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LIGHT

In optical methods light is truly the medium and therefore the message.

However, in order to read this message elfectively we need some under-
standing of the nature and properties of the medium, The first question we
might ask s, What is light? This is about as difficult to answer as, What is
life? The physicists have left us with the intuitively unsatisfying answer that
some properties of light may best be explained if light is considered a wave
phenomenon while other properties are only accounted for if light is con-
sidered a particulate phenomenon; thus, we are left with particle-wave duality.
The photon (particulate) theory of light is thought to be the fundamental
one, and the wave theory represents a special case of this quantum theory at
a more macroscopic level. In other words, in those phenomena where enor-
mous numbers of photons are involved (i.e., the bulk of light phenomena)
one observes the wave properties as a statistical consequence of the behavior
of the large population of photons involved. This is akin to radioactive decay
where it is impossible to predict which particular atom will decay at a certain
time, yet if you consider a large group of atoms it is possible to write a pre-
cise mathematical expression which will very nicely fit the observed decay.

Wave Theory

The modern electromagnetic wave theory of light was first propounded
by John Clerc Maxwell in 1873 and accounts for such properties as ampli-
tude, frequency, phase, and polarization. In this theory light is considered
to be composed of transverse,waves (as opposed to sound waves which are
pure lorgitudinal waves). Figure 8.1 is a pictorial representation of a trans-
verse wave showing amplitude 4, wavelength A, and ray path RP; Figure 8.2
illustrates a fongitudinal wave. Note that the direction of vibration of the
transverse wave is in the plane of the paper and perpendicular to the direction
of propagation. The wave normal (WN) is perpendicular to the direction of
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FIG. 8.1. Transverse wave (light): A = wavelength,
A = amiplitude, RP = ray path, WN = wave normal,
C = velocity of light,

vibration and in this case coincides with the ray path. The velocity of lig{\t
Cis 3 X 10® m/sec. Visible light is only a small part of the electromagnetic
spectral continuum which ranges from gamma rays to rad.io waves (:fnd x‘nayb_e
even gravity waves) (Tables 8.1, 8.2). In this Maxwellian viewpoint light is
considered a continuous stream of clectromagneltic energy and can be thought
of as an example of physical symmetry. .

What do we mean by the term electromagnetic energy? Consnc!cr the
sitvation in Figure 8.3, A moving magnetic field B generates an eleclrlc. field
E at right angles to B. The moving electric flux £ generates a perpfndlcular
magnetic field B', and B’ generates a perpendicular electric field £°. In the
case of light 8=8', E=E’, and 5o on continuously (Fig. 8.3). The velocity,
¥, of these moving fields in a vacuum can be shown to equal +/1/ug €, where
Ho = vacuum permeability constant (12.57 X 1077 webers/amp. m) and ¢, =

DD

FIG. 8.2. Undirected longitudinal wave (sound)
emitting from telephone receiver.
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Table 8.1, Types of Electromagnetic
Radiation and Respective Wavelengths

Type Wavelengih (A)
Gamma rays 1074-4.0
X-1ays 1072403
Ultraviolet 1000-3800
Visible 3800-7800
infrared 7800-10%
Radio waves 108-10V?

Table 8.2. Wavelengths of Light and Corresponding Colors

Visible Spectiuin

Ain A 38004360 4360-4950 4950-5660 5660-5890 5890-6270 6270-7800
Color violet blue green yellow orange red

vacuum dielectric constant (8.85 X 107'? coulomb?/n.m?). The values of
the constants are established through stundard electromagnetic measurements;
when this velocity is evaluated, it tums out ¥=C=3 X 10® m/sec. Thus
light is a phenomenon that stems from rapidly varying (and mutually perpen-
dicular) electric and magnetic fields propagating in a vacuum at 3 X 10% m/
sec. In other materials (glass, calcite, fluorite) the velocity of light will be a
specific function of the diclectric constant of the material through which the
light is passed. The index of refraction, N, of a material is defined as the ratio
of the speed of light in a vacuum to the speed of light in the material. It is
therefore always greater than unity for a malterial substance.

£
Electric
Field

/ kP

g
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FIG. 8.3. Electric and magnetic field components
of light,
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Particulate (quantum) Theory

The particulate or quantum theory of optics is due to Einstein (1905)
and conceives of light as a shower of photons: each photon contains a quan-
tum of energy, € = hif, where h = Planck’s constant (1.58 X 1073* cal sec) and
f=the frequency of the light =¢/\. Note that the photon has a wave com-

- ponent; a wavelength is assigned to each photon. Even matter itself is thought

to have a wave component, and it was Einstzin’s work on the properties of
light that led de Broglie to this conclusion. Only the quantum theory can
account for the interactions of light with matter such as photoelectric emis-
sion and fluorescence. Qil drop experiments by Millikan (1909-1913)
showed that the kinetic energies of photoelecirons were in exact agreement
with the formulas proposed by Einstein. Compton also observed the motion
of u photon and a single electron both before and after collision and found
that both behaved like elastic material bodies having kinetic energy and
momentum, both of which were conserved in collision. Note that the energy
of a photon is proportional to its frequency; the smaller the wavelength of
the light, the greater the energy per photon. A mole of photons (6 X 10??)
is called an einstein and is the modern unit for light energy calculations.
Anlount of energy in an einstein of blue light:

(1.58 X 107 cal sec/photon) (3 X 10'® cm/sec)
(6 X 10?3 photons/einstein)
436 X 1077

= 65,447 calories/einstein

E=

Amount of energy in an einstein of red light:

(1.58 X 1073 cal sec/photon) (3 X 10 cm/fsec)
(6 X 10® photons/ems(em)
780 X 1077

= 36,583 calories/einstein

=

There is almost twice as much energy in a photon of blue light as in a photon

“of red light. This explains why ultraviolet light is so much more energetic

than visible light; it can burn out the retina of a human eye very rapidly, and
thus extreme care must be taken in fluorescent and ultraviolet microscopy.

The index of refraction is probably the most widely used parameter in
micioscopy. As mentioned previously, the index of refraction of substance i
is given by:

=C/Cl

where N, = index of refraction of substance i
C = speed of light in a vacuum (3 X 10'° cm/sec)
C; = speed of light in substance i.

Consider Figure 8.4 where we have two substances, 4 and B, of different
indices of refraction. Let us imagine a beam of monochromatic light inci-
dent upon these two blocks of material. As the light passes through sub-
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FIG. 8.4. The invariant nature of the frequency. As
monochromatic light of wavelength X enters substance
A, it assumes velocity C 4 and wavelength A 4. When
this light enters substance B, it assumes velocity Cg
and wavelength Ag. Upon leaving substance B the
light again assumes the velocity C and the wavelength
A that it had before entering substance 4.

stance A it will assume a velocity C4 und a wavelength X4 characteristic of
substance A. Similarly with substance B we have Cy and Ag. Does anything
remain constant about the monochromatic light? The answer is yes, and the
invariant property is the frequency, f.

This implies the following:

Ja=18
Calrhy = CglAg
Cahg =Cgh,

(Divide both sides by C)
Cadg/C=CgMIC

Ag/N4 =X4/Ng

Ap/hy =N4INg

Previously we mentioned that the color of light was a function of its wave-
length. This is common usage, but it should now be apparent that this is not
quite so, and that frequency is really the fundamental color parameter.

Properties of Waves

Since most of the properties of light dealt with in microscopy can best be
considered from a wave standpoint, it behooves the microscopist to huve at
least an elementary understanding of waves.

Frequency

For reasons stated above, frequency, f= ¢/, is the fundamental property
of waves. The inverse of frequency is called the period, and its units are
seconds per cycle. In other words, frequency is the number of waves per unit
of time (cycles/sec), while the period 7 is the time it takes for one wave-
length to pass a given point. In every second f waves go past a particular
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point; since each wave is a certain linear distance long, A, a wave must travel
S\ per second, which is equal to the velocity of the wave (V = f}).

A familiar example of waves is water waves. Let us take a closer look at
them in order to better understand the wave phenomenon. The first thing to
observe is that it is the disturbance that travels and not the wave itself. This
can be demonstrated with the use of a fishing pole, a line, a cork, and a quiet
pool. Suspend the cork to the fishing pole by means of the line and lower it
into the center of the pool, jiggling it up and down slightly. In this situation
the cork has no tendency to move from the center; only the disturbance
moves.

If we could tag the individual water molecules and foliow them as the
wave motion passes, we would find that the molecules make a roughly circular
orbit around their initial position with an average velocity of approximately
zero. The wave disturbance moves much faster than the molecules move in
their ¢ircular orbits. This can be iltustrated in the following way.

Imagine yourself in a boat being tossed by waves. You note that the
distance between successive wave crests is 180 ft and a wave passes under-
neath you every 4 seconds. From these observations we compute the follow-
ing:

A= 180 fi; T=4sec
V=f\=1/4 X 180 = 45 ft/sec

Thus we have the velocity of the wave motion (the disturbance), but what
about the molecular motion? If the waves are 3 ft high (4 = 3 ft) you know
that in 4 seconds the molecules must move around the circumference of a
circle 3 ft in radius; i.e., $ = 2ar = 18.85 fi. The speed of the molecules in
them is 18.85 {t +4 sec =4.71 ft/sec. Therefore, it is clear that the distur-
bance Is traveling approximately 9 times the speed of the molecules; i.e.,
energy can move faster than direct mass motion in this situation. Of course
these calculations are not independent of the magnitude of the individual
parameters, but the conclusion is a general one.

Polarization

Polarization refers to waves whose vibration directions are in a common
plane. To illustrate this you can use a piece of rope and a fence post. Tie the
rope to the post and stretch it out. 1f you shake the rope up and down, you
have an analogy to a polarized light wave. Imagine a large number of posts in
a row, all with vibrating ropes. This is analogous to a beam of polarized light.
If we looked at a cross section of an unpolarized light beam we would see not
just one ray vibrating in one plane but many rays traveling along the same
axis and vibrating in many planes (Fig. 8.5A). This results in “chaotic mo-
tion.” To polarize light means to bring order out of the chaos.

In polarized light all the light vibrates in a single plane—that dictated by
the polarizing medium (Fig. 8.5B). The polarizing medium can be a crystal
(calcite, herapatite) or an H-sheet of aligned polymeric jodine molecules. By
analogy we can think of these crystals as a picket fence. Only if the light
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FIG. 8.5. A, Cross section of a beam of statistically

unpolarized light. B, cross section of a beam of
polarized light.

Pass No Foss
A ]

FIG. 8.6. Picket fence analogy for polarizing me-
dium.
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Direction Of
Polarixation

Polarizing Medium

/Magm'fudo Of Incident
Vibdeation

| Magnitude Of Polarized
Light Transmitted (lcose)

=l
FIG. 8.7. Transmission of polarized rays by a
polaroid sheet.

vibrations are parallel to the pickets will they be perniitted to pass through
the crystals (Fig. 8.6). The fence is analogous to the polarizer and the direc-
tion of the pickets is analogous to the plane of polarization. If a vibration is
in some plane other than the ones the polarizer will completely transmit
(parallel) or reject (at right angle), the trigonometric component or projection
of this incident vibration on the plane of the polarizer will be transmitted
(Fig. 8.7).

Phase

The meaning of phase is best understood in the context of two waves
propagating from a common source (Fig: 8.8). Consider the casc of two
waves that are exactly out of phase, e.g., waves 4 and B (Fig. 8.8B). This
means that when wave 4 peaks in the positive direction, wave B is peaking in
the negative direction and vice versa. These waves will “interfere® with each
other and in actuality only the resultant wave R, the algebraic sum of waves
A and B, would be transmitted. This is a case of destructive interference, and
the amplitude of the resultant wave is lower than that of the larger wave. If
A and B had the same amplitude, the resultant wave R would have an ampli-
tude of zero, and complete darkness would result. On the other hand. in
constructive interference (8.8A) there is enhancement of the light. The
amplitude of the resultant wave is again equal to the algebraic sum of the
component waves, but in this case the resultant amplitude is greater than
that of either of the component waves.

