wave

Destuctive
interference

(b)

Figure 5-3

Two coincident waves can interfere if their E vectors vibrate in the same plane at their point
of intersection. Two waves are shown that vibrate in the plane of the page. In these
examples, both waves (dotted and dashed curves) have the same wavelength, but vary in
amplitude. The amplitude of a resultant wave (solid curve) is the arithmetic sum of the
amplitudes of the two original waves. (a) Constructive interference occurs for two waves
having the same phase. (b) Destructive interference occurs for waves shifted in phase; if the
amplitudes of the waves are the same and the relative phase shift is \/2, the wave is
eliminated.
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Abbe's theory for image formation in a light microscope. An objective lens focused on a
grating (21 > a > ) in the object plane produces a magnified real image of the grating in the
mage plane, The diffraction plane is located at 1fin the back aperture of the lens. An
incident planar wavefront is shown. Diffracted nth-order and nondiffracted Oth-order rays are
separated in the diffraction plane, but are combined in the image plane,

In this example, the grating is an (idealized) model test specimen
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True "brightfield" imaging

« With only a condenser and an objective, there is always a trade-off between contrast

and resolution

Condenser "open" Condenser "closed" (i.e., stopped down)
Resolution high Resolution low
Contrast low Contrast high

(a) (L)

Enrgqre 6-6
Effect of the condenser aperture on image contrast and resolution. (a) With unrestricted
aperture, resolution is maximal, but contrast suffers from stray light. (b) With the condenser

aperture stopped down, light fills —~70% of the dameter of the back aperture of the objective.

Contrast is improved, but resolution is reduced, Bright-field light micrograph of a
hematoxylin-stained section of Amphiuma liver containing hepatocytes and pigment cells.
Bar « 10 um.

Lower condenser N.A. gives lower resolution

Why does contrast increase with lower
condenser N.A.?

*Reduction of stray light bouncing in side the
microscope

*"Fuzzy" images are bigger and cover more cells
in your retina (or area in a camera)

*Closing the condenser aperture increases the
coherence of light coming from the lamp
filament, giving better interference in the image
plain (complicated)
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Altering brightfield contrast--cheek epithelial cell

Condenser open, Condenser open, Condenser open,
objective in focus objective underfocused objective overfocused

Condenser open, Condenser stopped down,  Condenser open,
objective in focus objective in focus objective in focus (DIC)
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Problems in imaging live cells

« Stained (i.e., dead) cells can "absorb" light, as amplitude objects
» Live cells are largely transparent, absorbing almost no light and scattering relatively little

« How can we best image living cells?
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A Darkfield digression

* Ahollow cone of light from the condenser

* Avery high N.A. condenser (for darkfield this must be bigger than the objective
N.A.), such that undiffracted Oth order light does not enter the objective

Darkfield images appear self-luminous (like
fluorescence images)
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Msa the oSectie entirely

Figere 7-13

Fig. 26. Baclllus megatherium under dark-field illumination.

Tuesday, 13 March 2012




Optical diffractometer analog of Darkfield

«  With higher-orders masked out can see trade-off between contrast and
resolution

 With Oth and lower-orders masked out can see an see detailed structure but little
contrast

« The point (for what's to follow) is that you can affect ultimate image contrast by
mucking around with the diffraction pattern (in back focal plane of objective)
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Phase contrast: phase objects vs. amplitude objects

*Even transparent objects change the phase of the light that goes through

them
., Reference —
wave
b) Amplitude / Reduced
object / amplitude
¢y Phase Retarded
object phase
Figure 7-2
Effects of amplitude and phase objects on the wavedorm of light. (a) Reference ray with
charactenstic amplitude, wavelength, and phase. (b) A pure amplitude cbject absorbs energy
and reduces the amplitude, but does not alter the phase, of an emergent ray. (¢) A pure
phase object alters velocity and shifts the phase, but not the amplitude, of an emergent ray
Wavedront of
fransmitted light
N i . L .
= l ifx ( c E (Nsampie/Mmedium) * distance = optical path difference
Figure 7-3

Disturbance by a phase object to an incident planar wavefront
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The phase-shift produced by phase objects

. The phase-modulated wave P can be represented as the sum of an unaffected wave (S) and a wave that is
M4 (= n/2) out of phase (D).

. However, this does not produce any useful contrast, as P and S have the same amplitudes (l.e., the
interference is neither constructive nor destructive).
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Figure 14.17 Wavefronts in the phase-contrast process.

