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Introduction

Fig. | Compourd
MiCrosC G-
Schemaric

In Volume 1 of this series Microscope Basics and Beyond), the principles of transmitted
light brightfield microscopy were explained and illustrated. For purposes of introduc-
tion, image formation was described mostly in terms of geometric optics® with only
brief reference to the wave action of light and the phenomenaon of diffraction **

Volume 2 will give a maore extended treatment of image formation as related 1o
diffraction iwave optics o physical opticsh Such explanations are crucial 1o the
understanding of all image formation and indispensable for understanding phase
microscopy, differential interference microscopy, and palarization. This booklet will
present an overview of principles and their applications in the mast utilized contrast
methodologies devised to improve image contrast and visibility. The emphasis will be
on practical use and basic ideas with a minimum of mathematics. Bear in mind that
when you look through the evepiece of a microscope, you are looking at the image
projected by the abjective onto the plane of the fixed diaphragm inside the evepiece.
In order to see thatimage, it must be enlarged enough to fall on separate cells irods and
cones) on your retina (magnification); the details of the image must be separaled
sufficiently so as to be clearly distinguishable (resalution and the image of the object
must vary in brightness from the background icontrast) so that it is visible. Remember
that when you look into the microscope, you are not looking at the specimen; you are
looking at a magnified image of the specimen by means of the eyepiece’s eve lens,
(Fig. 1)
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The human eye can readily distinguish light and dark (variations in brightness or
intensity as well as colors (light frequencies) of the visible part of the spectrum. A
microscope image is essentially a pattern of varving hight intensities and colors.

In microscopy, some specimens, so-called amplitude objects because they absorb
light partially or completely, are readily seen. Specimens that are naturally colared or
artificially stained with chemical color dyes can also be seen. These stains or natural

* Ceometric optics treats light as rays traveling in straight lines. Directions are altered
by reflection or refraction by lenses. The structure of the object is not taken into
account as il is in wave oplics,

**Explanations of diffraction will be dealt with later,
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colors absorb some part of white light passing through and transmit or reflect other
colors. As a result, the object appears in one or several calors. Often, stains are
combined to yield contrasting colors, e.g. blue haemotoxylin stain for cell nucle
combined with pink eosin stain for cyloplasm. Il is common practice to use stains on
specimens that do not absorb light, thus rendering such objects visible to the eye.

CONTRAST

Thus, absorption of light, brightness or color, has been the classical means of produc-
ing contrast in microscope images. Contrast means the ability of a detail to stand out
against the backeround or other adjacent details, Contrast refers to the relationship
between the highest and lowest intensity in the image. In terms of a simple formula,
contrast is described as:
% Contrast = Intens. of background — Intens. of specimen X 100

Intens. of background

For many specimens in microscopy, especially unstained or living material, the
contrast is so poor that, despite the ability of the objective 10 resolve (clearly separate)
the details, the object remains virtually invisible. (Page12) Often, for just such
specimens, it is important not to alter them by killing or treaiment with chemical dyes
or fixatives. Thus, for over a hundred vears, microscopists have sought ways of
increasing contrast in unstained material without doing chemical or thermal
“violence" to the object being studied. The all-too-common practices of closing down
the condenser aperture diaphragm below 60% or lowering the substage condenser do
indeed increase contrast but such procedures very seriously reduce resolution and
sharpness.

BACK FOCAL PLANE OF THE OBJECTIVE

In order 10 understand many of the methods of contrast improvement, you must be
familiar with the optical phenomena that are taking place, especially the optical
"action” at the back focal plane of the objective. You can readily observe such
phenomena by looking at the back lens area of the objective [firsl, remaoving the
regular evepiece) with a phase telescope. This relatively inexpensive device is really a
low power magnifier which can easily be focused on the back focal plane of the
objective.

WAWVE NATURE OF LIGHT

Some brief non-technical description concerning the wave nature of light: Light is
considered as a disturbance moving outward in all directions from the origin of the
disturbance, e.g., a bulb filament. Compare light with a disturbance caused by
dropping a rock into a still pond. The disturbance moves out in all directions; consider
this motion as the propagation directions of the disturbance. As this disturbance moves
autward, waves are created which vibrate up and down, PERPENDICULAR to the
directions of propagation. (Fig. 2) If the original energy source {the dropped rock) is
great, the waves are higher; conversely, if the energy source is lesser, the waves are
lower in height,
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Fig. 2. Wawve
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Fig. 4. Refractive
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Fig. 5. hnells Law

The height of each wave is called the amplitude of the wave, If you were lo measure
from the crest of one wave to the crest of the adjoining wave, you would find the wave
length of the wave imeasurement from trough to trough, or any comparable pair of
positions would also vield the same wave lengthl. (Fig. 31 In the case of light, the speed
of propagation is the familiar 186,000 + miles per secand in & vacuum. The number of
vibrations per second is known as the frequency and is invariant for each of the colors
of white light.
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When light enters another medium from air, e.g. glass, the light waves are slowed
down and the wave length of any given wave frequency is compressed. Upon
reemergence into air, light resumes its former speed and the wave length is no longer
compressed. (Fig. 41 For practical purposes, you can consider the speed of light to be
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the same in air as it is in @ vacuum, However, light is considerably slowed when it
enters water or oil or glass. The ratio of the speed of light in air tor in a vacuum) as
compared to the speed of light in another medium is known as the refractive index or
R.1. {or nk. Another way of describing R. 1. is the ratio of the sine of the angle of light
entering the medium from air langle of incidence) compared to the sine of the angle of
light after it has entered the medium. (Fig. 5) Since glass, oil, water etc. slow light
down, their refractive indices are always greater than 1. (The speed of light in air is
considered o be 1.)
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CONSTRUCTIVE AND DESTRUCTIVE INTERFEREMNCE

An important characteristic of light waves is their ability, under certain circumstances,
to interfere with one another. If a pair of light waves from the same source are traveling,
forexample, indirection D (propagation direction) and their vibirations (perpendicular
to the propagation direction) are parallel to each other and parallel 1o C, the light
waves may interlere with each other. If the vibrations are not in the same plane and are
vibrating at 90 degrees to each other, they cannot interfere with one another.