Often the difference in phase between waves is expressed in terms of
fractions of wavelengths. If wave A differs from wave B by a whole wave-
length the waves will be in phase (Fig. 8.9A). In fact. if the waves differ by
any integral number of wavelengths (OX, I\, 2, ... ) they will still be in
phase. However, if wave A differs from wave B by a half wavelength the
waves will be exactly out of phase (Fig. 8.9B). This applies to odd nunibers
of hall wavelengihs, e.g. 12X, 3/2x S5/2\,...(2n+4 1)/2\. Intermediate
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FIG. 8.8A. Constructive interference—in-phase waves.
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FIG. 8.88. Destructive interference—out-of-phase
waves.
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FIG. 8.9B. Waves in phase.
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conditions occur, and these can also be calculated. The path difference A is a
linear unit of difference and could be expressed in m, cm, or nm as well as in
fractions of wavelength. In general, to find the amplitude R of the resultant
wave when a path difference of x exists between waves 4 and B (4 and B
also represent the respective amplitudes) the following relationship is used:

R*=A4%+B* + 24B cos (x - 360°).

Refraction

When light travels from a medium of a certain index of refraction N; into
a medium of different index of refraction N, the light is bent (refracted).
The extent of bending is expressed precisely in Snell’s law: N sini = N, sin r.
The angle of incidence, i, is equal to the angle of reflection, I. Note in Figure
8.10 that the angle of refraction 7 can only have values from 0° to 90°. Forr
values greater than 90° (calculated by Snell’s law) there is total reflection.
The angle of incidence at which total reflection occurs is called the critical
angle. The ciitical angle from glass to air is 41.3° and from glass to water
61.7°. There is no critical angle from glass (V= 1.515) to immersion oil
(N =1.515), and this is one of the reasons for immersion.

do= Incident Light Ray N sini = N sinr
oL* Refhcted Light Ray di = L
oR = Refracted Light Ray

i = Angle Of incidence in Medium i

Lr * Angle Of Refraction in Medium r

{4 = Angia Of Retlection In Medivm i

FIG. 8.10. Diagrammatic representation of refrac-
tion.
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Dispe[sion THIN - EDGED LENSES

The separation of a beam of white light into its component colors (wave- I Bicomex
lengths, frequencies) is termed dispersion, and the dispersing medium must
have a different index of refraction for each wavelength that is dispersed.
The phenomenon is commonly observed with prisms. For most substances
the angle of refraction becomes larger as wavelength becomes longer. 1t is 2. Pl
possible to determine the index of refraction A for any wavelength of a partic-
ular substance through use of the Cauchy equation: N=A4 + BNV +CIA\Y + "

.., where 4, B, and C are the Cauchy constants of the substance which in
practice are tabulated in various handbooks; they can also be calculated as oo 3. Concavo~ Convex
needed using three equations to determine the three unknowns.

r Converging  { Positive )

) ) ¢

Diffraction

Diffraction refers to a systematic scattering that occurs when a light beam
passcs across an edge of an object. When light encounters an object, three
things happen: (1) part of the light is diffracted by the margins of the ob-
ject; (2) port of the light is diffracted by the internal structure of the object; ‘ ‘
and (3) part passes by the object without being diffracted at all and is termed '
the direct or background light. The diffructed waves interfere with each
other giving rise to bands of maximum, minimum, and in-between light. The
bands of enfoicement (due to interference of exactly in-phase beams) are 2. Planoconcave
termed the first, second, third, etc. orders of diffraction. The beam along the
ray path axis is termed the zero-order beam and is also a maximum enforce-
ment beam. The finer the diffracting structure, the greater the angle of

THICK-EDGED LENSES

I 8iconcave

} Oiverging  (Negative )

i

divergence of the diffracted orders. The diffracted beams register in their 3. Convex - Concave N
phase, intensity, and direction the minute features of the object. Groups of ! .
diffracted beams together with direct beams enter the microscope objective FIG.8.11. General types of lens shapes

separately and are brought together at the image plane where their interfer- '
ence results in image formation. The more diffraction ordess vollected by the
objective, the more exactly does the image resemble the object. Normally the

image will be good enough to separate two small internal objects if the objec-

tive collects at least the first-order beam. Nevertheless, the advantage in using ;
objectives of high numerical aperture (see Chapter 1) is obvious; they have !
greater ability to collect a widely spread diffraction pattern and give truer :
images of the object.

LENSES ' , ; ¢
In general there are two main types of lenses--thin-edged and thick-edged—

each with three subtypes (Fig. 8.11). Thin-cdged lenses when illuminated !

by monochromatic light traveling parallel to the lens axis (Fig. 8.12) ! |

1

!

Axis

converge all the light to a point on the axis known as the principle focus. On : : ¢

the other hand, thick-edged lenses under the same illumination (purallel) :

dwerge all the pa~rallel light rays (Fig. 8.13). However, lfm.\e traces baclg (I'xe : F1G. 8.12. Converging of parallel monochroinatic
diverged rays, one observes that they come back to a point on the axis in light by a thin-edged lens: ¢ = center of lens; o0 -
front of the lens. This point is also the principle focus. The distance along principal focus; /= focal length.
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Case

Case 2

Fld. 8.13. Diverging of parallel monochromatic
light by a thick-edged lens: ¢ = center of lens; 0 =
principal focus; f = focal length.
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FIG. 8.14. Point source data for action of thin-edged
lenses.
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the axis from the center of the lens to the principle focus is termed the focal
length, 1. :

For illustrative purposes we will concentrate on the action of thin-edged
lenses. There are three possible situations or cases that can be set up with
thin-cdged lenses, as illustrated in Figure 8.14. ln this example the lens is
being illuminated by a point source P, and the image of the point source is Q.
The distance from the center of the lens (note that a ray passes through the
center of the lens undeviated) to the point source is called the object distance,
p. Similarly the image distance is designated ¢. In Case 1 Pisin front of the
principle focus so the rays are converged forward to Q. This is the situation
between a specimen and the front lens of a microscope objective. In Case 2
P is at the principle focus and no image is formed. In Case 3 P is located be-
tween the front principle focus and the lens; the thin-edged lens causes the
light rays to diverge less, and a virtual image in front of the lens occurs. This
is the situation with regard to the eyepiece of the microscope.

Out of the massive number of light rays entering a symmetrical lens let us
select three to use as an aid to understanding the geometrical properties of
image formation (Fig. 8.15). The first ray we select passes from the tip of the
specimen (arrow point) through the center of the lens and is therefore un-
deviated. The second ray passes from the specimen to the lens parallel to the
lens axis and therefore is refracted through the back focus of the lens. The
third ray passes through the front focus on its way to the lens and is therefore
projected parallel to the lens axis. These three rays cross at the image plane,
as depicted in Figure 8.15. The distances p, q, and f are related by the classic
lens makers” formula: 1ff=1/p+1/q. Magnification is q/p, as shown in
Figure 8.15; as the focal length decreases, magnification increases. These

b abe ~ abe’
gy _ ab
Be ¢

-%-:- s —-:—% = magajtication = —:—
FIG. 8.15. Relationship between image distance,
o'bj,ect distance, and magnification: ab = object size;
a b = image size; 0,= front focus; O, = back focus;
c = center of lens; p = object distance;q = image
distance.
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formulas hold for virtual as well as real images; but in virtual images q hos a
negative value because it is on the same side of the lens as the object (left of
the lens), and therefore magnification is also negative.

Human Eye

In any discussion of microscopy the human eye (Fig. 8.16) should also
he considered, since it is part of the optical system. The glass lenses we have
been discussing have fixed focal length. The eye, on the other hand, can ac-
commodate; i.e., it can focus on both close and distant objects. 1t does this
by actually changing the shape of the crystalline lens and therefore changing
its focal length. The edge of this lens is encased by the ciliary muscle; when
this muscle contracts the lens bulges out and its focal length is reduced,
bringing near objects into focus. When the ciliary muscle relaxes the suspen-
sory ligaments come under tension and the lens is Nattened. This causes an
increase in focal length which permits more distant objects to be focused.
This is why the normal eye is most relaxed when viewing distant objects
(parallel light). Ten inches (250 mm) is the distance of most distinct vision
for most people, hence the image distance for the compound microscope. In
the normal eye (Fig. 8.17) the rays are focused right on the retina (emme-
tropia); in the nearsighted eye (inyopia) the rays are brought to focus in fiont
of the retina; and in the farsighted eye (hypermetropia) the rays are brought

9. Relina

3. Ciliary Muscle

10. Sclerotic

1. Vitreous Humor

2. Choroid

7 lis
4. Cornea .
5. Crystolline Lens
8 tlacula { 6. Fovea Cenlralis
uvlfca
I Aqueous
Humor

12. Optic Nerve

FIG. 8.16. Human eye: (1) fluid with N = 1.33;(2)
dark pigmented cells that eliminate stray light; (3)
muscle that effects accommodation; (4) transparent
outer layer of front of eye, N = 1.38;(5) crystalline
lens, N = 1.41 at center to 1.38 in outer layers; (6)
center of macula lutea; (7) diaphragm that controls
amount of light entering the eye; (8) special sensitive
area of retina where vision is most distinct; (9) re-
ceiving screen upon which images are formed; (10)
opaque and tough outer bayer of eye; (11) transparent
jellylike medium, ¥ = 1.33;i12) oplic ancrve.
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Emmetropia Myopia Hypermetropia
{normal eye) {nearsighted sye) (farsighted eye)

Corrected Myopia Corrected  Hypermeltropio

FIG. 8.17. Focus of the human eye.

to focus behind the retina. Thus myopia requires a negative lens (thick-
edged) while hypermetropia requires a positive lens (thin-edged) for correc-
tion. With age many people tend to become farsighted because the ciliary
muscle weakens and loses some of its elasticily and contractive power.

The crystalline lens of the eye functions as any simple lens (see Fig. 8.15)
and Inverts the image; that is, the retinal image is inverted, but the brain
perceives it as erect. The noted student of vision, Erism:an, demonstrated this
very dramatically by wearing a pair of spectacles that inverted his nonnal
vision. At first he clearly perceived everything upside down, but gradually
his vision grew blurred and then began to clear again. At this point he began
to see erect images. When he finally removed the spectacles everything was
upside down again, but fortunately afier a time his brain rereversed his image

perception. This type of experiment takes a very brave experimenter, and the

student is not urged to attempt to verify these results,

RESOLUTION

At this point we are able to consider resolution at a somewhat more

sophisticated level. In Chapter 1 we presented a formula for calculating
resolution in the microscope: h = 0.61A\/NA, where I is the minimal distance
by which two structural enlities in the object may be separated and still per-
ceived as two distinct structures, X is the wavelength of light, and NA is the
numerical aperture of the optical system. For the unaided human eye the
minimal distance, /i', is about 200 pm; for a research microscope h is about
0.2 um. This gives an increase in resolution of about a thousandfold. For the
electron microscope (which uses electrons instead of light and operates with
electrical or magnetic lenses insteud of glass lenses) the increase is about a
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millionfold. These increases in resolution are accompan.ied by increases in
magnification, but there is no cause-and-effect relationship belw.een the two.
There is, however, a fundamental limit to the amount of resolution that may
be attained. There is no corresponding limit to the amount of magnification
that may be attained, but there is a limit to the amount of useful magnifica-
tion that can be employed. This useful maguification, desngnzzted M, is that
amount of magnification necessary to allow the human eye (&' = 200 um) to
see the resolution produced by the optical system

M X h =200 um
M =200/0.2 = 1,000

In practice M is cften taken as 1,000 NA in order to provide‘s.ome cxtra
magnification to take into account the variation in the resolution o{ the
human eye. It also facilitates the viewing of resolved structuges. Magmﬁ.ca-
tion beyond this level is called empty magnification and is assoclated with
delerioration of the image. )

If there were no fundamental limit to resolution, we could design multi-
stage magnification systems for the microscope that along with lm.age inten-
sifiers would be far more useful to man than even the electron microscope.