Figwe 75

Phase relasons between S, D, and P warves in bright-field microscopy S and D waves,
generated al B0 object. recombing Trough Nlerianencs 10 goneats the resutant particle
mage wave (P} in he image plane of the microscope (P « S + D). Relatve 10 S, the D wave
has 8 lower ampitude and is retarded in phase by 0, The sight phase stelt of 20 in the
resutant P wirve & related %0 he optical pam longth diffarence and is typical for small object
detads in a cell. Since the ampitudes of the S and P wirves are the same, the contrast is O,
and Hhe object remans nvisible against the background. (a) Wave compononts shown as
S0 wirves. In e Chapier, 500 Winves regresen! o ampiitude and phase of & shole
population of warves, not single photons. Thus, the lower ampitude of the D wave does not
MERn ey Wikt Abicrbed, But e hat e A fower D wirves than heve ae S maves.
(2} Vector dagram of S, P and D waves. For explanation, seo taxt
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Analytical treatment of Phase

Copied and adapted from Hecht, "Optics"

There is a relatively simple argument to justify using a quarter-wave plate at the back-focal plane of the objective, from a mathematical perspective that
doesn’t need to appeal to the physical nature of diffraction. The function of the plate is to make the phase difference between the Ot order and higher-order
(diffracted) beams exactly one-half wavelength (i), so that they can interfere, either constructively or destructively, at the image plane (conjugate to the

specimen plane) of the microscope. The quarter-wave plate shifts any existing phase difference by /2, so the question is, what makes the initial phase
difference m/2?

One can show that small phase perturbations can be represented at the specimen plane by a function that is phase-shifted from the undiffracted plane wave by
1t/2, as follows:

Incoming light at the specimen plane is represented as:
Ei(x,t) = E sin ot (x=0 at the specimen plane)

A phase-dark particle causes a local phase perturbation ¢(y,z) of the plane wave at the specimen plane, so that the phase-modulated (PM) wave leaving the
specimen at x=0 is:

Epp(1,t) = Epp(X,y,2,t) = E sin (ot + ¢(y,2)) (recall that x=0 here)

“This is a constant-amplitude wave which is essentially the same on the conjugate image plane.” At either the conjugate image plane or at the specimen
plane (since they are equivalent) we can expand this equation (using rules of trigonometry) to:

Epp(¥-2z,t) = E, sin wt cos ¢ + E,, cos ot sin ¢

If we assume that phase perturbations ¢ are small (this is the key to the argument), we can approximate the above equation (again using rules of
trigonometry) as:

Eppu(v,2,t) = E; sin wt + E; ¢(y,z) cos wt
All of the phase information in the above equation is now present in the second term, which is out of phase with the first term by /2.
In this analysis, the addition of an quarter-wave plate at the back-focal plane of the objective will leave the 0t order undiffracted light unchanged but the

effect of the quarter-wave plate on the diffracted light will be to change the cos in the second term to sin, thus converting a phase-modulated wave Ep, to an
amplitude-modulated wave E,,,, which we can see:

E m(y,z,t) = E; (1 + ¢(y,2)) sin wt
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What we would like to do to achieve phase contrast
iIn the microscope
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How can you specifically alter the phase of the light that
Is scattered by the specimen?

» Using the diffraction gradient as a model for the specimen, the Abbe theory shows that at the back
focal plane of the objective, the diffracted (scattered) light is spatially separated from the
undiffracted (Oth order) light

Grating A

_--:"

Cbject Diffraction plane Image
plane (Back focal plane of lens) plane
Figure 5-14

Abbe's theory for image formation in a light microscope. An objective lens focused on a
grating (2f = a > /) in the object plane produces a magnified real image of the grating in the
mage plane, The diffraction plane is located at 1/in the back aperture of the lens. An
ncident planar wavefrot is shown. Ditfracted nth-order and nondiffracted Oth-order rays are
separated in the ditfraction plane, but are combined in the image plane,

Tuesday, 13 March 2012




In the back focal plane, diffracted and
undiffracted light are spatially separated

This simplified example shows illumination by parallel light rays (not a cone of light)

Light scattered Undiffracted
by specimen light

Figure 14.16 Phase-contrast setup
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Phase contrast setup in the microscope

. Same principle as in previous slide, but now in the context of a cone of illuminating light
. The key trick is using a "hollow" cone of illumination rather than a "solid" cone.

The phase plate is darkened to attenuate Oth order light (this is
good for phase contrast but less good for fluorescence)
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Some practical aspects of phase contrast

Misalignment of the condenser phase
annulus leads to imaging artifacts

. A phase-telescope or Bertrand lens is used
to ensure that the two rings are aligned

Figuee 7-9
Agrment of condenser and cbioctve annull. An ayepkce Skscope o Bervand lens is
USOd 10 EXAMING $0 back apertsns of 1o cIECtve lens. (a) The dark ring of the phase plake

from the condenser CenYation sorews, which ane wmed 10 Center the condenser lons wih
seS00ct 10 the 0ptic axis of Hhe mcrcecope. (B) Notoe he low-conrast shaded image
resuiing from a maakoned annulus.