Assuming the vibrations are parallel to one another and to C;

I the crests of one of the waves coincide with the crests of the other, the amplitudes are
additive. If the amplitudes of both waves are equal, the resultant amplitude would be
doubled. Bear in mind that light intensity varies directly as the SQUARE of the
amplitude. Thus if amplitude is doubled, intensity is quadrupled. Such additive
interference is called constructive interference. (Fig. bl
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If the crests of one wave coincide with the troughs of the other wave, the resultant
amplitude is decreased or may even be completely canceled. (Fig. 7) This is called
destructive interference, The result is adrop in intensity, or, incancellation, blackness.
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UNDEVIATED AND DEVIATED LIGHT

In the light microscope, where light from the microscope bulb passes through the
condenser and then through the specimen—assurming the specimen is a light absorbing
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specimen—some of the light passes through the specimen or around the specimen
undisturbed in its path. Such light is called direct light or undeviated light. The
background light (called the surround) around the specimen is also undeviated light.
On the other hand, some of the light passing through the specimen is deviated {Fig.8)
Such deviated light {as you will subsequently learn, called diffracted light) is rendered
¥ wave length or 180 degrees out of step (out of phase) with the direct light that has
passed through undeviated,

Fig. 8 LUNDEVIATED
o s . LIGHT l___HEBETw,'TtD
m L
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PROPAGATION DIRECTION
THE IMAGE

The hall wave length out of step caused by the specimen itself enables this light to
cause destructive interference with the direct light when both arrive at the IMAGE
plane at the diaphragm of the eyepiece. The eye lens of the evepiece further magnifies
this image which finally is projected onto the retina or the camera film.
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What has happened is that the direct or undeviated light is projected by the objective
and spread evenly acrass the entire IMAGE plane at the diaphragm of the evepiece.
The hight diffracted by the specimen is brought to focus at various localized places on
that same IMAGE plane; and there the diffracted light causes destructive interference,
and reduces intensity resulting in more or less dark areas. (Fig. 9) These patterns of
light and dark are what we recognize as an image of the specimen. Since our eyes are
sensitive 1o variations in brightness, the image then becomes a more or less faithiul
reconstitution of the original specimen.
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IMAGE FORMATION RESULTING FROM DEVIATED AND UNDEVIATED
LIGHT

To help you understand the basic principles, it is suggested that you try the following
exercise and use as your "specimen” an object of known structure, e.g. a stage
micrometer or a grating of closely spaced dark lines. Place such a finely ruled grating
on the microscope stage and bring it into focus using first a 10X and then the 40X
objective. Remove the evepiece and, in its place, insert a phase telescope so that you
can focus on the BACK focal plane of the objective. If you close down the condenser
diaphragm most of the way, you will see a bright white central spat of light which is the
image of the aperture diaphragm. To the right and left of the central bright spot, you
will see a series of spectra, each colored blue on the part closest to the central spat and
colored red an the part of the spectrum farther from the central bright spot. (Fig. 9A)
The intensity of these colored spectra decreases according to how far the spectrum is

tniarmediate Image— [ T L PR EjfEHEERE.CM

DIFFRACTICH PATTERM
AT BACK FOICAL PLAME
OF OBJECTIVE

CHECTIVE

LIME GRATIMG

COMDENSER
Fig. 94 I LIGHT SOLRCE

from the central spat, Those spectra nearer the periphery of the objective are dimmer
than those closer to the central spot. If yvou remove the grating from the siage, these
spectra disappear and only the central image of the aperture diaphragm remains, [f you
put back the grating, the spectra reappear. Note that the spaces between the colored
spectra appear dark: If you examine the grating with the 10X objective, you will
observe that only one pair af spectra can be seen, one to the left of the central spat, one
to the right. If you examine the line grating with a 60X objective (assuming it has a
higher numerical aperture than your 40X}, you will chserve more spectra to the right
and left than you were able to see with the 40X in place. (Fig. 10 A-Dj

A0 DBJECTIVE— B0X OBJECTIVE, 10X OBIECTIVE, 40 DHJEC"I"\-'E
LINE CRATING BEMOWVED MLAL GRS M.A-0.25 H_A 0BG

Since the colored spectra disappear when the grating is removed, it can be assumed
that itis the specimen itself which is affecting the light passing through, thus producing
the colored specira. Further, if you close down the aperture diaphragm, you will
ohiserve that objectives of higher numerical aperture “grasp” more of these colored
spectra than do objectives of lower numerical aperture. The crucial importance of
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these two statements for understanding image formation will become clear in the
ensuing paragraphs.

THE DIFFRACTION PATTERN AND IMAGE FORMATION

The central spot of light (image of the condenser aperture diaphragm) represents the
direct ar undeviated |ight passing through the specimen or around the specimen
undisturbed. [t is called the Oth or zeroth order. The fainter colored images of the
aperture diaphragm on each side of the zeroth order are called the 151, 2nd, 3rd, 4th
etc. orders respectively. All the “captured” orders represent, in this case, the diffrac-
tion pattern of the line grating as seen at the back focal plane of the objective. (Fig. 11}

fig. 11 Fig. 12 [MRECT
LINDEVIATED
LEGHT

-

DIFFRACTED
LIGHT

DIFFRACTICIN PATTERN
OF LIME CRATING

The fainter colored diffracted images of the aperture diaphragm are caused by light
deviated or diffracted, spread out in fan shape, at each of the openings of the line
grating. (Fig. 12) The blue wave lengths are diffracled at a lesser angle than the green
wave lengths which are at a lesser angle than the red wave lengths,

Atthe back focal plane of the objective, the blue wave lengths from each slit interfere
constructively to produce the blue area of the diffracted image of each spectrum or
order; similarly for the red and green areas. Where the diffracted wave lengths are 15
wave oul of step for each of these colors, the waves destructively interfere, Hence the
dark areas between the spectra or orders,

At the pasition of the zeroth order, all wave lengths from each slit add constructively;
this produces the bright white light you see as the zeroth order at the center of the back
iocal plane of the objective,

The eloser the spacings of a line grating, the fewer the spectra that will be “captured*
by a given objective. (Fig. 13}

Fig. 13
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Fig. 14
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The direct light and the light from the diffracted orders continue on, being focused by
the abjective, to the IMAGE plane at the diaphragm of the evepiece. iFig. 14) Here the
direct and diffracted light interfere and are thus reconstituted into the real. inverted
image that is "seen” by the eye lens of the evepiece and further magnified.