\ - Airy Disk 84% Of Light

Airy Disk &% of Light
Nt &ﬂ_/ \/\/\[\
-3 -2r .= O 2

" - 3w

FIG. 8.18. Diagrammatic representalion: A, Airy
disk; B, energy distribution in Airy disk,
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FIG. 8.19. Diagrammatic representation of Airy disk
under conditions of (A) complete resolution; (B)
partial resolution,.

Unfortunately this cannot be, primarily because of the phenomenon of dif-
fraction which causes the image of an object point not to be a point but in-
stead to be diffracted into a small circular spot of light surrounded by rings of
lesser light (Fig. 8.18). The central spot of light is called the Airy disk, after
Sir George Airy (1834) who first elucidated its nature. The disk itself con-
tains about 84% of the light, and the rest is distributed in the concentric light
rings. An energy or intensity plot of this situation is illustrated diagram-
matically in Figure 8.18B. If two structures in the object are so situated that
their diffraction disks just touch (are tangent), the two object points are said
to be completely resolved (Fig. 8.19A). Even if the disks overlap by one
radius the structures may still be discerned as two separate structures (Fig.
8.19B).

Thus resolution is limited by the smallest object that will cause the light
waves to be diffracted. If the object is too small to affect the light waves
passing through it, there would be zero information coded in these light
waves when Lhey arrived at the image plane.

Let us consider the case of two closely spaced structural points, A4 and B
in Figure 8.20. If we impinge light upon these structures, the diffracted wave-
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FIG. 8.20. Diagrammatic presentation of the role of AB ¢
interference in the resolution of two closely spaced : !

object points A and B. FIG. 8.21. Diffraction pattern from thrce object

points 4, B, and C in specimen. The closer together
points 4 and B, the larger 8 will become. Minimal
separation occurs when 8 = p (see Fig. 8.22).

lets from each object will interfere with each other. Some of the resultant
waves will be enhanced (constructive interference) and some will be dimin-
ished (destructive interference). This process results in beams of maximum
light (exactly in phase, see p. 137), termed the first, second, third, etc. orders
of diffraction. The beam along the central axis (also a maximum beam) is i
termed the zero-order beam. As previously stated, the greater the number of
these diffracted orders that are collected by the objective, the more truly will
the image resemble the object, and our two structures A and B will be re-
solved as separate entities if at least the first-order beam enters the objective.

The diffracted beams are all maximum and differ from each other by
whole wavelengths: OA, 1A, 2X, ...n\. In other words, the path difference
(A) between successive diffracted orders is one wavelength. Figure 821 °
illustrates the situation. Let Ax be the perpendicular from A to the ray path
from B. The path difference between the two beams is Bx = X; 8 is the angle
between the axis and the first diffracted beam; and d is the linear distance be-

. tween structures A and B. Thussin 8 = Bx/AB = Ad.

The closer together points A4 and B, the lurger 6 will become. The mini-
muin condition for separation of 4 and B is met when the first-order beam
just fits into the objective. This is when 0 =y, where 2 pu = the angle sub-
tended by the objective lens; therefore, in Figure 8.22 we sec that:

Fran( Lens Of Oljeclive

o

hoE 0.61x _ 06/
Nsin N A

. ~ FIG. 8.22. Diagram of angular relationship between
sing = Ah specimen and front lens of the microscope objective:
# = hall-angle subtended by the objective lens; N =
index of refraction; NA = numerical aperture; h =
minimal distance of resolution.

and

h=\siny
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where u = angular aperture
sin # = numerical aperture = NA
h = minimal distance under vertical illumination.

The angular aperture has a theoretical limit of 90°; in practice the limit i's
about 72°, giving a maximum numerical aperture in air of 0.95. The nugneri-
cal aperture may be increased to 1.4 by using oil immersion on both objective
and condenser. The use of the immersion oil reduces the wavelength by 1/N,
as can be deduced from the formula previously given on page 145:

Ag =NyMINp

I N4 is the index of refraction in air, \g = X 4 /Np. The formula for minimal
distance that we have derived is for vertical illumination. 1lowever, if oblique
illumination is used, higher orders of diffraction beams may be collected by
the objective, albeit on one side of the central axis only. Accc?rding to the
Abbe theory of resolution, the maximum condition yields a minimal dist.ance
of h =0.5MNA. The Raylecigh-Airy theory on the other hand takes a dlﬂ:er-
ent approach and determines the diameter of the Airy disk to be 1.22A/NA,
leading to a minimal distance formula of it = 0.61A/NA. For the best com-
mercially available microscopes the maximum resolution is around 1/3X and
is unfortunately an immutable limit for the light microscope.

CHAPTER NINE

Types of Microscopy

VOLUMES have been writter on each of the various types of microscopes,
and intensive coverage of every instrument is impossible within the confines
of this chapter. Our aim is to provide an introduction to the instruments and
to convey an elementary understanding of their principles and use. Readers
requiring more delailed and specific information are referred to the
specialized literature.

DARK-FIELD

The object under study appears self-luminous on a dark background in

dark-field microscopy. The effect is achieved by focusing an oblique hollow’
cone of light at the specimen plane. The cone is so oblique (Fig. 9.1) that if
no specimen is preseat, no light will be collected by the front lens of the
objective. If a specimen Is placed in the specimen plane, only light diffracted
and scattered by the specimen will enter the objective.

Neaurly any laboratory and research microscope can be used for dark-field
microscopy. Basically the two methods of achieving durk-field illumination
are by modification of a regular bright-field condenser or by using a special
dark-field condenser. The former is the simplest and the method of choice
for low-power dark-field microscopy (30X-200X). It is achieved by inserting
a central dark-field stop into a filter holder below the condenser (Fig. 9.2).
The central disk permits only a hollow cone of light to strike the specimen.
Obviously, for optimum effects the diameter of the disk must be varied with
the magnification to be used, depending on the ocular power as well as the
objective magnification. Disk sizes range from 7 to 18 mm and can be cut
out of cardboard and blackened with India ink. The numerical aperture of
the objective must be less than that of the condenser for best results. It is
most convenient to have objectives with built-in iris diaphragms; lacking this,
funnel stops may be inserted inside the objectives in order to accomplish the
required reduction of numerical aperture. Needless to say, numerical aperture
is not reduced any more than necessary to eliminate glare and provide a
homogeneous dark background. Observations are best made in a darkened
room.
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CONDENSER i

O8JECTIVE
FRONT LENS

SPECIMEN PLANE

FIG. 9.1. Action of dark-field system with no speci-
men in the specimen plane.

For higher magnifications and resolution it is necessary to use special oil-
immersion reflecting dark-field condensers. The paraboloid condenser was
the first specifically designed for dark-field and has a single reflecting surface.
It is based on the fact that parallel light rays incident upon a paraboloid
reflector will all be focused at the focal point of the paraboloid. The con-
denser is in the shape of a paraboloid but cut so that the focal point is slightly
above the condenser top. The oil film, the slide, and the specimen are
necessary to complete the geometry of the system. Oil immersion is also
necessary to avoid the total internal reflection that would otherwise occur,
due to the fact that the angle of the hollow cone is greater than the glass-to-
air critical angle of 41.3°. The paraboloid condenser can be used only with
objectives of less than NA 0.85, so it is limited to intenmediate magnification
and resolution.

For smaller objects or where somewhat better resolution is required
(objective NA 1.05 or less) the cardioid dark-field condenser is employed.
This condenser has two reflecting surfaces, the second of which is usnally in
the shape of a cardioid of revolution. This design is one of several that are
naturally aplanatic: ie., the optical systemn is free from spherical aberration,
coma, and chromatic aberralion.

The dark-field condenser for high-aperture work is of the cassegrain or
spot-ring type. These are also doubly reflecting condensers. They permit the

FI1G. 9.2, Dark-field stop for insertion below bright-
field condenser.
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Table 9.1, Dark-field Condensers and Applications
Maximum
Type Oil Condenser Objective Application

Daik-field stop no to 1.40 0.65 large objects, temporary

aqueous mounts
~ Paraboloid yes 1.00-1.40 0.85 large fibers, crystals

Cardioid yes 1.20-1.33 1.05 smaller objects, perma-
nent mounts

Cassegrain

(spot ring) yes 1.40-1.50 1.30 highest resolution, for

very small specimen
detail mounting
medium > .45

full use of objectives with NA 1.30 and are used for fine detail. Even objects
below the resolution of the light microscope (less than 0.2 um) can be seen
as diffraction rings. Table 9.1 lists the principal types of dark-fisld con-
densers and their suggested usages. In selecting a dark-field condenser, the
nature and size of the objects to be observed are of major import. The im-
mersion condensers focus a great deal more light on the specimen so are
greatly preferred for higher magnification work, but an intense light source is
necessary for optimum results.

In practice, first set up the standard Kohler illumination system (with
condenser annealed to the slide with oil if an immersion condenser is em-
ployed). As you focus the condenser, a dark spot will appear below the
correct positioning of the condenser. Rack the condenser up until the center
of the field is clear and uniform in light intensity, keeping the substage
diaphragm wide open. Close the objective iris (or insert funnel stops) until
glare is minimized. Most dark-field condensers aie designed for a certain slide
thickness, and this should be checked. The proper slide thickness can be
determined with the aid of a polished piece of uranium glass, as shown in
Figure 9.3. Older model condensers were often designed for thick slides, but

e
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FIG. 9.3. Determination of slide thick ness in dark-
field microscopy and light path in a double reflecting

dark-field condenser.
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this can be compensated for by oiling coverslips onto the bottom of the slide.
Slides sometiines contain internal inclusions that scatter light. Each slide
should be checked before mounting the specimen by observing it under the
same dark-field systewn to be employed in studying the mounted specimen.

PHASE-CONTRAST

The typical compound microscope allows visualization of object detail by

means of amplitude differential. Thus maximum contrast is achieved by
selective staining of the object detail; without staining most biological
preparations are practically invisible under the microscope. Even with stain-
ing the specimen must be sectioned suificiently thin so that it transiits light;
fixation is usually necessary to preserve the structure during the preparatory
procedures of sectioning, staining, and mounting. The stained object becomes
visible because the stain absorbs some of the light so that the amplitude of
the light passing through the specimen and the amplitude of the background
light are different (Fig. 9.4). The human eye is sensitive to these intensity
diffcrences, and hence the stained structure appears darker than the back-
ground.

In contrast, when light passes through a thin unstained biological
specimen there is very little amplitude differential between the background
light and the light diffracted by the specimen. For this reason the specimien
appears virtually invisible under normal bright-field microscopy. However,
the specimen does induce some phase changes between the background and
the diffracted light. It breaks up the incident portion of the light beam into
disciete bundles of rays diverging from the specimen detail over a wide angle,
and the objective lens collects these diffraction orders (within the limits of
the objective aperture) plus the background light. These two forms of light
are- brought together at the image plane and interact to form the image (Fig.
9.5). The amount of phase change exerted by the object detail depends on
the index of refraction of the structures:

phase difference = ¢ = 360 A/\

8Background
U A [ — Spacimen

Amplitude

FIG. 9.4. Amplitude differential at image plane of
background light and the light transmitted by a
stained specimen.
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FIG.9.5. Interaction of background and diffracted
light in image formation.

where A =(N; - N,,) Loptical path difference
N, = index of refraction of specimen
N, = index of refraction of mounting medium
A = wavelength of illuminating light
2 = thickness of specimen

Phase difference is often expressed in terms of fractions of wavelengths—
eg., 1/8X, 1/4 X, 1/2X. A thin section of cytoplasm. for example, might
give a 1/4 X phase difference with respect to the background light.

