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Introduction binogular microsgopes with image-erecting prisms, and
the first stereomicroscope (14).

The past decade has witnessed an enormous growth inEarly in the twentieth century, microscope
the application of optical microscopy for micron and sulbmanufacturers began parfocalizing objectives, allowing the
micron level investigations in a wide variety of disciplinegmage to remain in focus when the microscopist exchanged
(reviewed in references 1-5). Rapid development of newbjectives on the rotating nosepiece. In 1824, Zeiss
fluorescent labels has accelerated the expansioninfroduced a LeChatelier-style metallograph with infinity-
fluorescence microscopy in laboratory applications ar@brrected optics, but this method of correction would not
research (6-8). Advances in digital imaging and analyss&e widespread application for another 60 years.
have also enabled microscopists to acquire quantitative Shortly before World War |l, Zeiss created several
measurements quickly and efficiently on specimensrototypephase contrasimicroscopes based on optical
ranging from photosensitive caged compounds arpinciples advanced by Frits Zernike. Several years later
synthetic ceramic superconductors to real-tim#he same microscopes were modified to produce the first
fluorescence microscopy of living cells in their naturalime-lapse cinematography of cell division photographed
environment (2, 9). Optical microscopy, with help ofvith phase contrast optics (14). This contrast-enhancing
digital video, can also be used to image very thin opticedchnique did not become universally recognized until the
sections, and confocal optical systems are now B50s and is still a method of choice for many cell
operation at most major research institutions (10-12).biologists today.

Early microscopists were hampered by optical Physicist Georges Nomarski introduced
aberration, blurred images, and poor lens design, whighprovements in Wollaston prism design for another
floundered until the nineteenth century. Aberrations wepmwerful contrast-generating microscopy theory in 1955
partially corrected by the mid-nineteenth century with th€l5). This technique is commonly referred to as
introduction of Lister and Amici achromatic objectivedNomarski interferenceor differential interference
that reduced chromatic aberration and raised numericaintrast(DIC) microscopy and, along with phase contrast,
apertures to around 0.65 for dry objectives and up to 1.B8s allowed scientists to explore many new arenas in
for homogeneous immersion objectives (13). In 188®jology using living cells or unstained tissues. Robert
Ernst Abbe’s work with Carl Zeiss led to the productiofdoffman (16) introduced another method of increasing
of apochromatic objectives based for the first time otontrast in living material by taking advantage of phase
sound optical principles and lens design (14). Thegeadients near cell membranes. This technique is now
advanced objectives provided images with reducedrmed Hoffman Modulation Contrast, and is available as
spherical aberration and free of color distortionsptional equipment on most modern microscopes.
(chromatic aberration) at high numerical apertures. The majority of microscopes manufactured around the

Several years later, in 1893, Professor August Kohlerorld had fixed mechanical tube lengths (ranging from
reported a method of illumination, which he developei60 to 210 millimeters) until the late 1980s, when
to optimize photomicrography, allowing microscopists tonanufacturers largely migrated to infinity-corrected
take full advantage of the resolving power of Abbe’sptics. Ray paths through both finite tube length and
objectives. The last decade of the nineteenth century smdinity-corrected microscopes are illustrated in Figure
innovations in optical microscopy, includingl. The upper portion of the figure contains the essential
metallographic microscopes, anastigmatic photolensestical elements and ray traces defining the optical train
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of a conventional finite tube length microscope (17). A Finite-Tube Length Microscope Ray Paths
object ©) of heighth is being imaged on the retina of

the eye a0”. The objective lensL(,) projects a real o Eyeflf,ce

and inverted image @ magnified to the siz®’ into the °b’°L°t"’" R Eye
intermediate image plane of the microscope. This occL Object i Image =

at the eyepiece diaphragm, at the fixed distebce z’ h° [\ g | O
behind the objective. In this diagrafb, represents the S — | 4

back focal length of the objective arids the optical tube N _"_‘“},\_l b ' /’

length of the microscope. The aerial intermediate imai Ly f | fo] 7z —

at O’ is further magnified by the microscope eyepiec | - | ' b

(Ley) and produces an erect image of the obje@"abn
the retina, which appears inverted to the microscopi:

The magnification factor of the object is calculated b Infinity-Corrected Microscope Ray Paths
considering the distance)(between the object)) and

the objective I( ) , and the front focal length of the Eyaploce

Objective Tube Lens Loy

objective lensf). The object is placed a short distanc L,
(2) outside of the objective’s front focal length), (such Object

Ly
i Image &
thatz + f =a The intermediate image of the obje@t, is o B o
located at distancle, which equals the back focal length hﬁﬂ_ ‘ }

Eye
Intermediate

of the objective fp) plus €’), the optical tube length of

the microscope. Magnification of the object at th
intermediate image plane equals The image height at A

this position is derived by multiplying the microscope Pﬁ.ﬁ?"f'ﬁ:iggs“;aigﬁm

tube lengthlf) by the object heighthj, and dividing this

by the distance of the object from the objectives (h x ) ) ) o o

b)/a. From this argument, we can conclude that the latefapure 1. Optical trains of finite-tube and infinity-corrected

or transverse maghnification of the objective is equal to'Qeroscope systems. (Upper) Ray traces of the optical train

; répresenting a theoretical finite-tube length microscope. The object
factor ofb/a (also equal td/z andz'/fb), the back focal (0) is a distanced) from the objective (bb) and projects an