Fig. 14 =i
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Microscope specimens can be considered as complex gratings with details and
openings of various sizes, This concept of image formation was largely developed by
Ernst Abbe, the famous German microscopist and optics theoretician of the 19th
century. According to Abbe (his theories are widely accepted at the present time), the
details of a specimen will be resolved, ii the objective "captures” the Oth arder of light
and at least the st order too; or any two orders. The greater the number of diffracted
orders thal gain admittance to the objective, the more accurately the image will
represent the original object

EFFECT OF OIL IMMERSION AND SHORTER WAVE LENGTH OF LIGHT

Further, if a medium of higher refractive index than air (e.g. immersion oil) is used in
the space between the front lens of the objective and the top of the cover slip, the angle
of the difiracted orders is reduced, the fans of diffracted light are compressed; as a
result, an oil immersion objective can “capture’ mare diffracted orders and vield
better resolution than a dry objective. (Fig. 15 A,B,C) Morecver, since blue light is

Fig. I5A n Fig. 158 o
I |
2 1
'I 1
AlR
4 4
CLASS SLIDE GLASS SLIDE
] | ]
Fig. 15C
200000000
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Fig. 6. Blwe Light
vs, Red Light
Schemabic
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diffracted at a lesser angle than green light than red light, a lens of a given aperture may
capture more arders of light when the light is blue. [Fig. 16

Fig. 16 0% 0,85 OBJECTIVE

POOCOO0
BLUE LIGHT RED LIGHT
INCLUDES OTH, 1, 2, 3, ORDERS INCLUDES OTH, 1, 2 MRDERS

These two principles explain the classic equation often cited for resolution:
d=1.22x
2N A,

"d" is the space between two adjacent particles, still allowing the particles to be
perceived as separate; A is wave length; N_A. is the numerical aperture of the objective.

The more of the higher diffracted orders admitted to the objective, the smaller the
details of the specimen that can be clearly separated (resolved) Hence the value of
high numerical aperure for such specimens. Likewise, the shorter the wave length of
visible light used, the better the resolution. These ideas explain why high numerical
aperture, apochromatic lenses can separate extremely small details in blue light.

APERTURE DIAPHRACM AND DIFFRACTED ORDERS

If you were to block out (Abbe did just such experiments) the outermast diffracted
orders by placing an opaque mask at the back of the objective, you could reduce the
resolution of the lines of the grating—or any other detailed object—or “destroy” the
resolution altogether so that the specimen would not be visible. Hence the usual
caution not to close down the condenser aperture diaphragm below the suggested
-4 of the objective's aperture,

Fig. 17

A WO RESCIMLUTHOMN B RESCHVEDY . BETTER RESOLLITION

Failure of the objective to “grasp” any of the diffracted orders results in an unresolved
image. (Fig. 17} 5ince, in a specimen with very minute details, the diffraction fans are
spread al a very large angle, a high numerical aperture obieclive js needed to
“capture” them. Likewise, since the diffraction fans are compressed in immersion oil
or in water, objectives designed for such use can give better resolution than dry
objectives,

If alternate diffracted orders are blocked out (still assuming the grating as our
specimen), the number of lines in the grating would appear doubled—a spurious
resolution. {Fig. 18) The impartant caveat is that actions introduced at the back of the
objective can have significant effect upon the eventual image produced.
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AIRY DISKS AND IMAGE FORMATION

For small details in a specimen (rather than a line grating), the objective projects the
direct and diffracted light onto the IMAGE plane of the eyepiece diaphragm in the form
of small, circular diffraction disks known as Airy disks. High numerical aperture
objectives “capture” more of the diffracted orders and produce smaller size disks than
do low aperture objectives, (Fig. 19) The resulting image at the eyepiece diaphragm
level is actually a mosaic of Airy disks which vou perceive as light and dark, Where

@ o -

twa disks are too close together so that their central black spots overlap considerably,
the two details represented by these overlapping disks are not resolved or separated
and thus appear as one, {Fig. 20}

Fig. 204 : : Fig. 208 : :

TWO AIRY [HSKES TW AIRY DISKS
SEPARATED HOT SEPARATED

KEY PRINCIPLE IN IMAGE FORMATION

The basic principle is that the combination of direct and diffracted light—or the
MANIPULATION of direct or diffracted light—is crtically important in image forma-
tion. The key places for such manipulation are the back focal plane of the objective
and the front focal plane of the substage condenser. This principle is fundamental to
maost of the contrast improvement methods described in this booklet; it is of particular
importance at high magnification of small details close in size to the wave length of
light.* Abbe was a pioneer in developing these concepts to explain image formation of
absorbing or so-called amplitude specimens. In the 1930, F Zernike, a Dutch
physicist, extended these principles when he devised and explained phase
MICTOSCOpY.

*For specimens with openings or details much larger than the wave length of light, the
angle of the diffracted rays is small. Such rays are readily captured by objectives of
modest numerical aperture
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Contrast
Methods

COLORED CHEMICAL STAINING AND COLOR FILTERS

An early and currently used method of increasing contrast of stained specimens
employs color contrast fillers placed in the light path, gelatin squares (Kodak! or glass
or interference-type filters imany independent as well as microscope manufacturers),
Forexample, if a specimen is stained with a red stain, a green filter will darken the red
areas thus increasing the contrast. On the other hand, a green filler would lighten any
green stained area. Microscopists can secure 3 set'of color filters which are valuable
for observation and for black-white photomicrography (see Kodak booklet
"Photography Through the Microscope,” pages 60-64), Green filters are particularly
valuable for use with achromat and phase contrast objectives. Achromats are
spherically corrected for green light; phase contrast objectives are usually designed for
manipulation of wave length assuming the use of green light since phase specimens
usually are transparent and without inherent color

REFRACTIVE INDEX OF MOUNTING MEDIA

Anather simple technique for contrast improvernent, this for unstained specimens
{e.g. crystals, diatoms), is to mount the specimen in a medium with a refractive index
different from that of the specimen itself. For example, diatom enthusiasts use a
mounting medium such as air, Styrax or Realgar. The difference in refractive indices
improves the contrast of these colorless objects and renders their outlines and mark-
ings more visible.

DARKFIELD MICROSCOPY

All of us are quite familiar with the appearance and visibility of stars on a dark night,
this despite their enormous distances from earth. The stars can be seen because of the
stark contrast between the faint light and the black sky. Yet stars are shining both night
and day; they are mvisible during the day because the overwhelming brightness of the
sun “blots out” the faint light from the stars rendering them invisible, During a total
solar eclipse, the moon moves between the earth and the sun blocking out the light of
the: sun—the stars now can be seen even though it is daytime: the visibility of the faint
star light is enormously enhanced against a dark background,

This principle is applied in darkfield (also called darkground) microscopy, a simple
and popular method for making unstained oljects clearly visible. Such objects are
often barely seen in conventional brightfield microscopy.