In 1933 Fritz Zernike, a Dutch scientist, discovered a way to convert
these phase differences into amplitude differences and thereby provide the
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FIG. 9.6. Diagrammatic illustration of light train
separation in phase-contrast microscopy.
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human eye with a high-contrast image of unstained objects. Zernike reasoned
that if he could alter the phase difference between the diffracted and back-
ground light, he could produce interference effects that would lead to
amplitude changes in the image. For example if the cytoplasm retarded the
phase by 1/4 X and he could artificially retard the diffracted light by another
1/4 X, the cytoplasm would then differ from background by 1/2; as we
noted in Chapter 8, this would cause destructive interference. The ex-
pected result is that the cytoplasm would now be visibly darker than the
background. This is in fact the case. A critical problem facing Zernike was
how to alter the phasc difference between the background and diffracted
light. This separation of the two light trains was accomplished by Inserting an
annular aperture (Fig. 9.6) similar to a durk-ficld stop in the condenser. This
aperture is of such size that it provides a hollow cone of light that can be
collected by the objective. The diffracted light is spread out alf over the
objective lens, but the background light is limited to the hollow cone. The
separation is not complete, but the system works, although certain defects of
the phase-contrast image have their orlgin in this circumstance. A phase shift-
ing plate is placed on the back lens of the objective. In positive (dark) phase
contrast the background fight is channeled through an optically thin ring in
the plate (Fig. 9.6). The relative thicknesses of the two areas of the phase
shifting plate are such that the background light acquires another 1/4 X lead
over the diffracted fight. This is the 90 + Ve phase plate system. In negative
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FIG.9.7. Graphic illustration depicting the effect of
phase difference induced by object on the intensity
of the image in a positive phase-contrast microscope,
zero phase plate absorption. (From Ross, 1967)

phase contrast the reverse of the above situation holds, and a thin object will
appear light against a dark background (90 - Ve plate).

When you look into a positive phase-contrast microscope you see hues
that may range from bright white to deep black. These gradations depend on
two things: (1) the construction of the microscope, especially the amount of
absoiption of the phase ring, and (2) the phase changes induced in the
diffracted light by the structures contained in the particular specimen being
obseived, i.e. the object detail. Figure 9.7 illustrates the effect of phase
change variation induced by objects of varying phase difference. Note that
there are three points where the specimen has the same intensity as the back-
ground light. These are called match points; with a positive phase-contrast
microscope with zero phase plate absorption these match points occur at
phase differences of O X, A/2, and 2X. As previously stated the phase differ-
ence, ¢, is a function of the thickness of the object and the difference in
index of refraction between the specimen and the mounting medium. Figure
9.7 represents the case where the phase plate in the objective has zero percent
absorption. However, under this condition the phase plate is very difficult
to see in the focusing telescope, and alignment of the systeni is painful if not
impossible. Thus most manufacturers make phase plates with varying but
rather high percentages of absorption. This produces a more visible phase
plate, but the higher the phase ring absorption, the thinner (optically) the
object that yields maximum image darkness. Additionally the range of
object phase differences that will provide images darker than background is
simultaneously restricted. These properties are illustrated in Figure 9.8. Most
manufacturers supply phase-contrast microscopes with a phase plate absorp-
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FIG.9.8. Relationship between the phase change
produced by an object and the intensity of itsimage
when viewed under phase contrast with ordinary

90 + Ve phase plates with absorptions of 0, 25, and
75%. (Ross, 1;67)

tion of 75% or more. This construction is particularly suitable for work with
thin tissue sections (optically and geometrically) and a small range of
phase difference. On the other hand a small percentage absorp(‘lon is b?tter
for plant tissue, since plant tissues generally are not cut as thin as animal
tissues and have cell walls of high phase difference plus inclusions such as
starch grains that are optically thick. A 50% or even 25% absorplion_. depend-
ing on the application, could be advantageous. Also low absorption plates
have fewer halo and shading-off defects, which can also be an advantage in
the plant sciences.

Disadvantages

In addition to the nonlincar relationship between phase difference and
image intensity two other complexities of phase-contrast microscopy are the
halo and shading-off effects. The halo- effect is noticeable in all phase-
contrast images. Objects that appear darker than background are surrounded
by a ring of light termed the halo. The shading-off defect becomes apparent
when viewing a flat object of uniform thickness. In this case the outer
boundaries appear darker than the center of the object.

LS L}
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Both the halo and shading-off artifacts are introduced in the image by the
incomplete separation of the background and diffracted light. As we have
shown, the background light is completely limited to the ring area of the
phase plate, but the diffracted light is actually spread out over the entire
phase plate area. This causes an unresolved reverse image of the object that
is superimposed on the main images. This in turn results in the halo effect,
which is particularly prominent at the boundaries of objects that have indices
of refraction that differ greatly from the mounting medium. However, if the
halo effect is not too intense, it provides a type of contrast that can be useful
in some situations.

INTERFERENCE

Interference microscopy is an important quantitative tool for biological

research. It can be used to measure the dry mass of the unstained cell
(living or fixed) or of cellular components such as cell walls, nuclei, and
nucleoli. 1t has a sensitivity of about 1072 g and is especially good at measur-
ing changes in dry mass like those that occur in enzymatic reactions. The
Instrument may also be used for qualitative observations of unstained cells
where it can provide images of high contrast and striking topographic relief.
In the qualitative mode of operation it is often complementary to phase-
contrast microscopy in that it vsually works better on subjects that are not
well handled by phase, e.g., optically or geometrically thick specimens such as
cell walls and certain plastids. Furthermore, it has the capacity to “optically
section™ thick subjects. Where it can be used, the interference microscope
has four advantages over phase contrast: (1) it does not have the halo and
shading-off artifacts; (2) the amount of contrast can be varied to suit (he
subject; (3) interference colors can be used o provide color contrast; and
(4) higher numerical apertures may be employed, especially in the Nomarski
differential interference contrast system.

There are numerous types of interference microscopes (Hale, 1958), but
only three will be discussed here: the split-beam polarizing interference
microscope, the Nomarski differential interference contrast microscope, and
the Mach-Zehnder interference microscope (double-objective). -

Polarizing Interference Microscope

This instrument is primarily a measuring device. Figure 9.9 is a diagram
of the optical train. The specimen must occupy no more than a third of the
microscope field. This means that many specimens must be double-sectioned
before a small enough object for examination is attained. Thus, to obtain a
cross section, a longitudinal section is cut first. Alternatively a suitable
object may be mechanically separated from a section by means of a micro-
manipulator. The polarizing interference microscope is ideal for unicellular

organisms or for examining macerations of multicellular tissues. With the
improved enzymatic maceration techniques for living tissues and cell culture
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Ap,. and A, respectively. We can algebraically partition the optical path dif-
ferences thusly: A, = 4,,, + A, . The observed optical path difference in
medium m is the sum of the OPDs for substance 1 and substance 2, where

Am. =(Nl "N,,,)Q.
B, =(N3 =N L,

Similarly bn, =4, t4,. For solution of our problem we restate these
equations:

A= By, t B, = [(M1 /AN, | + [(A12/A)on,)
Ay =8, By = [(MIIA)X::,] + [(M, /A)Xn,]
Solving these equations simultaneously we arrive at the following equations
My BaXon, = By Xn,
A nm-min

My B fam) [,
A my \xm, 4

Also

F=l"[ By, - By }
) (Nn - Nm) )
The masses of three or more substances may also be determined by algebraic

extension of these methods, but the use of a computer Is advised.
There are several assumptions and difficulties in the techniques presented

in this section, and these have been reviewad in the literature (Davies, 1958; .

Krug et al., 1964; Lange, 1958; Ross, 1967). The reader is strongly advised

-to consult the literature before embarking on quantitative microscopical

studies. It is a cardinal principle of quantitative microscopy that whenever
possible, measurements are made in at least two different ways so the results
can be checked. For example, the use of microspectrophotometry and inter-
ference microscopy constitutes an excellent combination.

Nomarski Differential Interference Contrast

Nomarski differential Interference contrast (NDIC) is a qualitative mode
of microscopy that produces high-contrast images of unstained transparent
specimens in astounding three-dimensional array. It also provides excellent
surface observations of opaque specimens with reflected light systems. A
number of optical companies now include this equipment in their manu-
facturing programs; the optics can be designed as accessories that adapt to
almost all models of bright-field, phase-contrast, or polarizing microscopes.
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FIG.9.11. Schematic diagram of light path in
Nomarski differential interference contrast
microscopy.
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Basically the <required accessories conslst of a pol_arlz'ing filter, an int;;fe:g::;e
contrast condenser, and a prism-analyzer combination plate th?t ei ec l\'lr hi
enters the optical train at the upper focal plane of the ofbjict vel. o
polarizer of the polarizing microscope may be used instead of the polarizing
EN ﬁlte'rI‘.he microscope functions in the follpwing manner (Fig. 9.(;1).. Ttl\;
polarizer provides plane-polarized light incident on the NDIC con ens:.r: !
addition to the standard condenser elements the NDIC. condenser con a(lin: '
modified Wollaston prism (auxiliary prism) of a <.ies1g.n first propose .“)t
Nomarski (1954, 1955). The design is guch that this prisim }\{nctlo‘?s as|1 i
were located in the lower focal plane of the condenser; it divides t e;a‘n
polarized light into two rays—the ordinary ray (O-ray) and the extraordinary
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ray (E-ray). These light rays are polarized at right angles to each other and
travel parallel and very close to each other through the specimen. They are
then recombined by the second Nomarski prism (main prism) which is
functionally situated in the upper focal plane of the objective.

The beauty of the Nomarski prism is that its interference plane is outside
the prism. The actual back focal plane of a high-aperture objective lies below
the thread seat, and it would be impossible to position a prism there. By
suitable orientation of the Nomarski prism, its interference plane can be made
to coincide with the back focal plane of the objective even though the prism
is physically located well above the objective. The same advantage holds for
the auxiliary prisms in the condenser.

After being recombined by the main prism, the two light rays have vibra-
tion planes that are perpendicular and thus do not interfere with each other.
The light is then transmitted (o the analyzer which makes the two vibration
planes parallel to each other and permits the interference of the two rays.

The pseudo-three-dimensional effect of NDIC arises from the fact that
as the two beams (E-ray and O-ray) travel through the specimen they are very
close to each other, resulting in a stercoscopic effect. The degree of
“topographic™ relief is a function of refractive index differences at the
specimen’s boundary surfaces. Although the NDIC optical technique does
not require any special objectives or oculars, it is Important that the optics
be strain free in order to secure maximum contrast. This can be checked with
an ordinary polarizing microscope. Cross the polarizer and analyzer of the
instrument and view through the objective of interest. It should not affect
the dark-field condition in any way if it is indeed strain-free. Usually the
same main prism (beam-combining prism) is used for all objectives; three
auxiliary prisms are necessary to accommodate the range of available objec-
tives (usually one prism each for low-, intermediate-, and high-power objec-
tives). The auxiliary prisms are most conveniently mounted on a revolving
turret such as in Zernike phase-contrast; in fact, since the two methods are
complementary, it is expedient to have a condenser with revolving disks that:
contain both phase-contiast anauli and Nomarski prisms.

A relatively systematic procedure for using NDIC equipment is as follows.
First align the microscope for Kohler illumination on a suitable preparation.
Remove the specimen and introduce the proper auxiliary prism for the
selected objective into the optical train. Temporarily replace the desired
objective with a 3.5X objective and insert a phase telescope into one of the
eyepieces. Rotate the analyzer to the center of its excursion and insert into
the system. Next focus the telescope and rotate the polarizer until the inter-
ference fringes are sharply focused in the back lens of the objective. Now
rotate the analyzer until the center fringes are centered in the telescope field.
Now turn to the proper objective and focus on the specimen. The instrument
is set for minimal interference. At this point rotate the analyzer unti} the
desired contrast is attained. The use of white light permits the use of color
contrast, and interference filters provide shadow contrast. Additional com-
pensators such as a red-one plate can be employed and provide dramatic
color contrasts in some specimens.
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The NDIC is generally more effective than phasecon}ras( on spf:cunenis of
large path difference (up to 1 A); the laltef !s best suited for thin s.cct ons
with small path differences. In most cases it is advnsgble to try both >'ysllegr1.s
and visually select the method that works best for a given specimen. Tlle high
apectures and shallow depth of field with NQIC ?‘erm.us op.n?al s‘?cu(mmg
of the specimen while the color contrasts provide “optical staining.