length of the objective divided by the distance of the objefstermediate image) at the finite tube lengttj, which is further
from the objective. The image at the intermediate plamgagnified by the eyepieckdy) and then projected onto the retina
(h’) is further magnified by a factor of 25 centimeterat O”. (Lower) Ray traces of the optical train representing a
(called thenear distance to the eye) divided by the focatheoretical infinity-corrected microscope system.
length of the eyepiece. Thus, the total magnification of
the microscope is equal to the magnification by therisms, polarizers, retardation plates, etc., with much
objective times that of the eyepiece. The visual imaggmpler designs and with little distortion of the image
(virtual) appears to the observer as if it were 10 inch€38). The magnification of the objective in the infinity-
away from the eye. corrected system equals the focal length of the tube lens
Most objectives are corrected to work within a narrowlivided by the focal length of the objective.
range of image distances, and many are designed to work
only i_n specif_ically corrected .oipti.cal _systgms with Fundamentals of |mage Formation
matching eyepieces. The magnification inscribed on the
objective barrel is defined for the tube length of the In the optical microscope, when light from the
microscope for which the objective was designed. microscope lamp passes through the condenser and then
The lower portion of Figure 1 illustrates the opticathrough the specimen (assuming the specimen is a light
train using ray traces of an infinity-corrected microscopabsorbing specimen), some of the light passes both around
system. The components of this system are labeled imd through the specimen undisturbed in its path. Such
similar manner to the finite-tube length system for eadight is called direct light or undeviated light. The
comparison. Here, the magnification of the objective isackground light (often called the surround) passing
the ratioh'/h, which is determined by the tube lehg). around the specimen is also undeviated light.
Note theinfinity spacethat is defined by parallel light Some of the light passing through the specimen is
beams in every azimuth between the objective and the tuteviated when it encounters parts of the specimen. Such
lens. This is the space used by microscope manufacturdeviated light (as you will subsequently learn, called
to add accessories such as vertical illuminators, Didiffracted light) is rendered one-half wavelength or 180
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degrees out of step (more commonly, out of phase) withe left and one appears to the right of the central aperture
the direct light that has passed through undeviated. Tapening. If the line grating is examined with a 40x
one-half wavelength out of phase, caused by the specinajective (as shown in Figure 2(c)), several diffraction
itself, enables this light to cause destructive interferenspectra appear to the left and right of the central aperture.
with the direct light when both arrive at the intermediat#&/hen the magnification is increased to 60x (and assuming
image plane located at the fixed diaphragm of thithas a higher numerical aperture than the 40x objective),
eyepiece. The eye lens of the eyepiece further magnifi@dditional spectra (Figure 2(d)) appear to the right and
this image which finally is projected onto the retina, th&eft than are visible with the 40x objective in place.
film plane of a camera, or the surface of a light-sensitive Because the colored spectra disappear when the
computer chip. grating is removed, it can be assumed that it is the
What has happened is that the direct or undeviated ligggecimen itself that is affecting the light passing through,
is projected by the objective and spread evenly across thas producing the colored spectra. Further, if the aperture
entire image plane at the diaphragm of the eyepiece. Tdiaphragm is closed down, we will observe that objectives
light diffracted by the specimen is brought to focus aif higher numerical apertugraspmore of these colored
various localized places on the same image plane, whepectra than do objectives of lower numerical aperture.
the diffracted light causes destructive interference arfiche crucial importance of these two statements for
reduces intensity resulting in more or less dark areasmderstanding image formation will become clear in the
These patterns of light and dark are what we recognizeassuing paragraphs.
an image of the specimen. Because our eyes are sensitive
to variations in brightness, the image becomes a more

less faithful reconstitution of the original specimen.
To help understand the basic principles, it is suggest
that readers try the following exercise and use as

Line Grating Diffraction Patterns
specimenan object of known structure, such as a sta(
micrometer or similar grating of closely spaced dar
lines. To proceed, place the finely ruled grating on tr._ @

(b} (c) (d)
microscope stage and bring it into focus using first a 10x

and then the 40x objective (18). Remove the eyepie'(:: ure 2. Diffraction spec_tra seen at the rear f_ocal plane of the
ctive through a focusing telescope when imaging a closely

- . 0]

and, in its pIaC(_a, m_sert a phase telescope so the rear f%%éied line grating. (a) Image of the condenser aperture diaphragm
plane of the objective can be observed. If the condenggf, an empty stage. (b) Two diffraction spectra from a 10x
aperture diaphragm is closed most of the way, a brighgjective when a finely ruled line grating is placed on the
white central spot of light will appear at the back of thenicroscope stage. (c) Diffraction spectra of the line grating from
objective, which is the image of the aperture diaphragrm40x objective. (d) Diffraction spectra of the line grating from a
To the right and left of the central spot, a series of specfi@ objective.
(also images of the aperture diaphragm) will be present,
each colored blue on the part closest to the central spot The central spot of light (image of the condenser
and colored red on the part of the spectrum farthest fraperture diaphragm) represents the direct or undeviated
the central bright spot (as illustrated in Figure 2). Thigght passing through the specimen or around the specimen
intensity of these colored spectra decreases accordimgisturbed (illustrated in Figure 3(b)). It is called the
to how far the spectrum is from the central spot (17,18)th or zeroth order. The fainter images of the aperture

Those spectra nearer the periphery of the objectidggaphragm on each side of the zeroth order are called the
are dimmer than those closer to the central spot. THhset, 2nd, 3rd, 4th, etc. orders respectively, as represented
diffraction spectra illustrated in Figure 2 using thredy the simulated diffraction pattern in Figure 3(a) that
different magnifications. In Figure 2(b), the diffractionrwould be observed at the rear focal plane of a 40x
pattern visible at the rear focal plane of the 10X objectivebjective. All thecapturedorders represent, in this case,
contains two diffraction spectra. If the grating is removethe diffraction pattern of the line grating as seen at the
from the stage, as illustrated in Figure 2(a), these spectear focal plane of the objective (18).
disappear and only the central image of the aperture The fainter diffracted images of the aperture
diaphragm remains. If the grating is reinserted, the specttiaphragm are caused by light deviated or diffracted, spread
reappear once again. Note that the spaces betweendhgin fan shape, at each of the openings of the line grating
colored spectra appear dark. Only a single pair of specfFagure 3(b)). The blue wavelengths are diffracted at a
can be observed if the grating is examined with the 10ssser angle than the green wavelengths, which are
objective. In this case, one diffraction spot appears thffracted at a lesser angle than the red wavelengths.

3




OPTICAL MICROSCOPY Davidson and Abramowitz

At the rear focal plane of the objective, the blu Slit and Grid Diffraction Patterns
wavelengths from each slit interfere constructively t
produce the blue area of the diffracted image of ea
spectrum or order; similarly for the red and green are
(Figure 3(a)). Where the diffracted wavelengths are 1
wave out of step for each of these colors, the wav
destructively interfere. Hence the dark areas between:
spectra or orders. At the position of the zeroth order, i
wavelengths from each slit add constructively. Thi
produces the bright white light you see as the zeroth or¢
at the center of the rear focal plane of the objecti
(Figures 2, 3 and 4).