Darkiield illurmination requires the blocking out of the central light which ordinarily
passes through or around (the surround) the specimen—and allowing only oblique
rays to “strike” the specimen mounted on the mictascope slide. (Fig. 21)

It no specimen is present AN D the numerical aperture of the condenser is greater than
that of the objective, the oblique rays from the condenser will crass and all such rays
will miss entering the objective because of their obliquity. The field of view will appear
dark.

When a specimen is placed on the slide, especially an unstained, non-light absorbing
specimen, the oblique rays cross the specimen and are difiracted or refracted 5o that
these faint rays are able to enter the objective; the specimen can then be seen bright on
an otherwise black background. As in the example of starlight described above, the
visibility is greatly enhanced by the contrast between the brightly shining specimen
and the dark surraund,
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What has happened in darkfield illumination is that all the ordinarily undeviated rays
of the zeroth order have been blocked; the oblique rays, now diffracted by the
specimen and yielding 1st, 2nd, and higher diffracted orders at the back focal plane of

Fig. 21A fig 218

SPECIMEN SPECIMEN
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BRIGHTFIELD CENTRAL RAYS ELOCKED

the objective, proceed onto the image plane where they interfere with one another to
produce an image of the specimen. (Fig. 23}

Fig. 22 [HFFRACTED LEGHT

ORIECTIVE
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X /

If you were to look at the back of the objective, it would appear filled with light, This
diffracted faint light is reconstituted into the visible image at the plane of the eyepiece
diaphragm with its contrast reversed, bright image on black background, Since
darkfield microscopy eliminates the bright undeviated light, this form of illumination is
very wasteful of light and thus demands a high intensity illumination source.
Microscrope slides must be of the appropriate thickness, approximately one
millimetar + 0.1; and the clides must be scrupulously clean because every dirt speck
will be mercilessly brigh.

There are several pieces of equipment that are utilized to produce darkfield illumina-
tion. The simplest is a “spider stop” placed just under the bottom lens (front focal
plane) of the substage condenser, the aperture diaphragm is opened wide to pass
oblique rays. (Fig. 23 A, B) The central opaque stop (you can make one by mounting a
coin on a clear glass disk) blocks out the central rays. This device works fairly well,
even with the Abbe condenser, with the 10X objective up to the 40X with an N_A. of
0.65. The diameter of the opaque stop should be approximately 8mm for the 10X
objective of N_A. .25 ta approximately 15mm for objectives of N.A. 0.65.
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Far more precise work and blacker backgrounds, you may choose a condenser
designed especially for darkfield, i.e. to transmit only oblique rays. There are several
varieties: dry darkfield condensers with air between the top of the condenser and the
underside of the slide—and immersion darkfield condensers which require the use of
a drop of immersion oil (some are designed to use water instead) establishing contact
between the top of the condenser and the underside of the specimen slide, (Fig, 24

Fig. 24 OBECTIVE
OBLIGUE RAYS

DEFFRACTED RAYS
SPECIMEN

IMMERSIO™N
DARKFELD
COMNDENSER

The dry darkfield condenses is useful for objectives with numerical apertures below
0.75; the immersion condenser can be used with objectives up 1o N.A. 1.4, The
objectives with N.A. above 1.2 will require a reduction of their aperture since their
M.A. may exceed the N.A, of the condenser, thus allowing direct light to enter the
objective. For this reason, high N A. objectives used for darkfield as well as brightfield
are made with a built-in adjustable iris diaphragm. The immersion darkfield con-
denser has internal mirrored surfaces and passes rays of great obliguity free of
chromatic aberration; it gives best results and blackest background,

Darkfield objects are guite spectacular lo see le.g. try a drop of fresh blood in
darkfield}; objects of very low contrast in brightfield shine brilliantly in darkfield. Such
illumination is best for revealing outlines, edges, and boundaries: darkfield illumina-
tion is less useful in revealing internal details.

RHEINBERG ILLUMINATION

A striking vanation of low to medium power darkfield is known as Rheinberg illumina-
tion, first demonstrated by the British microscopist Julius Rheinberg nearly a hundred
yearsago. This method produces beautiful colored images of unstained objects. (cover
photograph In this form of illumination, the central opague stop is replaced with a
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Fig. 25A&B.
Rheinberg
ilumination

Fig. 26. Oblique
Light

transparent, colored, circular stop mserted into a ransparent ring of a contrasting
color. (Fig, 25A, B) These stops are placed under the bottom lens of the condenser: the
specimen is rendered in the color of the ring; the background is the color of the central
spat. For example, a green central stop inside a red ring will show “red protozeoa®
swimming in a “green sea.” (See Needham's “Practical Use of the Microscope” pages
281-285 for further information. )

Fig. 25A Fig. 258
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OPTICAL STAINING

Darkfield illumination and Rheinberg illumination are examples of how images are
affected by manipulating light at the substage condenser. When an image is made 1o
appear in color without use of chemical stains, the technigue is described as “optical
staining.”

OBLIQUE ILLUMINATION

If you have ever examined a coin in direct bright light, you must have observed that the
reliel of the coin was very difficult 10 see. If, on the other hand, light is arranged to
“strike” the coin at a low glancing angle, the resulting shadow effect on one side and
brightness on the side nearer the light cause the relief detail of the coin 10 stand out in
I-dimensional clanity.

A somewhal similar appearance is produced with microscopic specimens with a
technigue known as oblique illumination, Direct light from one azimuth of the
condenser light cone is allowed to illuminate the specimen, from one side only.
(Fig. 26) The net effect is to reveal details in an otherwise almost invisible, colarless
specimen in pseudo-ralief,

Fig. 26 CONDENSER

CBLIQUE
RANE Chry
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The obligue lighting has caused the zerath order to be maoved to a position just within
the periphiery of the objective tthis can be observed with a focusing telescope looking
at the back focal plane of the objective). The shiftipg of the zeroth arder to the
periphery allows additional diffracted orders (or sometimes just ane difiracted order)
to be included in the objective’s back focal plane. (Fig. 27) These diffracted orders are
on only one side of the zeroth order; because of the abliquity, the diffracted orders on
the ather side “miss” the objective altogether.

Fig. 27 FERCTH CIRDER ZEROITH URDER 15T CRDER

h\

15T
OROER 15T {IRDER T
SPECIMEN
|
COMIFENSER
o B.
BRIGHTFIELD DIRECT BRIGHTFIELD UBLIUE
ILLLAAMATILIN LLLIMINAT M
P RESTHALITI IR {RESCIVELDN

The result may be to increase the resolution and also to produce a shadowed, relief-
like pseudo 3-dimensional appearance in the image of the specimen. This methad
works well with many unstained objects, e.g., living calls, crystals, diatoms, etc. The
resulling image must be viewed with caution because the diffracted orders from one
side have not contributed to the image formation.