Double-Objective Interference Microscope f ‘
is microscope is based on the “round-the-square” interferometer
syst:r‘:sﬁr:: sugges?ed by Mach and Zehnde{ in 1891. ‘!‘he application ofdtlt\):s
system was suggested by Horn (1958) and is cqunercnally mfmufaclure Y
the Leitz optical firm. The schematic for tlfls instrument is presented 13
Figure 9.12. The light from the light source is S!)lll .mto two culwr‘em an
equal beams by the beam splitter S. One bean is dlr_ecteq onto mirror M,
where it is reflected through one microscope of this twin microscope system.
This beam traverses the object. The second beam is dlrec!ed onto mirror M,
where it is projected through the second microscop.e. This beam serves z'as a
reference beam and does not pass through the ot_>1ect. Tl)& measuring and
reference beams are recombined by the beam combiner C(Fig. 9.12). '
The Mach-Zehnder system achieves a wide separation betweén measuring
and reference beams (62 mm), and thus measurements of phase difference can
be made at any point in the microscopic ﬁeld‘_ The te.feneuce beam' may be
passed through an empty slide (slide + mounting medium + coverslip), or a
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FI1G.9.12. Schematic diagram for Mach-Zehnder
type of interference microscope: L, lanp cond.en‘sqr )
lens; L4, condenser lens of microscope 1;L,, ob.;ec,uv»
of microscope 1; L4 condenser of microscope 2; Ls, ‘
objective of microscope 2'; Le ocular;S, beam splitter;
C, beam combiner; My, mirror; M;, mirror.
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special device may be used to compensate for specimen thickness. With this
instrument measurements of phase difference may be made in two ways: by
the extinction transfer system or some variation (e.g. homogeneous field
procedures) and by band deviation. In this second method a control band is

not spread over the entire field (infinite band width) but several bands are

allowed to cross the field in parallel. In the band field with monuchromatic
light the distance between two neighboring dark bands corresponds to a phase
difference of one wavelength. If a specimen is placed in the measuring beam
(and a suitable control in the reference beam), the bands will be deviated by
the specimen structure; the amount of this deviation is equal to the phase
difference, which can be measured directly with an ocular micrometer. How-
ever, a more accurate measuring procedure is to take a picture of the field and
analyze the negative with a densitometer. -

Anisotropic as well as isotropic specimens may be measured with this
instrument, but as in the polarizing interference microscope an anisotropic
specimen must be properly oriented before measurements are made. Push-in
polarizing filters are used for this purpose, and the principal refractive index
is set parallel to the polarizer. Measurements are then made with the analyzer
removed from the light path.

POLARIZED LIGHT

For the following discussions of polarized light microscopy we are greatly

indebted to a number of sources, especially to an excellent text on optical
crystallography by F. Donald Bloss (1961), Introduction to the Methods of
Optical Crystallography. The reader is referred to this eminently readable
book for more extensive and detailed information on the topics covered here.
Other valuable references are Hartshorne and Stuart (1960), Preston (1952,
1974), Wahlstrom (1969), and Wiachell (1937).

The chief counstituent of higher plant cell walls and the one that provides

the bulk of the mechanical strength of the wall is cellulose. This substance

is crystalline and thus can be effectively studied, both qualitatively and
quantitatively, by means -of the polarizing microscope. Cellulose has both
intrinsic and form birefringence, which will not be considered here but which
can be found in the texts on crystallography. Besides cellulose there are
other important crystalline ur partially crystalline substances in plants, such
as nucleic acids and starch. Thus pclarized light microscopy can be a power-
ful tool in studies of cell structure and function.

A polarizing microscope is almost identical to a normal bright-field
microscope except that in addition it has a polarizer, an analyzer, and in some
cases a slot for compensators used for specific measurements or effects. To
be cffective a polarizing microscope should also have a circular revolving
stage. The following sections depend heavily on the reader’s grasp of the
material on the principles of optics covered in Chapter 8, and it may be help-
ful to reread that chapter before embarking on the discussions below.

Figure 9.13 is a diagram of a polarizing microscope illustrating the func-
tion and light flow in the instrument. Light is directed on the polarizer
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FIG.9.13. Functional elements of the polarizing
microscope.

which polarizes the light in a plane parallel to the paper with yibrat@on direc-
tion perpendicular to the ray path (RP). Thc. plane polan.zed.llght the.n
successively passes through the condenser, object, and 'objecuve ‘a’nd_ is
incident on the analyzer. In this diagram the analyzer is “crossed‘ wn.h
respect to the polarizer. The analyzer is really ident.ical to the .polar.lze{ in
every way except for position in the light train, and in tl}ls case its p_rma.pul
direction is positioned at right angles to that of the polarizer. This situation
is termed crossed polaroids (or crossed nicols if nicol prisins are used); if the
specimen is isotropic, the entire field of view will b'fe dark (Fig. 9.14A). If
the analyzer or polarizer is rotated (Fig. 9.14B), the lngonomemc‘componem
from the polarizer in the plane of the analyzer will.be transmitted by the
analyzer (see Chapter 8). Similarly if a crystalline specimen ob;erved l?elween
crossed polaroids rotates the plane polarized light (!s amsourop!c), the
trigonometric component in the plane of the analyzer will be transmitted by

the analyzer (Fig. 9.14C).
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FIG. 9.14. Diagram of polarized light transmission
by polarizer and analyzer: A, crossed polaroids. The
field of view will be dark because the light trans-
mitted by the polarizer (R) has no trigonometric
component in the plane of the analyzer. B, The po-
larizer has been rotated so that the light transmitted
by it (R) has a trigonometric component (R cos 8) in
the plane of the analyzer. Thus the field of view will
be light. C, The plane polarized light from the po-
larizer (R) is rotated by the crystalline specimen and
a component [R/cos (90 - 8)] is transmitted o the
analyzer, whereupon another trigonometric compo-

nent (R cot 8) is transmitted, producing a bright field
of view.
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If you rotate this anisolropic specimen by 360° there will be four dark-
field conditions. If the specimen is aligned so that its principal direction is
parallel to the polarizer, the analyzer will block out all the light transmitted
by the specimen (this happens twice during a 360° rotation of the specimen).
When the principal direction of the specimen is aligned parallel to that of the
analyzer, the specimen blocks out all the light coming from the polasizer
(this also happens twice during a 360° rotation).

There are two types of specimens observed with the polarizing micro-
scope—isotropic and anisotropic. Isotropic materials have identical properties
in all directions—that is, they have only one index of refraction. Anisotropic
specimens, on the other hand, do not have identical properties in all direc-
tions, and these materials may be further subdivided into two types. The
first type (called uniaxial) has two indices of refraction, and the second 1ype
(called biaxial) has three indices of refraction. It may seem somewhat sur-
prizing that a substance can have more than one index of refraction, since
Snell’s law—the basic principle of optics—contains no provision for this.
However, if one considers wave normals (Chapter 8) instead of ray paths,
Snell’s law still holds.

In polarized light microscopy we wish to determine the structural
anisotropy that is revealed in the optical anisotropy. However, in order to
extract and translate the information contained in the optical anisotropy, we
must have a systematic method of analysis. In using the powerful polarized
light techniques that have been developed for this purpose, we must forget
about the actual aspect of the specimen and think only of symbols inscribed
in a particular area of a specimen. The symbols we shall use are the indicatrix
and its cross section, the index ellipse.

Isotropic Material

In an isotropic preparation there is only one index of refraction for light
traveling in any direction through the specimen. Consider a specimen
illuminated by a beam of light. From a central point think of arrows radiat-
ing out, with the length of each arrow a function of the index of refruction
for light traveling through the specimen in that direction (Fig. 9.15A). By
definition of an isotropic material the arrows must all be of the same length.
If we connect a surface with the tips of these arrows (vectors), we obtain a
sphere (Fig. 9.15B) which is termed the isotropic indicatrix. The isotropic
index ellipse is thus a circle (Fig. 9.15C), which is just a special case of an
ellipse where the major and minor axes are of identical length. An analysis of
transpareant glasses, liquids, and isometric crystals indicates that these sub-
stances fit the isotropic indicatrix concept. It should be noted that the spheve
representing the isotropic indicatrix is not necessarily of constant size. That
is, the index of refraction of a substance usually varies with the wavelength
of light used; in general the smaller the wavelength, the greater the index of
refraction, and thus the greater the diameter of the indicatrix. Furthermore,
a crystalline substance displays isotropic optical properties along its optic
axis. This fact can be used to determine the orientation of a crystal; e.g., one
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FIG.9.15. Isotropic indicatrix: A, arrows of equal
length representing equal indices of refraction in all
directions; B, surface connecting the tips of the vec-
tors forms a sphere; C, circular index ellipse for the
isotropic indicatrix.

can use this property in determining the cellulose crystallite orientation
within the plant cell wall.

Uniaxial Indicatrix

Plant cell walls behave optically as if they were a uniaxial material (see
Berlyn, 1964, 1970). Thus we will consider the orthoscopic examination of
these materials in some detail and give several methods of measurements,
some of which (Senarmont method), will be applicable to interference
microscopy as well.  Orthoscopic examination refers to the *‘normal”
microscope image as opposed to conoscopic examination, which refers to
observation of interference figures in the back lens of the objective. Cono-
scopic observations are made with the use of a Bertrand lens; however, this
mode of microscopy Is not amenable to most plant material and finds its
maximum use in mineralogy so will not be dealt with here.

The immersion refractometric measurements of index of refraction are
extremely accurate, especially if a phase-contrast microscope is used. How-

ever, for discussion purposes we will consider an approximate evaluation pro- -

cedure, often calied the Duke de Chaulnes method. An understanding of this
procedure provides insight into the basis of birefringence. Consider a fat
isotropic specimen being observed in a microscope. If we first focus the
10X (0.25 NA) objective on top of the glass slide to one side of the specimen
and then move the specimen into view and focus on its upper surface, racking
the focus up through the specimen, we can determine a thickness, £, from the
difference in drum readings on the fine-focus knob. Racking down through
the specimen and focusing on top of the glass slide just below the bottom of
the specimen, we obtain a measurement, %, the apparent thickness. It will be
less than £ because the index of refraction of the specimen is normally greater
than that of air. Figure 9.16 depicts the geometry of the situation. In this
case the angle of incidence i occurs within the specimen, whose index of
refraction is therefore designated N;. The angle of refraction at the upper
surface, S, of the specimen is 7, and the index of refraction of airis NV, = 1.0.

tan r = 0S/O%’
tan i = 0S/0R
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FiG. 9.16. Chaulnes method for determination of
index of refraction.

where  O%' =&, = apparent thickness
02 = ¢ = geometyic or “true” thickness

Therefore:
tanr = 0S/%,, tan i = OS/
OS =, tanr, OS=Rtani
therefore:

L, tanr=Rtani
2/2, = tan rftan §, which for small angles = sin r/sin i

From Saell’s law
Nisini=N,sinr
N; =N, sin rfsin i = sin rfsin i =28

where € and £, are measured in drum units of the fine-focus knob.' .

Now et us consider what happens if we replace the isotropic specimen
with an anisotropic one such as a calcite crystal. The light is f]ivided into two
rays by the specimen—the ordinary ray and tI}c exua«‘)rdu}ary ray. The
ordinary ray is so termed because its ray path follows .Snell s law as a con-
sequence of the fact that the light of the ordinary ray vnbratcs‘ pergendlcular
to the ray path. In this case the normal and ray path are 1d§nucal. The
extraordinary ray does not follow Snell’s law, although as discussed pre-
viously its wave normal does. In the extraordinary ray (E-ray) the light
vibrates at right angles to that of the ordinary ray (O-ff{y). Furthermore, the
O-ray light vibrates at right angles to the plane containing the O-ray and the
optic axis, while the E-ray vibrates within this plane.
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FIG. 9.17. Positive (Ng - No > 0) and negative

(Vg - Np < 0) uniaxial indicatrices. The optic axis
of the indicatrix corresponds to the ¢ axis, the vertical
crystallographic axis.