Undeviated (d)
; Light
lelfui-aﬁted | Figure 4. Diffraction patterns generated by narrow and wide
o slits and by complex grids. (a) Conoscopic image of the grid seen
\ at the rear focal plane of the objective when focused on the wide
slit pattern in (b). (b) Orthoscopic image of the grid with greater
slit width at the top and lesser width at the bottom. (c) Conoscopic
image of the narrow width portion of the grid (lower portion of
(b)). (d) and (f) Orthoscopic images of grid lines arranged in a
square pattern (d) and a hexagonal pattern (f). (e) and (g)
Conoscopic images of patterns in (d) and (f), respectively.

(a) (b)

at the rear focal plane of the objective (Figure 4(e).
Likewise, the orthoscopic image of a hexagonally arranged
n%rid (Figure 4(f)) produces a corresponding hexagonally

Figure 3. Diffraction spectra generated at the rear focal pla o . ! .
of the objective by undeviated and diffracted light. (a) Spectraa”anged conoscopic image of first order diffraction

visible through a focusing telescope at the rear focal plane oP&tterns (Figure 4(g)).
40x objective. (b) Schematic diagram of light both diffracted and Microscope specimens can be considered as complex
undeviated by a line grating on the microscope stage. gratings with details and openings of various sizes. This
concept of image formation was largely developed by
The closer the spacing of a line grating, the fewer tHernst Abbe, the famous German microscopist and optics
spectra that will be captured by a given objective, dbeoretician of the 19th century. According to Abbe (his
illustrated in Figure 4(a-c). The diffraction patterrtheories are widely accepted at the present time), the
illustrated in Figure 4(a) was captured by a 40x objectivdetails of a specimen will be resolved if the objective
imaging the lower portion the line grating in Figure 4(b)captures the Oth order of the light and at least the 1st order
where the slits are closer together (17, 18). In Figufer any two orders, for that matter). The greater the
4(c), the objective is focused on the upper portion of tmumber of diffracted orders that gain admittance to the
line grating (Figure 4(b)) where the slits are farther apadpjective, the more accurately the image will represent
and more spectra are captured by the objective. The dirfet original object (2, 14, 17, 18).
light and the light from the diffracted orders continue on, Further, if a medium of higher refractive index than
being focused by the objective, to the intermediate imagé (such as immersion oil) is used in the space between
plane at the fixed diaphragm of the eyepiece. Here tttee front lens of the objective and the top of the cover
direct and diffracted light rays interfere and are thuslip (as shown in Figure 5(a)), the angle of the diffracted
reconstituted into the real, inverted image thaeisnby orders is reduced and the fans of diffracted light will be
the eye lens of the eyepiece and further magnified. Thismpressed. As a result, an oil immersion objective can
is illustrated in Figure 4 (d-g) with two types ofcapture more diffracted orders and yield better resolution
diffraction gratings. The square grid illustrated in Figuréhan a dry objective (Figure 5(b)). Moreover, because
4(d) represents the orthoscopic image of the grid (i.blue light is diffracted at a lesser angle than green light or
the usual specimen image) as seen through the full apertigd light, a lens of a given aperture may capture more
of the objective. The diffraction pattern derived from thisrders of light when the wavelengths are in the blue region
grid is shown as a conoscopic image that would be seefthe visible light spectrum. These two principles explain
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the classic Rayleigh equation often cited for resolutionf the objective can have significant effect upon the
(2, 18-20): eventual image produced (18). For small details in a
d=1.22 (I/ 2NA) (1) specimen (rather than a grating), the objective projects
the direct and diffracted light onto the image plane of the
Whered is the space between two adjacent particles (stdyepiece diaphragm in the form of small, circular
allowing the particles to be perceived as separate), |dgfraction disks known as Airy disks (illustrated in Figure
the wavelength of illumination, arddA is the numerical 6). High numerical aperture objectives capture more of
aperture of the objective. the diffracted orders and produce smaller size disks than
do low numerical aperture objectives. In Figure 6, Airy
disk size is shown steadily decreasing from Figure 6(a)

Airy Disks and Resolution

Figure 5. Effect of imaging medium refractive index on diffracted
orders captured by the objective. (a) Conoscopic image of object
back focal plane diffraction spectra when air is the medium betwe
the cover slip and the objective front lens. (b) Diffraction spect
when immersion oil of refractive index similar to glass is used i
the space between the cover slip and the objective front lens.

The greater the number of higher diffracted ordel
admitted into the objective, the smaller the details of tt
specimen that can be clearly separated (resolved). He!
the value of using high numerical aperture for suc
specimens. Likewise, the shorter the wavelength of visik
light used, the better the resolution. These ideas expli
why high numerical aperture, apochromatic lenses c
separate extremely small details in blue light.

Placing an opaque mask at the back of the objecti
blocks the outermost diffracted orders. This eithe
reduces the resolution of the grating lines, or any oth
object details, or it destroys the resolution altogether :
that the specimen is not visible. Hence the usual cauti
not to close down the condenser aperture diaphrag
below the suggested 2/3 to 9/10 of the objective
aperture.

Failure of the objective to grasp any of the diffracte
orders results in an unresolved image. In a specimenw
very minute details, the diffraction fans are spread at
very large angle, requiring a high numerical apertur
objective to capture them. Likewise, because tt
diffraction fans are compressed in immersion oil or i
water, objectives designed for such use can give betl’—%ure 6. Airy disks and resolution. (a-c) Airy disk size and

resolution than d_ry objectives. _related intensity profile (point spread function) as related to

If alternate diffracted orders are blocked out (stilhpjective numerical aperture, which decreases from (a) to (c) as
assuming the grating as our specimen), the number of linggnerical aperture increases. (e) Two Airy disks so close together
in the grating will appear doubled (a spurious resolutionat their central spots overlap. (d) Airy disks at the limit of
The important caveat is that actions introduced at the reasolution.
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through Figure 6(c). The larger disk sizes in Figures 6(amperfections on the glass surfaces of the condenser. The
and (b) are produced by objectives with lower numericapening size of the condenser aperture diaphragm, along
aperture, while the very sharp Airy disk in Figure 6(c) iwith the aperture of the objective, determines the realized
produced by an objective of very high numerical apertureumerical aperture of the microscope system. As the
(2, 18). condenser diaphragm is opened, the working numerical
The resulting image at the eyepiece diaphragm levaperture of the microscope increases, resulting in greater
is actually a mosaic of Airy disks which are perceived dght transmittance and resolving power. Parallel light rays
light and dark regions of the specimen. Where two diskkat pass through and illuminate the specimen are brought
are so close together that their central black spots overtapfocus at the rear focal plane of the objective, where
considerably, the two details represented by theslee image of the variable condenser aperture diaphragm
overlapping disks are not resolved or separated and tlaurl the light source are observed in focus simultaneously.
appear as one (illustrated in Figure 6(d)). The Airy disk . i - . :
shown in Figure 6(e) are just far enough apart to Light Paths in K6hler lllumination
resolved. Illuminating Image-Forming