To achieve obligue illumination, vou place a so-called sector stop just below the lower
lens of the condenser {a filter holder will do fine for halding the stop) (Fig, 28A) The cut
out section of the sector stop allows only oblique, direct light to pass through to the
SPeCimen

APPFEARANCE AT
BACK CIF OBIECTIVE

Fig, 28A

In former years, some microscopes were equipped with a condenser with deceniera-
ble aperture iris diaphragm. The device was engineered to allow the entire iris 1o move
off center in a honizontal plane so that closing the ins down would result in moving the
zeroth order to the penphery of the back focal plane of the cbjective—a similar eltect
as 1he sector stop described above, The entire diaphragm was rotatable around the axis
of the microscope so that obligue light could be directed toward the specimen irom
any azimuth to achieve the best desired effect for a given specimen, (Fig. 288

Here again, you find that the manipulation of light al the level of the aperiure iris
diaphragm {front focal plane of the condenser) can significantly alter the appearance
of the IMAGE at the position of the eyepiece fixed diaphragm.
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PHASE CONTRAST MICROSCOPY

The search was still on in the 1930% to find a way of using both direct and diffracted
light from all azimuths to yield good contrast images of unstained objects that do not
absorb light. Such specimens are called phase objects because they slightly alter the
phase of the light diffracted by the specimen, usually by retarding such light approsxi-
mately a 1/4 wave length as compared to the undeviated direct light passing through or
around the specimen unaffected, (Fig. 29) Unfortunately, our eyes as well as camera
film are unable to detect these phase differences, To reiterate, Gur eyes are sensitive 1o

differences in intensity irelated to wave amplitude) or to color (frequency).
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In phase specimens, the direct zeroth order light passes through or around the
specimen undeviated, Howewver, the light diffracted by the specimen is not reduced in
amplitude as it is in a so-called amplitude object; (see previous sections) but is slowed
by the specimen because of the specimen’s refractive index or thickness (or both). This
diffracted light, lagging behind by approximately 1/4 wave length, arrives at the image
plane out of step with the undeviated light but essentially undiminished in intensity.
(Fig. 30) The result is that the image at the eyepiece level is so lacking in contrast as 1o
rmake the details almost invisible,

FAGE 19/ CONTRAST METHODS



Fig. 11A;
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Fig. 31C. Phase
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F. Zernike succeeded in devising a method—phase contrast microscopy—for making
unstained, phase objects yield contrast images A5 IF they were amplitude objects,
Since amplitude objects show excellent contrast when the diffracted and direct light
are “outol step” |phase difference] by 1/2 wave length, Zernike's method was to “speed
up” the direct light by 1/4 wave length sothat the difference in wave length between the
direct and diffracted light for a PHASE SPECIMEN would now be 1/2 wave length, (Fig,
31h As a resull, the direct and difiracted hght arriving at the image level of the evepiece
would be able to produce destructive interference (see section on image formation for
absorbing objects previously described). Such a procedure results in the details of the
image appearing darker against a lighter background; it is called dark or positive phase
conirast

Fig. 31A Fig. 318 Fig. 31C
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Another possible course, much less often used, isto arrange to “slow up” the DIRECT
LIGHT by 1/4 wave length so that the diffracted light and the direct light arrive at the
eyepiece in step and can interfere constructively. This arrangement results in a bright
image of the details of the specimen on a darker background: it is called negative or
bright cantrast,

Phase contrast microscopy was mast successful, and, as a resull, Zernike was even-
tually awarded the Mobel prize in physics in 1951, This method was hailed as the
greatest advance in microscopy in a century. Phase contrast, by "converting” phase
specimens such as living material into amplitude specimens allowed scientists o see
details in unstained andfor living objects with a clarity and resolution never before
achieved,

The Zernike method involves the “separation” of the direct zeroth order light from the
diffracted light at the back of the objective. To do this, a ring annulus is placed in
position directly under the lower lens of the condenser (front focal plane of the
condenserl. As the hollow cone of light from such an annulus passes through the
specimen undeviated, it arrives at the back focal plane of the obpective in the shape of a
ting of light. The fainter light diffracted by the specimen is spread all over the back
focal plane of the objective

If this combination wers allowed, as is, lo proceed to the image plane of the eyepiece,
the diffracted light would be approximately 1/4 wave length behind the direct light; at
the image plane, the phase of the diffracted light would be out of step with the direct
light but its amplitude would be almost the same as that of the direct hght; the result
would be little contrast.
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To “speed up” the direct undeviated zeroth order light, Zernike installed a phase plate
with a ring shaped “phase shifter” on it at the back focal plane of the ohjective; the
narrow ring-shaped area of the phase plate is THINNER than the rest of the plate.
(Fig. 321 As a result the undeviated light passing through the phase ring travels a choner
distance in traversing the objective than does the diffracted light.
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Now, when the direct undeviated light and the diffracted light proceed 1o the image
plane, they are 1/2 wave length out of phase with each other. The diffracted and direct
light can now interfere DESTRUCTIVELY so that the details of the specimen appear
dark against a lighter background (just as they do for an absorbing or amplitude
speciment (Fig. 33) This is a description of what takes place in positive or dark phase
conlrast,

fig. 33 Fig. 34 4
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If the ring “phase shifter” area of the phase plate were to be made thicker than the rest
of the plate, direct light would be slowed by 174 wave length; it would arrive at the
image plane in step with the diffracted hight; CONSTRUCTIVE interference would take
place. (Fig. 341 The image would appear bright on a darker background. Thisdescribes
negative or bright contrast.
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Fig. 15 Phase
Ourtfit

Fig. 36, Phase Flate
and Light Annulus.

Since the undeviated light of the zeroth arder is much brighter than the faint diffracted
light, a thin absorptive transparent metallic layer is deposited on the ring to bring the
direct and ditfracted light into better balance of iptensity to increase contrast. Also,
since the “speeding up” ar “slowing down" of the direct light is calculated on a 1/4
wave length of green light, the phase image will appear best when a green filter is
placed in the light path; a green interference filter is preferable. Such a green filter also
helps achromatic objectives produce their best images since achromats are spherically
corrected for green light.