If an India ink dot is placed on the upper surface of the slide just below
the specimen at point £ in Figure 9.16, an image of two dots would appear
within the calcite crystal. The dot image formed by the O-rays would appear
to be closer to the upper surface (closer to point O in Fig. 9.16) than the dot
imaged by the E-rays. Thus the apparent thickness (8¢ and Rg) and there-
fore the index of refraction for the two rays is different. If Ng is the index
of refraction of the E-ray and N is the index of refraction of the O-ray, we
have the following relationships: Ng =8¢, and Nop =¢/Rs. In the case
described Ng > Ng.
~ This is a demonstration of the phenomenon of birefringence —the posses-
sion of two indices of refraction by a single specimen. With two major
indices of refraction it should be obvious that the uniaxial indicatrix is not a
sphere but an ellipsoid (Fig. 9.17). There are two types of uniaxial
indicatrices—positive and regative. In the negative uniaxial indicatrix Ng is
the minimum index of refraction and N is the maximum. Just ihe opposite
is the case for the positive uniaxial indicatrix; NVg is the maximum and Ny is
the minimum. Together N and Np are termed the principal indices of the
uniaxial indicatrix. The plane cut parallel to these indices is the principal
plane and forms an ellipse with Ng and N as the semiaxes. Note that in
Figure 9.18 there are three planes that can be passed through the uniaxial
indicatrix: the principal plane, the circular plane, and a random plane. The
principal plane contains the optic axis and thus will always have both the
maximum (Ng) and minimuin (Np) indices of refraction as the semiaxes of
the index ellipse. A section cut parallel to this plane will show the maximum
birefringence. In the case of the circular plane, light traveling along the
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FIG. 9.18. Principal plunes of the uniaxial indica-
trix* A, principal plane; B, circular plane; C, random
plane.

optic (its ray path coincident with the optic axis) vibrates al(_mg a radius of
the circular section (its polarization direction is aloqg a rad’ms).’ All these
radii are of equal length, N, so that there is no p.rivﬂeged direction and no
birefringence results.  The first two planes are unique; the random pla_ne‘ts
one of many random planes that can be passed through the ur_ua)flal
indicatrix. In every case Ng remains an invariant; in the random elllp(xgal
plane the larger semi-axis is Ng+ and varies between Ng and Ng—that is,
No <Ng' <Ng. Ng' may assume all pussible V'fllues between Ny qnd Ng
but may not equal either limit and still be an axis of a random section. if
Ng' =Ng, we have the circular plane; if Ng' = Ng we have the prlncnPal
plane. The angle between Ng and Ng* is designated 8, am; the f’ozllo.w;rg
equation can be used to calculate Nz Ng' = NoNgNN cos® 8 + N sin 6
(cf. Bloss, 1961, p. 74). .
Remember that the index of refraction is inversely related 19 tl}e velocity
of light in the direction of the index; therefore, in pggative.un_lax:al crystals
the E-ray travels faster than the O-ray, while in positive uma)flal crystals the
O-ray travels faster than the E-ray. Bath light and.lhe chemical boads O.f a
specimen are electrical in nature and thus interact with each other, p_ro«!ucmg
the observed decrease in the velocity of the light that occurs within the
specimen. For light vibrating parailel to the !arger. axis of a rpolecule, the
charge separations induced by the light vibrations in c.onsecuuve. atoms or
molecules reinforce each other. However, if the light vibrates at right angles
(orthogonally) to the larger axis, the induced dipole in one atom opposes ll’mt
in the adjacent one. This dual sequence generates the two indices of refrac-
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FI1G. 9.19. lnterference of light polarized in perpen-
dicular planes: A, vector diagram; B.,threedinien-
sional ray diagram. OF = E-ray, OO = O-ray; OR =
resultant ray; 0 = angle between a ray and resultant.

tion, and a substance with two indices of refraction is said to be birefringent—
mathematically defined as Ng - Ny.

Earlier in this chapter we considered the interference of light waves
traveling in the same plane. Now let us consider the interference of two
light waves polarized in perpendicular planes such as the E- and O-ray. The
resultant ray produced can be defined by the vectorial addition of the com-
ponent rays (Fig. 9.19). When a plane polarized light ray enters a unijaxial
crystal along some direction other than the optic axis, the ray is immediately
divided into a slow wave (On) and a fast wave (ON), with index of refraction

Ny for the fast wave and N, for the slow wave where N, >N,. At the

moment of incidence the waves are exactly in phase, but when they emerge
at the upper surface of the specimen they may not be in phase at all. When
we discussed interference icroscopy we derived a path difference A =
(V5 ~ Ny ) where Ny =index of refraction of the specimen, N,,, = index of
refraction of the mounting medium, and ® = thickness of the specimen. An
analogous situation holds for polarized light, and the path difference is
A= (N, - N,)R The path difference determines whether the resultant wave
emerging from the upper surface of the crystal is lincarly polarized—A =
nX, ... [(2n + 1)f2) A, circuladdy polarized—a = [(21 + 1)/4] A, or elliptically
polarized (general case)—A # [(2n + 1)/2] A or [(2n + 1)/4] A

Linear (Plane) Polarization

There are two cases of plane polarized resultants to consider. In the
first, the path difference between the slow wave and fast wave at the point
of emergence of the slow wave from the upper surface of the specimen is
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FIG. 9.20. Plane polarized resultant in phase. Crys-
tal is set on rotating stage at 45° off extinclion. which
gives maxjmum darkness under crossed polaroids be-
cause OR' is vibrating in same direction as light from
the polarizer and will thus be extinguished by the
analyzer.

A=0X, 1A 2X,...n X\ In thissituation ON and On have exactly the same
orientation at the top of the specimen as they do at the bottom (Fig. 9.20).
The ON and On depicted on top of the specimen are exactly superimposed
over the ON and On depicted on the bottom of the specimen._Thc resultant
ray R will be vibrating in exactly the same plane as the light from the
polarizer and thus will not be transmitted by the analyzer.

In the second case the path difference is A= 2N, 32M, ...
[(2n + 1)/2] X, In other words the fast ray and the slow wave are exa.clly out
of phase at the top of the specimen. In this case ON at the top is super-
imposed over ON at the bottom while On at the top is reversed in dufzcuon
from On of the bottom surface (Fig. 9.21). The resultant ray R in this case
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Either ON or On s
Reversad In Diraction;
Here On -Is - Raversed.

The Resultant R' Is
Paraliel _To The Anulyzer
While R Is Orthogonal.

Polorizer

P

FIG.9.21. Plane polarized resultant out of phase.
Crystal is sgain at 45 off extinction, buj in this case
maximum brightness occurs because OR ™ is vibrating
in the exact direction of the analyzer,

will be crossed with respect to the polarizer, i.e., will be transmitted by the
analyzer.

Circular Polarization

This type of polarized light results when the path difference during the
passage of light through the specimen is 1/4 X, 3/4 X, ... [(2n + 1)/4] \. The
vibrations of the fast ray and slow ray interfere in space time in such a way
as to result in vibration vectors of variable direction (azimuth) but equal
magnitude (Fig. 9.22). Within the crystal there are two orthogonally
polarized waves, but the figure shows only the resultant wave. Above the
crystal where the waves are free to interfere you actually have this arching
vibration pattern. If a surface is made by connecting the tips of the vectors,
you would generate a circular cylinder.
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1.ight Wave

FIG. 9.22. Circular polarization of light. Ry=Ry=
R3= R4=Rs ON =slow wave, On = fast wave, £ =
thickness of specimen.

El'liptical Polarization

This is the general case and is depicted in Figure 9.23. Here the vibration
vectors change in both magnitude and azimuth. As the two light waves travel
through the specimen of thickness 2, they develop a path difference between
them that is unequal to O\, 1/4 X\, 1/2 ), 3/4 X, 1 X, etc. If the tips of the
vectors are connected in this situation, an elliptical cylinder results.

It is possible to interconvert the various forms of polarized light by the
use of compensators that alter the path difference.

We can summarize some of the elementary principles that should be kept
in mind when interpreting obsecvations made with the polarizing iicroscope:
Points of darkness in the field of view may be:

1. Points where the specimen is isotropic
2. Points where the polarized light does not pass through the specimen—

e.g., the lumina of vessels and tracheids
3. Points where the light travels along the optic axis of an anisotropic

portion of the specimen
4. Points where the specimen is anisotropic but aligned paraliel to the

polarizer
S Points where the specimen is anisotropic but aligned parallel to the

analyzer
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FIG.9.23. Elliptical polarization of light.

To find the point of maximum brightness, place the specimen point be-
tween crossed polaroids and rotate the stage to maximum darkness. If the
stage is then rotated 45°, the specimen point will be at maximum brightness.
The true maximum brightness of the specimen is obtained only when you
havc a section cut paralled to the principal section so that you have the maxi-
mum mathematical birefringence (Vg - Ny).

Interference Colors

We mentioned in discussing the isotropic indicatrix that the index of re-
fraction varies with the wavelength of light in a given substance. Suppose you
are observing a point in a specimen under crossed polaroids using an inter-
ference filter to provide green monochromatic light of 546 nm. If the speci-
men point has a path difference of 273 nm, all this green light is imparted
Mloh a path difference of 273/546 = 1/2X. Thus the green light is rotated
90" from the plane of the polarizer and all of it will pass through the
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analyzer. The specimen point will appear green. Il you remove the filter and
ler white light in, the situation is changed. The specimen point still has a path
difference of 1/2 X for the green light, but all the other wavelengths in the
white light will be retarded more or less than 1/2 X and will not have maxi-
mum transmission through the analyzer. However, if the light has a strong
output in the green, the specimen may well appear green as before. At
another point in the specimen the situation might be different, and in this
case yellow light might have a path difference of 1/2 X, This is why precise
quantitative work in polarized light often requires the use of monochromatic
light.

In polarized light microscopy observations are often made between
crossed polaroids with the specimen at 45° off extinction. In this case the
percent of light transmitted by the analyzer is given by the formula:
L =100sin? (A 180°). .. (Bloss, 1961). Interference colors are classified
by order according to particular path differences that gives rise to them. The
first-order colors arise from path differences of 0-550 nm, second-order
from 550 to 1100 nm, third-order from 1100 to 1650 nm, and so forth. Thus
a red color can be first-, second-, third-, or fourth-order red. However, as
path differences increase beyond 2300 nm, the interference colors assume a
milky color and are termed high-order white. When a specimen is rotated
between crossed polaroids, the interference colors can change in intensity but
not in hue. .

Compensation

There are two compensators commonly used in cytological work—the -
red-one plate (1° red, first-order red) and the Senarmont compensator (1/4 A
mica plate with its slow direction of vibration parallel to the vibration direc-
tion of the polasizer). These compensators are usually placed in the compen-
sator slot, which in modern polarizing microscopes is positioned between the
objective and the analyzer.

Red-one Plate

The red-one plate is usually constructed of gypsum (selenite) but may
also be made of birefringent plastic or quartz. The birefringence and thick-
ness of the plate are so designed that it produces a path difference (A) of
550 nm. That is, if two orthogonal in-phase light waves are incident on the
bottom. of the plate, they will be divided into a fast wave and a slow wave;
after passage thiough the plate the fast wave vibrations will lead the slow
wave vibrations by 550 nm. The usual use of this crystal plate is to locate the
major and minor indices of refraction of a crystalline specimen point. It can
also be used to determine signs of crystals and for the average fibril angle of
tracheids and fibers (Prestan, 1952).