The basic principle to be remembered is that tr Light Path Light Path
combination of direct and diffracted light (or the o~ —=
manipulation of direct or diffracted light) is critically (Exit Pupil ‘_Z) - ::)
. .. . of Microscope— e
important in image formation. The key places for suc(Ramdsenbisc) P
manipulation are the rear focal plane of the objective ai > :I . [ <7
the front focal plane of the substage condenser. Tt i e —
principle is fundamental to most of the contras = e ﬂ‘n—m:g:
improvement methods in optical microscopy (18, and s StEygpiess
the section orContrast Enhancing Technique$; it is
of particular importance at high magnification of smal %o e . — =

Objective

details close in size to the wavelength of light. Abbe w: * °**" ﬁ
a pioneer in developing these concepts to explain ima ? _
formation of light-absorbing camplitude specimens (2,  iuminating 2 - _ﬂ@-n

Aperture —

18_20) . Diaphragm

=i

S N — Object

Kohler [lumination

luminated lluminated

7 Fi:ld — = — — e . — Fiold
Proper illumination of the specimen is crucial ir """ & Lamp Coll - T
achieving high-quality images in microscopy and critice .
Lamp — '_ P s — Lamp = s '_ I

Filament

photomicrography. An advanced procedure fo
microscope illumination was first introduced in 1893 b)ﬁi ure 7. Light paths in Kohler illumination. The illuminating ray

August thler’ of .the Carl Ze|§s corporatl_on, ,as a meth%‘ﬁ[hs are illustrated on the left side and the image-forming ray
of providing optimum specimen illumination.  All yaths on the right. Light emitted from the lamp passes through a
manufacturers of modern laboratory microscopegiiector lens and then through the field diaphragm. The aperture
recommend this technique because it produces specinuphragm in the condenser determines the size and shape of the
illumination that is uniformly bright and free from glare,illumination cone on the specimen plane. After passing through
thus allowing the user to realize the microscope’s futhe specimen, light is focused at the back focal plane of the objective
potential. and then proceeds to and is magnified by the ocular before passing
Most modern microscopes are designed so that i the eye.
collector lens and other optical components built into the
base will project an enlarged and focused image of the Light pathways illustrated in Figure 7 are schematically
lamp filament onto the plane of the aperture diaphraggiawn to represent separate paths taken by the specimen-
of a properly positioned substage condenser. Closingitluminating light rays and the image forming light rays
opening the condenser diaphragm controls the angle (@f7). This is not a true representation of any real
the light rays emerging from the condenser and reachiaggregation of these pathways, but a diagrammatic
the specimen from all azimuths. Because the light soun@presentation presented for purposes of visualization and
is not focused at the level of the specimen, illuminatiosiscussion. The left-hand diagram in Figure 7
at specimen level is essentially grainless and extendegmonstrates that the ray paths of illuminating light
and does not suffer deterioration from dust angroduce a focused image of the lamp filament at the plane
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of the substage condenser aperture diaphragm, the raperture. For proper Kdéhler illumination, the image of
focal plane of the objective, and the eyepoint (also calleéde filament should completely fill the condenser
the Ramsden diskabove the eyepiece. These areas mperture.
common focus are often referred to as conjugate planes, The field lens is responsible for bringing the image
a principle that is critical in understanding the concept @f the filament into focus at the plane of the substage
Kohler illumination (2, 17-21). By definition, an objectcondenser aperture diaphragm. A first surface mirror
that is in focus at one plane is also in focus at othépositioned at a 45-degree angle to the light path) reflects
conjugate planes of that light path. In each light pathwdgcused light leaving the field lens through the field
(both image forming and illumination), there are foudiaphragm and into the substage condenser. The field
separate planes that together make up a conjugate pldrahragm iris opening serves as a virtual light source for
set. the microscope, and its image is focused by the condenser
Conjugate planes in the path of the illuminating lighfraised or lowered) onto the specimen plane. Optical
rays in Kohler illumination (left-hand diagram in Figuredesigns for the arrangement of these elements may vary
7) include the lamp filament, condenser apertudgy microscope manufacturer, but the field diaphragm
diaphragm (at the front focal plane of the condenser), tkbould be positioned at a sufficient distance from the field
rear focal plane of the objective, and the eyepoint of thens to eliminate dust and lens imperfections from being
eyepiece. The eyepoint is located approximately one-haiiaged in the plane of the specimen.
inch (one centimeter) above the top lens of the eyepiece, The field diaphragm in the base of the microscope
at the point where the observer places the front of the egentrols only the width of the bundle of light rays reaching
during observation. the condenser—it does not affect the optical resolution,
Likewise, the conjugate planes in the image-formingumerical aperture, or the intensity of illumination.
light path in Kéhler illumination (right-hand diagram inProper adjustment of the field diaphragm (i.e., focused
Figure 7) include the field diaphragm, the focusebly adjusting the height of the condenser and centered in
specimen, the intermediate image plane (i.e., the planetbé optical path, then opened so as to lie just outside of
the fixed diaphragm of the eyepiece), and the retina tfe field of view) is important for preventing glare, which
the eye or the film plane of the camera. The presenceaan reduce contrast in the observed image. The
conjugate focal planes is often useful in troubleshootirg/imination of unwanted light is particularly important
a microscope for contaminating dust, fibers, andihen attempting to image specimens with inherently low
imperfections in the optical elements. When such artifaatentrast. When the field diaphragm is opened too far,
are in sharp focus, it follows that they must reside on scattered light originating from the specimen and light
near a surface that is part of the imaging-forming set offlected at oblique angles from optical surfaces can act
conjugate planes. Members of this set include the glassdegrade image quality.
element at the microscope light port, the specimen, and The substage condenser is typically mounted directly
the graticule (if any) in the eyepiece. Alternatively, ibeneath the microscope stage in a bracket that can be
these contaminants are out of focus, then they occur neaised or lowered independently of the stage. Control of
the illuminating set of elements that share conjugathe aperture diaphragm opening size occurs with either a
planes. Suspects in this category are the condenser $@pnging arm, a lever, or by rotating a collar on the
lens (where dust and dirt often accumulate), the exposeshdenser housing. The most critical aspect of achieving
eyepiece lens element (contaminants from eyelashes), @ndper Kéhler illumination is correct adjustment of the
the objective front lens (usually fingerprint smudges). substage condenser. Condenser misalignment and an
In Kéhler illumination, light emitted from the improperly adjusted condenser aperture diaphragm are the
tungsten-halide lamp filament first passes through raain sources of image degradation and poor quality
collector lens located close to the lamp housing, and thphotomicrography (19).
through a field lens that is near the field diaphragm. A When properly adjusted, light from the condenser will
sintered or frosted glass filter is often placed betwediti the rear focal plane of the objective and project a cone
the lamp and the collector lens to diffuse the light anaf light into the field of view. The condenser aperture
ensure an even intensity of illumination. In this case, tlitaphragm is responsible for controlling the angle of the
image of the lamp filament is focused onto the front focéluminating light cone and, consequently, the working
plane of the condenser while the diffuser glass isumerical aperture of the condenser. It is important to
temporarily removed from the light path. The focal lengthote, with respect to the size and shape of condenser light
of the collector lens must be carefully matched to theones, that reducing the size of the field diaphragm only
lamp filament dimensions to ensure that a filament imagerves to slightly decrease the size of the lower portions
of the appropriate size is projected into the condensef the light cone. The angle and numerical aperture of
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the light cone remains essentially unchanged wittmicroscope system to optimize image quality is the single
reduction in field diaphragm size (21). Illuminationmost important step in photomicrography.