The accessories needed for phase contrast work are a subsiage phase contrast con-
denser equipped with annuli and a set of phase contrast objectives, each of which has
a phase plate installed. The condenser usually has a brightfield position with aperture
diaphragm and a rotating turret of annuli (each phase objective of different magnifica-
tion requires an annulus of increasing diameter as the magnification of the objective
increases). Each phase objective has a darkened ring on its back lens, Such objectives
can also be used for ordinary brightfield transmitted light work with only slight
reduction in image quality.

The phase outfit usually also includes a green filter and a phase telescope. (Fig. 35) The
latter 15 used to enable vou toralign the condenser annulus to “superimposa” it on the
ring of the phase plate. You will manipulate the annulus centering screws to align the
annulus while you observe the back focal plane of the objective with the telescope,

_ GREEN PHASE
Fig 35 FILTER TELESCLIPE

PHASE

COMDENSER PHASE

CHHECTIVES

To set up phase microscopy {cheek lining cells are a readily available test material),
focus the specimen with the 10X phase objective. Set up Koehler illumination using the
brightfield {0} position of the condenser; this is to assure the proper alignment of the
microscope’s objective, condenser, and field diaphragm. Then open up the condenser
aperture diaphragm and swing the turret of the condenser into the 10 position (this
uswally automatically opens the aperture diaphragm). Place the green filter in the light
path, and remove one of the eyepieces. Insert the phase telescope® and, while
observing the back of the objective, use the ANNULLIS CENTERING SCREWS to
center the annulus to the ring of the phase plate, (Fig. 36) This centering is often easier
to do if the specimen is out of the light path temporarily. Then put back the regular
eyepiece.

Fig. 36

PRICIE TC ALIGMNKMENT AFTER ALIGMNMENT

*A Bertrand lens or a pinhole eyvepiece, if available, can serve for viewing the back
focal plane of the objective
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Fig. 37 Random
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This same procedure is followed for each objective making sure that you have rotated
the turret to match the objective magnification.

Some manufacturers, e.g. Olympus, provide individual push-in, centering, annuli
that can be inserted into the lower part of the commaon Abbe condenser. Such
inexpensive, simple devices do well with the 10X, 20X, and 40X phase objectives bul
the condenser can receive only one at a time,

Phase microscopy continues to be a most important tool, particularly for the
microscopist studying living and/or unstained material. This methed is also currently
used simultaneously with reflected light fluorescence to reveal areas of a specimen
that do not fluoresce. Phase microscopy technigues are particularly useful with
specimens that are thin and scattered in the field of view,

You should alse be aware of some of the limitations of phase microscopy-

Phase images are usually surrounded by halos around the outlines of details, Such
halos are optical artifacts which sometimes obscure the boundaries of details,

The annuli do limit the working numerical aperture somewhat, thus reducing resolu-
tion

Phase contrast does not work well with thick specimens because of shifts in phase from
areas just below or just abowve the plare you may be focus ing on.

Phase images appear gray of white light is used; green if a green filter is used. Thus, in
phase, vou are resiricted to black and white film for photomicragraphy : vou cannot got
the "eye impact” of a color iImage.

Phase microscopy is another exemplification of how the manipulation of light at the
substage condenser lower lens level and at the objective rear focal plane level has
significant effect upon the image that yvou observe through the evepiece,

DIFFERENTIAL INTERFERENCE CONTRAST MICROSCOPY

In the past twenty-five vears, another method of microscopy—differential interference
cantrast or DIC—has become very widely used. A particular version, in accordance
with the design suggested by George Nomarski (a French optics theoretician], will be
described here In DIC too, lving or unstained material, yielding images of poor
contrast in ordinary brighifield transmitted light, is made visible by optical rather than
chemical means. The advantages as well as limitations of DIC will be dealt with |ater.

In transmitted light DIC, light from the light source is passed through a polarizer
located below the substage condenser. (Fig. 37) Next in the light path of this plane

Fig. 17

LIGHT BAYS WITH LIGHT RAYS TRANSMITTED BY
Fea M DO RIEMTATION (3F POLARIZER HAVE THE SARME
VIBRATHIM PLAKE PLAMNE CF VIBRATION
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Fig. 38 Modified
Wsllaston Prism

Fig. 39 Schematic
Longi-Section
Lhiterenteal
Interference
Mricroscope

palarized hght 5 a2 modified Wollaston®® prism located below the lower lens of the
condenser. A different prism is needed for each objective of different magnification, A
revolving lurret on the condenser allows vou to rotate the appropriate prism into the

light path,

The plane polarized light, VIBRATING only in one direction perpendicular to the
propagation direction of the light beam. enters the BEAM-SPLITTING modified
Wallaston prism and is sphit into two rays, vibrating perpendicular to each ather. These
two rays travel close together but in shightly different directions. {Fig. 38) The rays

Fug 38
B FREOIMT FONC AL PLANE
OF CHOOMDENSER

intersect at the front focal plane of the condenser. The two rayvs pass out of the
condenser, traveling PARALLEL and extremely close logether, and with a slight path
difference. The distance between the rays, called the shear, is so minute that it is less
than the resolving ability of the objective. The rays emerge from the condenser still
VIBRATING perpendicular to each other and therefore unable to interfere with one
another (Fig. 39

Fig. 39 |
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“The polarizer is usually a plastic sheet of high grade Polaroid-type material which
allows light vibrating in only one plane perpendicular to the light path to pass
through. An analyzer is similarly constructed,

**The modified Wl laston prism “splits™ an entering beam of polarized light into two
beams traveling in slightly different directions, The prism is made of two halves
cermented together. The emerging rays vibrate at 90 degrees to each other with a
slight path difference.
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Fig. 404
Differential
Interference
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The "split” beams enter and pass through the specimen. The specimen alters the wave
paths in accordance with the specimen’s varying thicknesses, slopes and refractive
indices. These variations cause alterations in the wave path of both beams passing
through areas of the specimen details lying close together. (Fig. 40) The parallel beams
are still proceeding up through the microscope into the objective where they are
focused at the back focal plane of the objective. Here the beams enter the upper BEAM
COMBINIMNG modified Wallaston prism which remaves the shear between the beam
pairs and the original path difference. As a result of having traversed the specimen, the
paths of the parallel beams are not of the same length (optical path difference) for
differing areas of the specimen.

Fig. 40

In order for the beams to interfere, the vibrations of the beams of difierent path length
must be brought into the same plane and axis INOT as before vibrating perpendicular
to each atherl. This is accomplished by placing an analyzer above the upper beam
combining prism. The light then proceeds toward the eyepiece, In white light, the
optical path differences are then seen as differences in intensity and differences in
color; the optical color staining is quite striking.