In the usual use of the red-one plate, the specimen is placed between
crossed polaroids and the red-one compensator is inserted into the system.
At this point the background field will be red (tint of passage). The largest
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Large Index Of Refractiva
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FIG. 9.24.. Specimen with its largest index of refrac-

tion (Ny') lined up with the largest index of refrac-
tion of the red-one compensator ().

index of refraction of the compensator is at 45° from that of the polarizer
and analyzer—usually northeast to southwest as you look into the miicro-
scope. If you rotate the stage until the specimen is the same color as the
background, you are al one of the extinction positions where the specimen’s
indices of refraction are lined up with those of the compensator (Fig. 9.24).
However, the problem is to determine which index of the specimén is lined
up with which index of the compensator. If the larger index of the com-
pensator is directly above the larger index of refraction of the specimen, the
slow wave will be even more retarded behind the fast wave afier passage
ghrough the compensator. Say the specimen has a path difference of 100 nm;
i.e., after passage through the specimen the fast wave is leading the slow wave
by 100 nm. After passing through the compensator, the fast wave will lead
the slow wave by 100 + 550 am = 650 nm. This is known as addition, and if
the specimen is rotated clockwise 45° off extinction it will appear as a
second-order blue. If, on the other hand, the large index of refraction of the
red-one compensaltor is directly above the smallest index of refraction of the
specimen, the fast wave coming out of the specimen will be changed into the
slow wave by the compensator and the path difference will be 100 - 550 =
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-450 nm. This is called subtraction, and if the specimen is rotated 45° off
extinction it will show a yellow subtraction color.

To illustrate the use of the red-one compensator we can employ
macerated tracheids from a coniferous wood such as spruce (a procedure
supgested by Preston, 1952, and modified by Beckwith, 1964). Slides are
prepared by coating a suitable portion with a thin film of Epon 812 resin
(50% A plus 50% B) (Luft, 1961) and curing it first for 2 hours ina S0C
oven and then for 20 hours at 25 C, Precured slides can be stared by freezing
but must be allowed to return to room temperature before use. Before
mounting the tracheids an additional 1 S-minutes cure at 80 C is necessary to
insure that the tracheids are adhered rather than embedded. Tracheids may
be positioned on the slide from an aqueous (or better an alcoholic) solution
in a single layer. This is done under the dissecting microscope. The slides are
then placed in a 60 C oven for several hours or overnight. After cooling, the
upper surface of the tracheids is cut away by drawing a microtome knife
across the slide by hand in the same manner as if using a sharpening stone.
The angle at which the knife is held is adjusted to result in the best slicing
and least scraping of the cell wall material. 1t is necessary to remove the
upper portion of the wall; otherwise the cellulose microfibrils wind around
the wall, and their effects on polarized light would not be observed because
the effects of the botiom layer of the wall would be cancelled by the upper
layer. (Alternatively you can determine the fibril angle across the wall by
embedding the individual tracheids in paraffin and serial-sectioning them.)
The macerated preparations are scanned between crossed polaroids with the
red-one compensator inserted. A well-sliced tracheid is located and brought
to the center of the ocular cross hair. The stage is then rotated clockwise
until the color of the observed wall just matches the color of the red back-
ground—and until the tracheid will turn green or blue (addition) upon further
clockwise rotation. The angular reading on the vernier of the rotating stage
at this point is recorded. The stage is then rotated through the smallest angle
that is required to align the longitudinal axis of the tracheid with the per-
pendicular component of the ocular cross hair. The stage angle is again
obsesrved, and the difference between the larger and smaller angle is the
crystallite orientation relative to the longitudinal axis of the cell.

Senarmont Plate

By this method it is possible to very accurately measure path differences
up to onc wavelength in magnitude. The Senarmont compensator is a A/4
mica plate which differs from the usual M\/4 plates in that it is inserted into
the compensator slot with its vibration direction parallel to the polarizes
instead of at 45°. This compensator may be used in the polarizing micro-
scope and in the polarizing interference microscope. Measuiements of path
difference can be used 1o calculate a number of specimen parameters such as
thickness, index of refraction, and dry mass (as outlined in the sections on
interference microscopy). It is also the compensator of choice for the de-
termination of microfibrillar ungle in each layer of the cell wall.
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FIG.9.25. Relation of phase angle (¢) to path dif-
ference (A).

The Senarmont compensator can still be used if the path difference to be
measured is greater than one wavelength, but then it is necessary to know the
number of complete wavelengths involved. This can be done by observations
in white light and/or by using a rotary compensator of the Eringhaus or
Berek type.

The Senarmont compensator operates on the principle of coaverting
elliptically polarized light into linearly polarized light. The azimuth of the
linearly polarized light is used to calculate the phase difterence of the
specimen structure of interest. A complete discussion of this compensator
and its use may be found in Hartshorne and Stuart (1960), Wahlstrom (1969),
Manwiller (1966), and Mark (1967).

To understand the function of the Senarmont compensator it is necessary
to comprehend the relationship between phase difference and path difference
(Fig. 9.25). Considering light as a sine wave, it is apparent that a phase differ-
ence (@) of 360° (Zr radian) corresponds 1o a path difference (A) of one
wavelength (X). Therefore, 360/\ = ¢/A, and ¢ = 360 A/,

If the specimen is positioned in the optical system so that its stow wave is
parallel to the vibration direction of the polarizer, the monochromaiic
polarized light coming fromn the polarizer strikes the specimen and is divided
into two component waves (O-rays and E-rays) of equal amplitude. Upon
passage through the specimen the two waves acquire a path difference A =
N, - N, as previously defined. After emergence from the specimen the
resultant vibration is in the general case elliptically polarized (Fig. 9.26). The
semiaxes of the ellipse (a/2 and b/2) are diagonal to the vibration directions
of the specimen. The phase difference between the ellipse axes is 90°, but
the axes are of unequal magnitude unlike the equal amplitude vibrations that
are the true source of the elliptically polarized light.

In practice the specimen is placed on the slage so that its slow wave
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\._

FIG.9.26. Eliptical vibration caused by path dif-
ference of specimen (Ny' - Na'). The ellipse is gen-
erated by two vibrations of equal magnitude but can
be conceived of as being generuted by two waves of
gggqunl magnitude (a/2, b/2) of phase difference of

(N;) is parallel to the vibration direction of the polarizer, accomplished by
means of the red-one compensator. When inserted, the red-one compensator
has its slow vibration direction running in the first and third quadrant. Now
a linear vibration results from two complementary vibrations with a phase
difference of 0° or 180° (A=0X or A=1/22). Considering the elliptical
vibration of semiaxes a/2 and b/2 with constant phase differences of 90°,
it should be obvious that this elliptical vibration can be transformed into a
lincar vibration by introducing a supplementary phase difference of 90°
(A/4) which can cither be subtracted or added to provide the required phase
difference of 0 or 180°. This is what the Senarmont compensator (A\/4 plate)
does.

The specimen is rotated clockwise until at 45° off extinction it shows a

- ——— i ———— N-,

Senarmont  Compensalor

N.* Specimen

FIG. 9.27. Orientution of specimen slow direction
Nv"in relation to Senarmont slow direction Ny when
analyzer is rotated clockwise. In this position the
specimen would show a subtraction color with the
red-one compensator,
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I N,< Specimen

s "N, Senormont
Compensatar

FIG. 9.28. Orientation of specimen slow direction
N7’ in relation to Senarmont slow direction Ny when
analyzer is rotated counterclockwise. In this position
the specimen would show an addition color with the
red-one compensator.

subtraction color. Then the red-one compensator is removed and the
Senarmont compensator is inserted. Monochromatic light of the designated
wavelength for the compensator must be used. This wavelength is customarily
engraved on the compensator and is usually 589 nm or 546 nm. The 45°
angle between the slow wave of the compensator and the slow wave of the
specimen is clockwise (Fig. 9.27), and the analyzer is rotated in the clockwise
direction until the specimen is at extinction (maximum darkness). This
analyzer rotation, 1, is equal to one-half the phase difference. 1f one posi-
tions the specimen point so that it shows an addition color, the direction of
analyzer rotation will be counterclockwise (Fig. 9.28). Caution! The direc-
tion of analyzer rotation is not necessarily the same as the direction of rota-
tion of the analyzer control knob!

’

FLUORESCENCE ‘

Over the past decade fluorescence microscopy has probably shown more

giowth than any other single area of microscopy in terms of usage,
primarily as the result of: (1) increased medical applications of the tech-
niques in cytodiagnosis, (2) development of fluorescent protein (antibody,
antigen) staining methods, (3) improved instrument design, (4) the provision
for quantitative measurement (iluorometry), and (5) the extreme sensitivity
of the method. The last rcason probably accounts for the other four; e.g., the
minimuin concentration for a detectable fluorescent substance is about one in
10%, and as little as 107'® g may be detected. This extreme sensitivity of
fluorescence detection together with thie extreme specificity of immunological
techniques (such as in fluorescent antibody work) provides a very powerful
microtechnique. T
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Theory

Whenever a substance absorbs light, it tukes up eneigy in the form of
quanta. Since by the first law of thermodynamics we know that energy can-
not be destroyed but can only be changed in form, we must be able to ac-
count for the fate of this energy. For one thing it can be tured into heat
and eventually lost to entropy or perhaps used as activation energy for a
chemical reaction. When a molecule absorbs light it is transformed into an
activated state, and thus the potential energy of the system is increased.
Some of this energy can be captured into chemical bonds which can be
utilized for cellular work, as in photosynthesis. A number of processes may
be involved in energy dissipation such as resonance radiation, Rayleigh
scattering, and Raman effects (Udenfriend, 1962). Anothers possible fate for
the absorbed light energy—the one we are concerned with here—is in reemis-
sion as Juminescent light. Luminescence is a general term for light emission
caused by electrical, chemical, and biological means as well as by light ab-
sorption (photoluminescence). The process of photoluminescence may be
subdivided into fluorescence and phosphorescence on the basis of the time
delay between the absorption and emission of light (as a consequence of
specific types of electronic transitions). If this period, 8, is less than 107
seconds, we describe the photoluminescence as fluorescence; if it is greater
than 107% seconds, we term it phosphorescence. Phosphorescence, unlike
fuorescence, may continue for some time after the excitation source is shut
down. The absorption of light is a highly specific event, and certain molecular
configurations are required for the absorption of energy of specific frequency.
Light energy is absorbed in discrete units or quanta, and only those absorbing
molecules transformed into an excited state (an energy level above that of the
“ground” level for the molecule) are capable of fluorescing. A quantum is ab-
sorbed in about 1013 seconds, and the excited state persists for about 107'®
seconds. Just as the transition of a substance to an excited state iequires
energy absorption, the transition from the excited to the ground state re-
quires energy emission. In almost all cases the wavelength of the fluorescent
light is longer than that of the exciting light, because some energy is lost
during absorption to other processes of encrgy dissipation. This observed
wavelength increase is known as Stokes's law (1852). Both light and chemical
bonds are electrical in nature, and the oscillating electrical field of the light
sets the electrons and atomic nuclei into oscillation, which causes them to act
as an antenna through which the fluorescent light can be emitted. Thus, in
explanation of Stokes's law, we can say that some energy is necessarily lost in
setting the antenna system into oscillation, and for this reason the emitted
quania have a lower frequency.

For fluorescence to occur the absorbing molecule must be excited to an
electronic change; i.e., an electron must be raised to a higher energy level.
The absorption of light quanta is a discrete process and whole quanta are ab-
sorbed, meaning that the energy levels in a molecule assume quantized values.
However, the fluorescence does not result from this single jump to a higher
energy level followed by a single jump down to the ground level. The mole-
cule usually returns to the ground state by falling in several jumps from
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FIG. 9.29. Hypothetical absorption, excitation,
vibrational deactivation, and fluorescence of a model
substance.

higher to lower energy levels, and fluorescence occurs only in the jump from
the lowest elevated energy level to the ground level (Fig. 9.29).