intensity should not be controlled through opening and The illumination system of the microscope, when
closing the condenser aperture diaphragm, or by shiftiagljusted for proper Kdéhler illumination, must satisfy
the condenser up and down or axially with respect to tiseveral requirements. The illuminated area of the
optical center of the microscope. It should only bepecimen plane must no larger than the field of view for
controlled through the use of neutral density filters placeahy given objective/eyepiece combination. Also, the light
into the light path or by reducing voltage to the lammust be of uniform intensity and the numerical aperture
(although the latter is not usually recommended, especiathay vary from a maximum (equal to that of the objective)
for photomicrography). To ensure the maximunio a lesser value that will depend upon the optical
performance of the tungsten-halide lamp, refer to theharacteristics of the specimen. Table 1 contains a list
manufacturer’s instrument manual to determine tha&f objective numerical apertures versus the field of view
optimum lamp voltage (usually 5-10 volts) and use thatiameter (for an eyepiece of field number 22 with no tube
setting. Adding or removing neutral density filters catens present — see discussion on field number) for each
then easily control brightness of the illumination withoubbjective, ranging from very low to very high
affecting color temperature. maghnifications.

The size of the substage condenser aperture diaphragmMany microscopes are equipped with specialized
opening should not only coincide with the desiredubstage condensers that have a swing-out top lens, which
numerical aperture, but also the quality of the resultingan be removed from the optical path for use with lower
image should be considered. In general, the diaphragm
should be set to a position that allows 2/3 to 9/10 (60 to
90 percent) of the entire light disc size (visible at the Table 1 Viewfield Diameters (FN 22)
rear focal plane of the objective after removal of the (SWF 10x Eyepiece)
eyepiece or with a Bertrand lens). These values may vary

with extremes in specimen contrast. Mao?]Ji:((ig\t/i(e)n D'a(r;engr
The condenser aperture diaphragm should be set to an 9
opening size that will provide a compromise of resolution 1/2x 44.0
and contrast that depends, to a large degree, on the 1x 220
absorption, diffraction, and refraction characteristics of 2x 11.0
the specimen. This adjustment must be accomplished 4x 55
without overwhelming the image with artifacts that 10x 2.2
obscure detail and present erroneous enhancement of 20x 11
contrast. The amount of image detail and contrast 40x 0.55
necessary to produce the best photomicrograph is also ggi 8'3‘71'
dependent upon refractive index, optical characteristics, 100x 0..22
and other specimen-dependent parameters. 150x 0.15
When the aperture diaphragm is erroneously closed 250x 0.088

too far, resulting diffraction artifacts cause visible fringes,

banding, and/or pattern formation in photomicrographsSource: Nikon

Other problems, such as refraction phenomena, can also

produce apparent structures in the image that are not real

(21). Alternatively, opening the condenser aperture tqawer objectives (2x through 5x). This action changes
wide causes unwanted glare and light scattering from tttee performance of the remaining components in the light
specimen and optical surfaces within the microscoppath, and some adjustment is necessary to achieve the best
leading to a significant loss of contrast and washing oillumination conditions. The field diaphragm can no

of image detail. The correct setting will vary fromlonger be used for alignment and centering of the substage
specimen to specimen, and the experienced microscomishdenser and is now ineffective in limiting the area of
will soon learn to accurately adjust the condenser apertite specimen under illumination. Also, much of the
diaphragm (and numerical aperture of the system) lmwanted glare once removed by the field diaphragm is
observing the image without necessarily having to vieveduced because the top lens of the condenser produces
the diaphragm in the rear focal plane of the objective. B light cone having a much lower numerical aperture,
fact, many microscopists (including the authors) believalowing light rays to pass through the specimen at much
that critical adjustment of the numerical aperture of thewer angles. Most important, the optical conditions for

8




OPTICAL MICROSCOPY Davidson and Abramowitz

Kohler illumination no longer apply. designs provide a set of filters built internally into the

For low power objectives (2x to 5x), alignment of thévody, which can be toggled into the light path by means of
microscope optical components and the establishmentlefers. A third common location for filters is a holder
Kohler illumination conditions should always bemounted on the bottom of the substage condenser, below
undertaken at a higher (10x) magnification beforthe aperture diaphragm, that will accept gelatin or glass
removing the swing-out condenser lens for work at lowdiiters.