"Phase halo" at the edge of highly refractile
specimens--this is unavoidable and due in part
to lower-order scattered light passing through
the phase plate where the Oth order light would
pass (i.e., no interference)

fz.?é

Comparson of pOstive and NeGatve PRase CoNast sysiems. Shown in pars. rom the op down: phase
plates 15 SAMAGIN (POSIIVE CONYAst) OF retanding (Pegatve Contast) the SUSCUNS wirve, ampitude
proios of Warves Showing dest-uctive Nlerienence (Losiive phase CoNYast) and Constructive nterfaence
regatve prase convast) ke a highwefractve-ndex obect Notice tha! the phase plale advances o
1elaeds o S warve rofadve 1o the D wine. The ampitude of the resutant P wave & iower or higher than
Do 5 wave, Chuting e obyoct 10 look relatvely darker or Brighter Ban the background. Vector dagrams
Sowing advancement of 1he S wirve by A4, which & shown as a 90" coumerciockwise rotation i poatve
phase conteast. and relandason of e S waree by A, which s shown as a 90° dockwise rotaton in
fegatve prase contrast Addtion of the S and D mave vecions gives P waves whose ampiiudes vie'y
relatve 15 B0 S wirees. Images of erythrocytes In positve and regatve phase CONIRS! OpaCs.

Plus--the dark phase ring can be
less than optimal for fluorescence
(and sometimes autofluorescent!)
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Differential Interference Contrast (Nomarski)

 Whereas phase contrast generates contrast from absolute difference in optical
path (OPD), DIC generates contrast from relative differences in optical path (i.e.,

dOPD/dx)

Perceived
< N © intensity
e 55
: : \V
x X
(a) (b)
Figure 10-2

Gradents in optical path length yield differences in amplitude. (a) Plot of optical path length
across the diameter of a phase-dense object. (b) Derivative of the optical path length curve
shown in (a) added to a constant gives the amplitude profile perceived using DIC optics.
Positive and negative slopes in (a) correspond to regions of higher and lower amplitude.
Regions of the object exhibiting no change in slope have the same amplitude as the

background.

Figure 10-1

Primary oocytes of the surf dam, Spissula sofidissirna, in DIC optics. The gradients of
shading in the image indicate regions of rapidly changing optical path length in the cell. The
large specialized nucdleus and prominent dense nucleclus comprise the germinal vesicle in
these meiotic cells,
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To understand how DIC works we need to
understand polarized light

* Just as we can't see phase, nor can we see polarization.
« Some animals can see polarization, e.g. bees and octopus

Plane-polarized light in any
arbitrary plane can be thought of
as the vector sum of two
orthogonal polarized components

Rgwe 1 Lincar light.

E is the vector sum of E, and E,
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Circularly polarized
light

- What happens when the orthogonal components E,
and E, are out of phase?

In phase

Figure 8.2 Linear hight Figure 8.3 Rught-circular hght
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Plane-polarized and circularly-polarized light are
both special cases of elliptically polarized light

These are 90° (n/2) out of phase.

Imagine what the polarization vector y
would look like if the E, and E,
components were 45° out of phase (i.e. :

m/4, or A/8)...
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(Birefringent crystal interlude)

« Essentials of the DIC set-up:

« Two polarizers, at right angles to each other ("no
transmission through crossed polarizers")

« Calcite (Iceland spar), a birefringent crystal that
splits polarized light into two distinct beams that
are spatially separated and orthogonally polarized
(O-rays and E-rays).
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Two representations of the (same) DIC setup

. Polarizer polarizes the light (recall that polarizer and analyzer will be at right angles to each other).

. Wollaston | splits the polarized light into two orthogonally polarized beams, which are also slightly separated spatially (this is what "measures” dOPD/
dx).

. The two beams travel through (very closely) neighboring parts of the specimen. Where appropriate (i.e., where dOPD/dx #0), a phase difference A is
introduced.

. Wollaston Il recombines the beams. When there is no phase difference A, the result is linearly polarized light that cannot pass through the analyzer.