Fluorescence intensity can be derived from the following considerations:
dlfd® = ol. This says that the change in light intensity, d/, that occurs as light
of initial intensity / passes through a specimen thickness of d® is equal to a
constant, a, times the initial intensity /. Thus

. 1 e
fd—l=—f adf
A 1 0

Note that a minus sign is required because light intensity decreases as it goes
from the initial intensity /, to the transmitted intensity I (going from 0 to £
through the specimen). Thus

Ln/- Ln/p =-a®,
where Ln = natural logarithm
Lnl/ly=-af
T=1Iflo=¢* (Lambert-Bouguer Law)

where T = transmittance. According to Beer's law,
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a=pe

where = an extinction coelficient
¢ = concentration
T=e#et

Changing to base 10, T=107%°%, where k =0.4343 u. Let us define quan-
tum efficiency of fluorescence as ¢y = number of quanta fluoresced divided
by the number of quanta absorbed.

The proportion of light absorbed by the specimen is (1 - T). Thus the
amount of flucrescence F is given by: § =1o(} - Ty or F = Io(1 - 107%Y)
¢s. However, if the amount of light absorbed is very small, the first term of
the series expansion of ¢™#°% may be used and substituted in the above equa-
tion, yielding a simplified formula of F=/o¢, (2.3 kct). In this case the
fluorescence is directly proportional to the concentration of the fluorescing
substance. If the fluorescence response is not linear with concentration, the
simplified formula cannot be used.

The quantuin efficiency must be calculated with the aid of standards, and
to do this the following relationship is used:

FilF, = dpildys X EfE,

where F; and F; are the fluorescence intensity of specimen i and the standard
respectively; ¢z, ¢ = the respective quantum efficiencies; and £y, £, =
the respective optical densities, log fo/l. This equation can be used without
correction only if the absorplion and fluorescence inaxima of the two sub-
stances are identical. Otherwise corrections have to be made for differential
sensitivity of detector and differential intensity of excitation.

Porro and co-workers (1963, 1965) have published fluorescence and ab-
sorption spectra of a great number of biologically important dyes, and these
are useful in developing microscopical systems for specific purposes utilizing
these dyes. Quantum efficiency is influenced by many factors including
temperature, viscosity, pl, ion concentration, dye concentration, chemical
composition of the tissue, and mounting media. However, under optimal
conditions at least, the spectral distribution of the fluoresced light is in-
dependent of the spectral distribution of the exciting light. In fact, if the
quantum efficiency varies with the wavelength of the exciting light, additional
chemical species or molecular rearrangements should be considered as a pos-
sible cause. Figure 9.30 illustrates the fact that no matter what part or frac-
tion of the absorption spectrum is used for excitation, the fluorescence spec-
trum remains unchanged. Note (Fig. 9.30A) that the fluorescence spectrum is
a mirror image of the long wavelength absorption peak. This relates to the
fact that emission occurs only on the final energy fall (Fig. 9.29). In Fig-
ure 9.30B only the short wavelength light has been used for excitation, but
the fluorescence spectrum is unchanged; in Figure 9.30C only the long wave-
length portion of the absorption spectrum lias been used for excitation, und
again we see that the fluorescence spectrum is unchanged.

Quantum efficiencies vary from 095 to less than 0.01. Generally low
temperature and high viscosity increase the quantum efficiency by miniiniz-
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FIG. 9.30. Mlustration of the independence of the
fluorescence spectrum from the absorption spectrum.
Absorption is shown in solid lines and fluorescence in
dashed lines.

ing energy loss through heat transfer to solvent or neighboring molecules.
Certain functional chenical groups present in the milieu may increase quan-
tum efficiency—e g., —~OH, —~OCH,, —NH,,and —N(CH,),; others may depress
quantum efficiency—e g, —CO, —-COOH, -CN, —-CH=, ~-NO,;, and
—CH=CH- (Banels, 1961). Hydrogen ion (pH) is often a critical factor, and
optima trials should always be enacted in developing or using a particular
technique. Hydrogen ion concentration is often controlled with the use of
buffers, but the presence of buffers can cause quenching of the lluorescence
so this approach must be used with caution. Overoptimal concentrations of a
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fluorcscent dye can cause self-quenching, so this factor must also'be con-
trolled. Specific procedures will not be discussed in this section, !)ut it shf)uld
be noted that specimens should be mounted in a nonfluorescing mediumi.
Many of the xylene-soluble resins are adequate, and Fluormount.(E. Gurr,
Ltd., London) is specifically compounded for use in 1luorescence microscopy.
This same firm also supplies a nonfluorescing water-soluble mount, Uvak.
Spuir (1954 and personal communication) has also developed nonfluorescent

aqueous mounting media:
Medium | Medium H

distilled water 68 cc 40 cc
cadmium iodide 20g 34g
polyvinyl alcohol (Elvanol 5§ 1-05) 270g 18g
sodium thiocyanate (NaSCN) 1.5g Og
fructose Og 8¢g
T Egepiece
Fiuorescent
Light Only
C 1 Bareior  Filler
Exciling Wavelengths
And Fluorescent |
Light P ol Objective
Specimen Plane
N - Condenser
E xclting jﬁ—ﬂ/
Wavelengihs
[ ] Exciting Filter

All Wavelengths
Minus Heal Waves

{ ] Heat Filter

Al velenglhs
of Likht L

— Lignt Source

~—~

FIG.9.31. Schematic diagram of a transmutted light
fluorescence microscope.
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Instrumentation

Most research model microscopes have the capacity to be converied into
efficient {luorescence microscopes (at least of the qualitative type) upon addi-
tion of accessories. The essential compounents of a fluorescence microscope
are diagramed in Figure 9.31. The light source must have a high intensity
output in the required exciting wavelengths. Since these wavelengths are
often near the UV and blue range (350450 nm), mercury, xenon, halogen,
and deuterium lamps are usually used as light sources. The Osram HBO 200
high-pressure mercury arc is probably the most common light source for
fluorescence microscopy. It comes in two types—L, and L,—and it is essen-
tial that the proper power supply is used for each type; ie., an L, should
always be replaced by an L, if the same power supply is to be used. This
lamp has a life of about 200 hours and must be replaced at that time, because
when it Is allowed to burn out it has a tendency to explode. This will usually
ruin the lamp condenser, and the mercury vapor is, to say the least, hazardous
to human health. It is also important to have a heat sink (now supplied by
reputable manufacturers) attached to the upper electrode to prolong lamp
life and diminish the possibilities of an explosion. The spectral distribution
of light intensity of the various light sources is given in Figure 9.32. Note
that the 200-watt high-pressure mercury arc (e g. HBO 200) does not have
uniform intensity over the spectral range. It also lacks constancy of emission
intensity and for these reasons is not the light souice of choice for quantita-
tive work. The halogen and xenon light sources are much better for this pur-
pose. In the future the tunable dye laser may become an important light
source for fluorescence microscopy. The dye laser has a lasing niedium con-
sisting of an organic dye mixed with a liquid solvent. This laser is wavelength
tunable from ultraviolet to infrared. It can deliver extremely high excitation
energy (up to 0.5 megawatt), and this is propagated in short pulses of 0.4 usec.
In some cases a single pulse can be utilized for photomicrography: even when
multiple pulses are required, little or no photodecomposition of the fluoro-
chrome is reported (Anon, 1972). :

Filters

In Figure 9.31 we see that the first filter is a heat filter. This usually fil-
ters out the long wavelength (red and infrared) heat waves and serves the dual
purposes of protecting the subsequent filters and the specimen from heat
damage. These heat filters must have good transmission characteristics in the
UV, and in some systems both a heat filter (¢.g. KG1)and a red-suppression
filter (BG 38) are used.

The next filter is used to isolate the exciting wavelength and is often
termed the exciting or excitation filter. It is necessary to avoid complications
in image interpretation that would ensue; if the high-intensity extraneous
light were not eliminated, it would completely mask the lower-intensity
fluorescent light. We can separate excitation filter systems into three types:
broad-band, narrow-band, and selective. Broad-band excitation refers to the
use of filters that are dimensioned to provide an excitation peak of wide
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FIG. 9.32. Data on light sources for fluorescence
microscopy. (Courtesy E. Leitz, Inc., Rockleigh,

breadth, e.g., the BG 12 biue light filter. This methoq prpv:des mfz:xlmum ex-
citation energy but can only be used where.lhe excitation and uoresi;:x?c.e
maxima are widely separated (e.g. 100 nm) in wavelength. 1Yarrow~ban ex-
citation is used to deal with the situation where the excitation aqd ﬂ.uones}
cence maxima are not so widely separated. Very often a c‘ombn'nauon.o
filters is used 1o achieve this narrow width exc;ita}non peak. ._Selecure excuz—
tion is just the extreme of nanow-band excitation. In thl.s case a mono-
chromator or asymmetric interference filters are used to provide very narrow
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aperture, for good dark-field illumination. Lacking an iris diaphragm, funnel
stops may be used, but these are less convenient and less adjustuble.

For quantitative work the Ploem vertical illuminator has many advantages.
Furthermore, it can be used in combination with other methods of micros-
copy. The Ploem vertical illuminator was developed by J. S. Ploem (1967)
and employs a dichromatic mirror as a beam splitter (Fig. 9.34). Light from
the source is directed to the dichromatic mirror which reflects the short
wavelength light down onto the specimen surface and transmits the long
wa\{elength light away from the optical axis. The short wavelength light
excites fluorescence from the specimen, and both short wavelength and
ﬂ}lorescenl light are reflected from the specimen surface back up to the
dichromatic mirror. Here the short wavelength light is reflected back toward

R
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FIG.9.35. Characteristics of Leitz dichromatic
beam splitters TK 400, TK 455, TK 510, and TK
580. The beam splitters reflect on the left side of the
curves and transmit on the right side. (Courtesy E,
Leitz, Inc., Rockleigh, N.J.) -
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the light source while the long wavelength light is transmitted st raight through
the mirror toward the ocular andfor photomultiplicr tube. Note that the
dichromatic beam splitter transmits long wavelengths and reflects short wave-
lengths at a 90° angle. A good dichromatic mirror will retlect over 90% of the
short wavelength light to the specimen and transmit away from the specimen
the longer wavelength and infrared heat radiation; on the way back vistually
all of the fluorescent light will be transmiited to the observational system.
The cutoff point between reflection and transmission can be changed by
varying the interference coatings on the dichromatic mirror. The character-
istics of four different dichromatic mirrors are illustrated in Figure 9.35. The
function of these beam splitters must be augmented by both excitation and
barrier filters as described previously. This combination of basrier filters and
dichromatic mirror provides great versatility in both excitation and sup-
pression. We can now excite with green light, which for some fluorochromes
would be at the excitation maximum (e.g., luorescein isothiocyanate—FITC).
This results in high fluorescence intensity and excellent contrast.

The Ploem system permits imaginative combination optical systems to be
developed. For example, two fluorochromes can be used and the specimen
observed both in incident and transmitied fluorescent light so that both
flucrochromes will be localized at the same time. The Ploem illuminator
offers the following advantages over previous systems:

1. It is better suited for quantitative work (cytofluorometry) because the
fluorescence intensity is not critically dependent on a substage condenser; the
objective itself serves as both condenser and objective.

2. The surface of the specimen provides the fluorescence; this minimizes
measuring error due to such things as variation in specimen thickness and
light loss due 1o absorption or scatter within the specimen.

3. In some cases specimen preparation is simplified if only the surface is
viewed; i.e., microtoming of this section can sometimes be eliminated.

4. The full aperture of vbjectives may be employed, which is not the case
in dark-field.

5. The Ploem system can be combined with transmitted light, dark-field,
fluorescence, phase-contrast, or polarized light microscopy.

MICROSPECTROPHOTOMETRY

Prior to the middle 1950s, microspectrophotometric instrumentation had
. to be fabricated by the investigator; now instruments are available from
several optical manufacturing firms.

Quantitative optical absorption spectroscopy at the tissue and cellular
levels can be performed with a microspectrophotometer. The absoiption laws
presented for fluorescence microscopy are applicable to microspectro-
photometry.

Microspectrophotometers are_composed of the items shown in Figure
9.36. The light source emits energy at UV or visible wavelengths. The light
passes through an interference filter or a monochromator which filters out all
light except a narcow band of monochromatic light. The monochromatic