(5x and below) magnifications. The height of the It is important not to place filters in or near any of the
condenser should then not be changed. Condensmage-forming conjugate planes to avoid dirt or surface
performance is radically changed when the swing-out leiraperfections on the filters being imaged along with the
is removed (18, 21). The image of the lamp filament ipecimen (22). Some microscopes have an attachment
no longer formed in the aperture diaphragm, which ceasies placing filters near the light port at the base (near the
to control the numerical aperture of the condenser afidld diaphragm). This placement is probably too close
the illumination system. In fact, the aperture diaphragmo the field diaphragm, and surface contamination may be
should be opened completely to avoid vignetting, a gradugither in sharp focus or appear as blurred artifacts
fading of light at the edges of the viewfield. superimposed onto the image. It is also not wise to place

Contrast adjustment in low magnification microscopyilters directly on the microscope stage for the same
is then achieved by adjustment of the field diaphragm (1&asons.

19, 21). When the field diaphragm is wide open (greater

than 80 percent), specimen details are washed out and a . . .

significant amount of scattering and glare is present. Microscope Objectives, Eyepieces,
Closing the field diaphragm to a position between 50 anttondensers, and Optical Aberrations

80 percent will yield the best compromise on specimen

contrast and depth of field. This adjustment is now visible Finite microscope objectives are designed to project
at the rear focal plane of the objective when the eyepiedediffraction-limited image at a fixed plane (the
is removed or a Bertrand lens is inserted into the eye tulbetermediate image plane) that is dictated by the
Objectives designed for low magnification argnicroscope tube length and located at a pre-specified
significantly simpler in design than their higherdistance from the rear focal plane of the objective.
magnification counterparts. This is due to the small&pecimens are imaged at a very short distance beyond the
angles of illuminating light cones produced by lowfront focal plane of the objective through a medium of
magnification condensers, which require objectives ofefined refractive index, usually air, water, glycerin, or
lower numerical aperture. specialized immersion oils. Microscope manufacturers

Measurement graticules, which must be in sharp focaéfer a wide range of objective designs to meet the
and simultaneously superimposed on the specimen imagetformance needs of specialized imaging methods (2,
can be inserted into any of several conjugate planes in the9, 18-21, and see the section@untrast Enhancing
image-forming path. The most common eyepiece (oculaigchniques, to compensate for cover glass thickness
measuring and photomicrography graticules are placedvariations, and to increase the effective working distance
the intermediate image plane, which is positioned at tieé the objective.
fixed diaphragm within the eyepiece. It is theoretically All of the major microscope manufacturers have now
possible to also place graticules in any image-forminghanged their design to infinity-corrected objectives.
conjugate plane or in the plane of the illuminated fiel§uch objectives project emerging rays in parallel bundles
diaphragm. Stage micrometers are specialigaticules from every azimuth to infinity. They require a tube lens
placed on microslides, which are used to calibraig the light path to bring the image into focus at the
eyepiece graticules and to make specimen measuremeifigrmediate image plane.

Color and neutral density filters are often placed in The least expensive (and most common) objectives
the optical pathway to reduce light intensity or alter thare the achromatic objectives, which are corrected for
color characteristics of the illumination. There are severakial chromatic aberration in two wavelengths (red and
locations within the microscope stand where these filtebdue) that are brought into the same focus. Further, they
are usually placed. Some modern laboratory microscopd® corrected for spherical aberration in the color green,
have a filter holder sandwiched between the lamp housiag described in Table 2. The limited correction of
and collector lens, which serves as an ideal location fachromatic objectives leads to problems with color
these filters. Often, neutral density filters along wittinicroscopy and photomicrography. When focus is chosen
color correction filters and a frosted diffusion filter aren the red-blue region of the spectrum, images will have a
placed together in this filter holder. Other microscopgreen halo (often termetsidual colo). Achromatic
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almost eliminating chromatic aberration, and are corrected
spherically for two colors. Apochromatic objectives are
the best choice for color photomicrography in white light.
Because of their high level of correction, apochromat
Flathess objectives usually have, for a given magnification, higher

Table 2 Obijective Lens Types and Corrections

Corrections for Aberrations

Type Spherical Chromatic ~ Correction ~humerical apertures than do achromats or fluorites. Many
of the newer high-end fluorite and apochromat objectives
Achromat * 2¢ No are corrected for four colors chromatically and four
Plan Achromat 4 2¢ Yes colors Spherica”y_
Elluongle " 3; : g $'° All three types of objectives suffer from pronounced
an Fluorite es . H H
Plan Apochromat 2 -2 Ves field curvature and project images that are curved rather

than flat. To overcome this inherent condition, lens

= Source: Nikon Instrument Group designers have produced flat-field corrected objectives
b Corrected for two wavelengths at two specific aperture angles. ~ that yield flat images. Such lenses are called plan
¢ Corrected for blue and red - broad range of the visible spectrum. achromats, plan fluorites, or plan apochromats, and
d Corrected for blue, green and red - full range of the visible spectrunalthough this degree of correction is expensive, these
¢ Corrected for dark blue, blue, green and red. objectives are now in routine use due to their value in
photomicrography.

objectives yield their best results with light passed throug Optical Correction in Objectives
a green filter (often an interference filter) and using blac _ _ _
and white film when these objectives are employed fi  Agpfomaiic Objares e

photomicrography. The lack of correction for flatnes
of field (or field curvature) further hampers achroma
objectives. In the past few years, most manufacturers he
begun providing flat field corrections for achroma
objectives and have given these corrected objectives !
name of plan achromats.