The design results in one side of a detail appearing bright (or possibly in color) while
the other side appears darker lor another colorh This shadow efiect is pseudo 3-
dimensional .

In some instruments, the upper modified Wollaston prism is combined in ane fitting
with the analyzer incorporated above il The upper prism may also be arranged so that
itcan be moved harizontally. This allows for varying optical path difference by maoving
the prism; alteration of brightness and color of the background and specimen is thus
controlled by the user. Because of the design of the prisms and their placement, the
background will be homogeneous far whatever color has been selected.

To sum up the equipment needed: a polarizer, a beam-splitting maditied Waollaston
prism below the condenser, a beam-recombining modified Wollaston prism above the
objective, and an analyzer above this upper prism, Individual prisms are required ifar
each objective) below the condenser. For the upper prism, a single prism serves for all
objectives. The upper prism can be moved laterally. (Fig. 404)

Fig. 404 DI CONDENSER INTERMEDIATE

FOCUSIMNG
TELESCOPE

BRIGHTFELD (CHMJECTIVES

The distance of the placement of the lower prism in relation ta the front focal plane of
the condenser and the distance of the upper prism from the back focal plane of the
ohjective are quite critical. Manufacturers therefore designate which of their objec-
tives are suitable for their particular DIC apparatus.

PALE 25/COMNTRAST METHODS



The color and/or light intensity effects shown in the image are related especially to the
rate of change in REFRACTIVE INDEX, THICKNESS OR BOTH in details or adjacent
areas of the specimen. The image appears 3-dimensional. This appearance is NOT
representing the true geometric nature of the specimen but is an exaggeration based on
“optical thickness,"* It is nat suitable for accurate measurement of actual heights and

depths,

At the gray setting of the movable upper prism, the 3.dimensionality is most marked,
The arientation of the specimen can significantly improve the relef-like appearance.
Sometimes the rotation af the specimen 180 degrees changes a “hill” into a "valley” or
vice versa; hence the interpretation of the image must be done with caution. The
darker appearance on one side and the lighter appearance on the other side of a detail
greatly improve the visibility by giving a pseudo-relief effect

To set up your microscope for DIC, you should take the following steps:

Fitthe DIC condenser inte the substage of the microscope and fit the DIC intermedsare
piece between the nosepiece and the viewing tubes, Using a 10X objective and the
candenser at the bnghtfield (0} pasition®® and polarizer in the light path, set up
Koehler illumination with your specimen in place. Move the specimen out of the light
path and remove one of the eyepieces.

Insert a phase focusing telescope into the evepiece tube and, while looking at the back
focal plane of the objective, rotate the screw of the UPPER prism until you see a
diagonal hlackish line appearing at the center of the back of the objective. Now
slightly rotate the substage POLARIZER to make the black line appear as black as
passibile. This, in effect, is adjusting the polarizer so that it is “crossed” (at a 90 degree
anglel with the analyzer that is situated above the upper prism. Make sure the
condenser aperture diaphragm is open to 2/3 to 4/5 of the back lens diameter of the
abjective.

Remove the focusing telescope and put back the regular eyvepiece. Rotate the turret of
the condenser to bring the appropriate lower prism into the light path; this is usual ly
marked by the red 10 setting on the turret. Move the specimen back into the light path.
MNow you may use the knob of the upper prism to move it to and fra laterally to achieve
the desired effect or color. You may also rotate the stape to change the orientation of the
specimen to improve the effect.

Similar steps are taken for each objective being used, making sure vou set up Koehler
illumination for each objective in turn by adjusting both the field and aperture
diaphragms.

There are numerous advantages in DIC microscopy as compared particularly to phase
MICTOSCOPY:

It is possible to make fuller use of the numerical aperture of the system because there s
no substage annulus to restrict the aperture, Koehler illumination is properly utilized.

*“Oiptical thickness” refers to changes in light path resulting from change in refractive
index or actual thickness or some combination of both of these variables.

**The DIC condenser usually contains four prisms, a brightfield opening with aperture
diaphragm for regular brightfield work, and several light annuli. The light annuli,
together with phase objectives, enable vou to make quick comparisons between
phase contrast and DIC images, A rotatable polarizer is fited below the prisms.
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Use of full objective aperture enables you to focus on a thin plane section of a thick
specimen without confusing images from above or below the plane you are focusing
on; this is called “OPTICAL SECTIONING." Larger apertures also yield better resolu-

tion in microscopy.
There are no confusing halas as may be encountered in phase images.

Images can be seen in striking calar ("OPTICAL STAINING") and in 3-dimensional
shadowed-like appearance. The visibility of outlines and details s greatly improved,
the photography of these images s striking in color and detail.

Regular plan achromats or achromats—also suitable for ordinary brightfieid work—
are used if the manufacturer states that such objectives are designed for their
apparatus,

There are several disadvantages or limitations in DIC:

The equipment for DIC is quite expensive because of the many prisms thal are
required,

Birefringent specimens such as those found in many kinds of crystals may not be
suitable because of their effect upon polarized light. Similarly, specimen carriers, such
as culture vessels, Petri dishes, etc.. made of plastic may not be suitable.

For very thin or scattered specimens, better images may be achieved using phase
contrast methods

Apochromatic objectives are not suitable because such objectives themselves signifi-
cantly affect polanized light.

Here again, in DIC, you find that manipulation of light at the front focal plane of the
condenser and at the back focal plane of the objective—in this technrigue with the aid
of a polarizer and analyzer—has significant effect upon the appearance of the image
you "see” through the eyepiece,

MODULATION CONTRAST MICROSCOPY

Another technigue for increasing visibility and contrast, especially for unstained
abjects and living material, is Modulation Contrast, invented by Robert Hoffman.