. But when there is phase difference A, the result is elliptically polarized light, and the component of this light parallel to the analyzer axis can pass
throygh tl;e anal
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BT Sap— 4 e Optical components of a DIC microscope. Two polarizers (polarizer and analyzer) and two

modified Wollaston prisms (DIC or Nomarski prisms) are required. The condenser DIC prism
acts as a beam splitter, producing two closely spaced parallel beams that traverse the object
and are recombined by the objective DIC prism. The dots and dashes indicate the mutually
perpendicular vibrations of the two components of the spit ray as defined in Figure 8-7,

POLARIZATIONS RAY PATHS OPTICAL PATH VARIATIONS

Fig. 38, The optical system for interference contrast.
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Why DIC detects edges

. A phase shift of the O-ray relative to the E-ray results in elliptically polarized light after the two rays are recombined by
Wollaston Il (often called the "top" Wollaston).

. The component of the elliptically-polarized light that is parallel to the analyzer axis passes through.

\

x X 1
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Analyzer O & &
4 *
R
—— ¢ &
) Resultant
&4 waveform
P A \
ﬁ
Wollaston Il '
- 4
4 __Phase
iy object
1
+ 4
a b c

Figure 10-5

Progression of rays through the DIC microscope. An incident beam of linearly polarized hght
is split by the condenser DIC prism into O- and E-ray components that are focused by the
condenser lens onto the specimen. The two rays follow separate parallel trajectories
between the condenser and objective lenses. (a, b) In the absence of an optical path
difference, the O and E rays are combined by the objective prism, giving linearly polarized
light that vibrates in the same plane as the polarizer and is completely blocked by the
analyzer. (¢) M an optical path difference (phase shift) exists, the prism recombines the
beams, giving elliptically polarized kght that is partially transmitted by the analyzer.
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Bias retardation causes the 3-D shadow effect

-

This part a little hard to understand--see next slide

Wih Das retardaton

If you do it just as decribed thus
far, this is what you get--maximum
extinction--background is darkest,

_____—and both edges are bright

Bias retardation introduced
(selectively phase-shifts one of
the orthogonally polarized
beams)--background is medium
< pmmn= intensity

\ ! 5y Bans

Figre 106
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21053 Hhe object The graphs iIndcating the phase shit & show the O and E mavedronts
Oabeled X, and T.) i the wmage plane aber passage Brough the objective DIC prism and
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At maximum extinction, the analyzer doesn't
"see" the different orientation of the ellipse of
"b" as compared to "c". All the analyzer

"sees" is the total vector contribution parallel

How bias retardation works

 This results in the 3-D "shadow effect"

Gray White Black
S S
& @ &
Analyzer £ &@ &2
& o N
- - % 0&} ’06\
N ~ N4
) e Resultant
J — -
' : waveform

» + - :
Wollaston Il

) Phase
object
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With bias retardation there is a systematic
phase difference introduced by Wollaston I,
such that light in "a" is already elliptically
polarized. Now the difference between "b"
and "c" is detected by the analyzer.




Benefits of DIC

Advantages
« With bias retardation can get very nice even contrast from the image

« Highest-resolution, because full aperture is used (often oil immersion
condenser)

* No phase halo on thick specimens such as yeast
« Excellent optical sectioning, especially good for embryos/whole organisms

Drawbacks
« Tissue culture plastic can be a problem

« Sometimes requires rotating stage to obtain full benefit (e.g. single microtubule
detection)

« Expensive, on a small budget (but can plan for future by buying DIC nosepiece)
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Summary of contrast
methods

« All of these methods are most easily understood in the context of the Abbe theory

« The notion of conjugate planes figures prominently, as does the importance of the
objective back focal plane as a place where undiffracted light can be distinguished from
diffracted light

Darkfield: By using a condenser N.A. greater than the objective N.A., Oth order undiffracted light is rejected at the
objective back focal plane, and does not contribute to image formation. Only interference of higher-order diffracted
light contributes to image formation. The result is that details of the specimen may be obvious, but extended
specimens have relatively little contrast (great for E. coli, poor for tissue-culture cells)

Phase contrast: By placing an annulus at the condenser aperture plane, the sample is illuminated with a "hollow"
cone of light rather than a "solid" cone. This means that at the objective back focal plane, all of the Oth order
undiffracted light will appear as a ring, while most of the diffracted light will be inside or outside this ring. Introduction
of a darkened annular quarter-wave (A/4) plate at the objective back focal plane results in a total A/2 (180°) phase
shift of diffracted light relative to undiffracted light, as well as specific attenuation of the undiffracted light. At the

image plane, interference of this "modified" diffracted and undiffracted light leads to good image contrast without
sacrificing high-resolution

DIC: Wollaston prisms (one at the condenser aperture plane, and the other very close to the objective back focal
plane) are used to create two parallel and orthogonally polarized beams (O-rays and E-rays) out of every beam that
would be incident upon the sample. Any phase difference between O-rays and E-rays is converted into elliptically-
polarized light when the rays are recombined. Bias retardation is further added to give the edge effect.

For further explanation and reinforcement, read on your own!
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