The next higher level of correction and cost is foun
in objectives called fluorites or semi-apochromat
illustrated by the center objective in Figure 8. This figur
depicts three major classes of objectives: The achrom
with the least amount of correction, as discussed abo
the fluorites (or semi-apochromats) that have additionai
spherical corrections; and, the apochromats that are #gure 8. Levels of optical correction for aberration in commercial
most highly corrected objectives available. Fluoritebjectives. (a) Achromatic objectives, the lowest level of correction,
objectives are produced from advanced glass formulatiogentain two doublets and a single front lens; (b) Fluorites or semi-

that contain materials such as ﬂuorspar or newer Synthe@i@pchromaﬂc ObjectiVeS, a medium level of COI’reCtion, contain
tgree doublets, a meniscus lens, and a single front lens; and (c)

(a)

substitutes (5). These new formulations allow for grea >13, ¢ TS ) | )
pochromatic objectives, the highest level of correction, contain a

improved correction of optical aberration. Similar to the' ) ) ) ,
. . riplet, two doublets, a meniscus lens, and a single hemispherical
achromats, the fluorite objectives are also correctgd ' ions

chromatically for red and blue light. In addition, the
fluorites are also corrected spherically for two colors.
The superior correction of fluorite objectives compared Uncorrected field curvature is the most severe
to achromats enables these objectives to be made withkeerration in higher power fluorite and apochromat
higher numerical aperture, resulting in brighter imagesbjectives, and it was tolerated as an unavoidable artifact
Fluorite objectives also have better resolving power thdar many years. During routine use, the viewfield would
achromats and provide a higher degree of contrast, makimave to be continuously refocused between the center and
them better suited than achromats for colothe edges to capture all specimen details. The introduction
photomicrography in white light. of flat-field (plan) correction to objectives perfected their
The highest level of correction (and expense) is foungse for photomicrography and video microscopy, and
in apochromatic objectives, which are correctetbday these corrections are standard in both general use
chromatically for three colors (red, green, and bluegnd high-performance objectives. Correction for field
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curvature adds a considerable number of lens elemeltdrafluar (fluorite objective with glass that is
to the objective, in many cases as many as four additioti@nsparent down to 250 nanometers), @kdand CFI
lenses. This significant increase in the number of lefishrome-free; chrome-free infinity).
elements for plan correction also occurs in already - Numerical Aperture: This is a critical value that
overcrowded fluorite and apochromat objectivedndicates the light acceptance angle, which in turn
frequently resulting in a tight fit of lens elements withirdetermines the light gathering power, the resolving power,
the objective barrel (4, 5, 18). and depth of field of the objective. Some objectives
Before the transition to infinity-corrected optics, mosspecifically designed for transmitted light fluorescence
objectives were specifically designed to be used withand darkfield imaging are equipped with an internal iris
set of oculars termedompensating eyepiecesAn diaphragm that allows for adjustment of the effective
example is the former use of compensating eyepieces withmerical aperture. Designation abbreviations for these
highly corrected high numerical aperture objectives tobjectives includd, Iris, W/Iris .
help eliminate lateral chromatic aberration. - Mechanical Tube Length:This is the length of the
There is a wealth of information inscribed on thenicroscope body tube between the nosepiece opening,
barrel of each objective, which can be broken down intghere the objective is mounted, and the top edge of the
several categories (illustrated in Figure 9). These includdservation tubes where the oculars (eyepieces) are
the linear magnification, numerical aperture value, opticatserted. Tube length is usually inscribed on the objective
corrections, microscope body tube length, the type ab the size in number of millimeters (160, 170, 210, etc.)
medium the objective is designed for, and other criticbr fixed lengths, or the infinity symbolk{ ) for infinity-
factors in deciding if the objective will perform as needed:orrected tube lengths.
Additional information is outlined below (17):
High NA Objective with Correction Collar

i

Objective Specifications

Lens
! Group 3

Manufacturer ———3Screw Thread
. Aberration Lens
Flat-Field \ ) Correction Group 2

Correction
. Numerical
Linear Aperture

Magnification

Immersion Lens

Specialized Medium Group 1

Optical
Properties Working .
Distance (b)

Tube Length Color Code Figure 10. Objective with three lens groups and correction collar
Cover Slip ) . for varying cover glass thicknesses. (a) Lens group 2 rotated to
Thickness Finger Grip the forward position within the objective. This position is used for

y Spring-Loaded the thinnest cover slips. (b) Lens group 2 rotated to the rearward
- Front Lens position within the objective. This position is used for the thickest

coverslips.
Figure 9. Specifications engraved on the barrel of a typical
microscope objective. These include the manufacturer, correction

levels, magnification, numerical aperture, immersion requirements, C.over Glass 'I.'hlckness.i\/lost transmltted light
gbjectlves are designed to image specimens that are

tube length, working distance, and specialized optical properties. . .
covered by a cover glass (or cowtip). The thickness
of these small glass plates is now standardized at 0.17
- Optical Corrections: These are usually abbreviatedmm for most applications, although there is some variation
asAchro (achromat)Apo (apochromat), anél, Fluar, in thickness within a batch of cover slips. For this reason,
Fluor, Neofluar, or Fluotar (fluorite) for better some of the high numerical aperture dry objectives have
spherical and chromatic corrections, andPks, Pl, EF, a correction collar adjustment of the internal lens
Acroplan, Plan Apo or Plano for field curvature elements to compensate for this variation (Figure 10).
corrections. Other common abbreviations df@S Abbreviations for the correction collar adjustment include
(infinity corrected system) andIS (universal infinity Corr, w/Corr, and CR, although the presence of a
system),N and NPL (normal field of view plan), movable, knurled collar and graduated scale is also an
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indicator of this feature.
- Working Distance: This is the distance between th

eTable 3 Color-Coded Rings on Microscope Objectives

objective front lens and the top of the cover glass when .0 001 codes

Immersion type

the specimen is in focus. In most instances, the working
distance of an objective decreases as magnificati@ck
increases. Working distance values are not included @hange
all objectives and their presence varies depending up@tite
the manufacturer. Common abbreviationssél, LD, Red

Oilimmersion
Glycerol immersion
Water mmersion
Special

and LWD (long working distance)eLWD (extra-long —— :
working distance)SLWD (super-long working distance), Magnification color code

Magnification

andULWD (ultra-long working distance).

- Objective Screw Threads:The mounting threads Brown
on almost all objectives are sized to standards of the RO)QL
Microscopical Society (RMS) for universal compatibility. yejiow
This standard specifies mounting threads that are 20.8%2een
mm in diameter with a pitch of 0.706, which is currentlyrurquoise blue
used in the production of infinity-corrected objectivedight blue
by manufacturers Olympus and Zeiss. Leica and Nikdpebalt (dark) blue
have broken from the standard with the introduction of/hite (cream)

Black

1x, 1.25x
2X, 2.5x
4x, 5x
10x
16x, 20x
25X, 32x
40x, 50x
60x, 63x
100x

new infinity-corrected objectives that have a WidegN i .