This method employs several accessories and s adaptable to light microscopes of all
major manufacturers,

A MODULATOR, or so-called amplitude filter, 15 inserted on the back focal plane of an
achromat or planachromat (objectives of 10X-100X are suitable). The modulator has 3
rones: a small, dark zone near the periphery of the back focal plane which transmits
only 1% of light; a narrow gray zone which transmits 15%; and the remaining zone,
cavering the back of the objective, which transmits 100% of the light. UNLIKE the
phase plate in phase microscopy, the Hofiman modulator is designed NOT to alter the
phase of the light passing through any of the zones. (Fig. 41}

Below the stage, a condenser with rotating turret is utilized. The turret condenser has a
brightfield {0) opening with aperture diaphragm for regular brightfield microscopy. Al
each of the other turret openings, there is an off-center slit which is partially covered
with asmall rectangular polarizer. The size of the shit with polarizer is different for each
objective of different magnification; hence the need for a turret arrangement,
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The Hoffman design 1s such that the slits are at the front focal plane of the condenser
When light passes through the off-axis slit, it is imaged at the back focal plane of the
objective where the modulator has been installed. (Fig, 421

fig. 42

IMCUHEECT CLHRRECT

Below the condenser, a round polarizer i placed on the |IH|'I| exil port of the
microscope inobe that both polanizers are BELOW the specimeni, The rotation of this
polarizer can control the effective wadth of the shit apening; for example a “crossing” of
both polarizers at 90 degrees to each other results in “narrowing” the slit so that its
image falls within the gray area of the modulator. The pan of the slit contralled by the
polanzer registers on the bright area of the modulator. As the polarizer is rotated,
contrast can be varied for best effect.

Both the modulator and the slit are offset from the optic axis of the microscope. This
arrangement permits fuller use of the numerical aperture of the obgective and results i
good resolution of details. Details and shapes are rendered in shadowed, pseudo 3-
dimensional appearance; these appear brighler on one side, gray in-belween, darker
on the other side, against a gray background, The modulator converts optical phase
gradients in details (steepness or slope or rate of change in refractive index or thickness
in specimen detailsiinto changes in intensity of various areas of the image at the plane
of the eyepiece diaphragm. (Fig. 43}

Fig. 434
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Opposite gradients result in deflection of the slit image to either the very dark part of
the modulator or the bright section of the modulator. Any non-gradient part of the
specimen and also the background (surround) register op the gray parl of the
modulator. The result is that the intensity of the image area from one side of a gradient
is dark; the intensily from the oppos ite side of the gradient vields a bright image area;
the non-gradient areas appear gray on the image, as does the surround.,
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The contrast (related to vaniations i intensity) of the dark and bright areas against the
gray gives a shadowed pseudo-relief effect. This is modulation contrast

Rotation of the polarizer alters the contrast achieved: similarly the orientation of the
specimen on the stage may improve the confras!

since the modulator affects the image of the slit according to how the specimen’s
details shift the image of the slit—and thus results in altering light intensities—it is
described as an amplitude filter.

There are numerous advantages as well as limitations to Modulation Conirast,
The advantages are:

With fuller use of the numerical aperture of the objective. good resolution of details s
possible; this with good contrast and visibility.

With high numerical aperture, itis possibile 1o do “optical sectioning,” that is to focus
on a thin plane of the specimen without confusing images from areas above or below
the plane you are focusing on

Images appear shadowed or pseudo 3-dimensional enhancing wvisibility because of
differences in conitrast on either side of a detail. There are no halos exhibited in the
image.

Achromats or planachromats can yield good images since color is not involved: a
green filter under the lower polarizer will further improve the image because
achromats are spherically corrected for green light.

The cost of the modulation cantrast accessories is considerably below that of DIC
equipment,
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Birefringent objects (rock sections, crystals, bone, etc.) can be examined since the
specimen is NOT between the two polarizers. Further, specimens can be contained in
plastic or glass vessels without deterioration of the- image because of polarization
effects since such vessels are also above bath polarizers, not between them.

With the condenser set at the brightfield (0) position, objectives with maodulator
installed can also be used for regular brightfield wark, because the modulator is off-
axis little deterioration of the image results,

Rotation of the polarizer enables you to vary the contrast for best effect,
These are also disadvantages and limitations:

The cost of modification of each objective and the condenser openings must be added
tor the basic cost of these accessories themselves, Complex, high numerical aperture,
multi-element objectives are difficult or oo expensive to maodify, In recent months,
Modulation Optics has been producing its own objectives and condensers; this
reduces the range of readily available objective types. Custom waork can be done,

Images must be viewed with caution because different observers can "see” a *hill" in
the image as a “valley” or vice versa as the pseudo 3-dimensional image is observed
through the eyepiece.

The system is most sensitive to gradients perpendicular to the length of the slit; as a
result, skill is required in the orientation of the specimen for best effect,

Images are not rendered in color.

Once again, you find that manipulation of light at the front focal plane of the
condenser (by means of an offset slit) and manipulation of light at the back focal plane
of the objective (offset modulator) can have a significant effect upon the image you see
through the evepiece.

By now you have “traveled through” a variety of methods for improving contrast and
visibulity of the microscope image. It must be clear that the image you see depends not
anly an the structure of the specimen but also on the way in which you manipulate the
light passing through the specimen. No image is a perfect replica of the specimen
because no objective can have a large enough aperture to capture all the rays of light
coming from the specimen. However, microscope theorists and designers have
devised a whole range of methods to produce images for you to observe. These
methods wsed in conjunction with one another can help you to come to a more
accurate understanding of the *real” structure of the specimen,

PACE IVCOMTRAST METHODS



Bibliography

1. Abramowitz, Mortimer; Microscope Basics and Beyond Vol, 1. Olympus Corpora-
tion 1985

2. Bennett, Alva et al.; Phase Microscopy, Principles and Applications: Wiley 1951

3. Bradbury, Savile; An Introduction to Light Microscopy; Oxford University Press
1964

4. Hartley, W.G . Hartley's Microscupy; Senecio Publishers Limited 1979

5. Hofiman, Robert; The Modulation Contrast Microscope: Journal of Microscopy
Vol 110 pt. 3 August 1977

b, kodak Data Booklet P-2 Photography Through the Microscope (written by John
Dellyi 1980

7. Needham, George; The Practical Use of the Micrascope; C. C. Thomas 1958

B. spencer, Michael; Fundamentals of Light Microscopy; Cambridge University Press
1982

9. Zeiss Reprints, Nomarski Differential Interference Microscopy (4 articles written
by Walter Lang)

OLYMPUS CORPORATION
4 Mevada Drive, Lake Success, N.Y, 110421179, L.5.A,

OLYMPUS OPTICAL CO. [ELIROPA) GMBH
Postfach 104908, Wendenstrasse 14-16, 2 Hamburg 1, West Germany

OLYMPUS OPFTICAL CO UL K ILTD,
2-4 Honduras Street, London EC1Y0OTX

OLYMPUS OPTICAL CO., LTD,
San-Ei Building, 22-2, Nishi Shinjuku 1-chomie, Shinjuku-ku, Tokya, lapan

PAGE SU/BMBLECCGRAPHY