. - - . . L arrow colored ring located near the specimen end of
mounting thread size, making Leica and Nikon objective jective.
usable only on their own microscopes. Abbreviation§Narrow band located closer to the mounting thread than the
commonly used ar&®®MS (Royal Microscopical Society immersion code.
objective thread)M25 (metric 25-mm objective thread),
andM32 (metric 32-mm objective thread).

- Immersion Medium: Most objectives are designedwith a white ring and highly specialized objectives for
to image specimens with air as the medium between theusual immersion media often are engraved with a red
objective and the cover glass. To attain higher workingng. Table 3 lists current magnification and imaging
numerical apertures, many objectives are designed redia color codes in use by most manufacturers.
image the specimen through another medium that reduces- Specialized Optical Properties:Microscope
refractive index differences between glass and the imagiobjectives often have design parameters that optimize
medium. High-resolution plan apochromat objectives cgerformance under certain conditions. For example, there
achieve numerical apertures up to 1.40 when thlege special objectives designed for polarized illumination
immersion medium is special oil with a refractive indexsignified by the abbreviatiorB, Po, Pol,or SF, and/or
of 1.51. Other common immersion media are water am@ving all barrel engravings painted red), phase contrast
glycerin. Objectives designed for special immersiofPH, and/or green barrel engravings), differential
media usually have a color-coded ring inscribed aroungterference contrasb(C), and many other abbreviations
the circumference of the objective barrel as listed in Tabler additional applications. The apochromat objective
3 and described below. illustrated in Figure 9 is optimized for DIC

- Color Codes:Many microscope manufacturers labephotomicrography and this is indicated on the barrel. The
their objectives with color codes to help in rapicapital H beside the DIC marking indicates that the
identification of the magnification. The dark blue coloobjective must be used with a specific DIC prism
code on the objective illustrated in Figure 9 indicates theptimized for high-magnification applications.
linear magnification is 60x. This is very helpful when There are some applications that do not require
you have a nosepiece turret containing 5 or 6 objectivedjectives designed to be corrected for cover glass
and you must quickly select a specific magnificatiorthickness. These include objectives used to observe
Some specialized objectives have an additional color codecovered specimens in reflected light metallurgical
that indicates the type of immersion medium necessaspecimens, integrated circuit inspection, micro
to achieve the optimum numerical aperture. Immersianachinery, biological smears, and other applications that
lenses intended for use with oil have a black color ringequire observation of uncovered objects. Other common
while those intended for use with glycerin have an orangdbreviations found on microscope objective barrels,
ring. Objectives designed to image living organisms iwhich are useful in identifying specific properties, are
aqueous media are designateter immersiorobjectives listed in Table 4 (17).
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Table 4 Specialized Objective Designations

Abbreviation Type

Phase, PHACO, PC, Ph 1,2, 3, etc Phase contrast, using phase condenser annulus 1, 2, 3, etc.

DL, DM, PLL, PL, PM, PH, NL, NM, NH Phase contrast: dark low, dark medium, positive low, positive low, positive
medium, positive high contrast (regions with higher refractive index appear
darker); negative low, negative medium, negative high contrast (regions with
higher refractive index appear lighter)

P, Po, Pol, SF Strain-free, low birefringence, for polarized light

U, UV, Universal UV transmitting (down to approx. 340 nm), for UV-excited epifluorescence

M Metallographic (no coverslip)

NC, NCG No coverslip

EPI Surface illumination (specimen illuminated through objective lens), as contrasted to
dia- or transillumination

TL Transmitted light

BBD, HD, B\D For use in bright or dark field (hell, dunkel)

D Dark field

H Designed primarily for heating stage

U, ut Designed to be used with universal stage (magnification/NA applied for use
with glass hemisphere; divine both values by 1.51 when hemisphere is not used)

DI; MI; TI Michelson Interferometry; noncontact; multiple beam (Tolanski)

aMany of the designation codes are manufacturer specific.

Optical Aberrations light waves passing through the periphery of a lens are
not brought into identical focus with those passing closer

Lens errors or aberrations in optical microscopy ate the center. Waves passing near the center of the lens
caused by artifacts arising from the interaction of ligtare refracted only slightly, whereas waves passing near
with glass lenses (2-5, 19-24). There are two primatie periphery are refracted to a greater degree resulting
causes of aberration: (i) geometrical or spherica the production of different focal points along the optical
aberrations are related to the spherical nature of the lengs. This is one of the most serious resolution artifacts
and approximations used to obtain the Gaussian lebscause the image of the specimen is spread out rather
equation; and (ii) chromatic aberrations that arise frothan being in sharp focus. Spherical aberrations are very
variations in the refractive indices of the wide range dfmportant in terms of the resolution of the lens because
frequencies found in visible light. they affect the coincident imaging of points along the

In general, the effects of optical aberrations are toptical axis and degrade the performance of the lens,
induce faults in the features of an image being observedhich will seriously affect specimen sharpness and clarity.
through a microscope. These artifacts were first addressetese lens defects can be reduced by limiting the outer
in the eighteenth century when physicist John Dollonedges of the lens from exposure to light using diaphragms
discovered that chromatic aberration would be reducedid also by utilizing aspherical lens surfaces within the
or corrected by using a combination of two different typesystem. The highest-quality modern microscope
of glass (flint and crown) in the fabrication of lenses (13pbjectives address spherical aberrations in a number of
Later, during the nineteenth century, achromatic objectivesays including special lens-grinding techniques,
with high numerical aperture were developed, althougddditional lens elements of different curvatures, improved
there were still geometrical problems with the lenseglass formulations, and better control of optical pathways.
Modern glass formulations coupled with advanced Chromatic Aberration: This type of optical defect
grinding and manufacturing techniques have all bug a result of the fact that white light is composed of
eliminated most aberrations from today’s microscopeumerous wavelengths. When white light passes through
objectives, although careful attention must still be paid convex lens, the component wavelengths are refracted
to these effects, especially when conducting quantitatiaecording to their frequency. Blue light is refracted to
high-magnification video microscopy andthe greatest extent followed by green and red light, a
photomicrography (23). phenomenon commonly referred to as dispersion. The

Spherical Aberration: These artifacts occur wheninability of the lens to bring all of the colors into a
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common focus results in a slightly different image sizeegions of the field of view (23). This defect is known as
and focal point for each predominant wavelength groufateral chromatic aberration or chromatic difference of
This leads to color fringes surrounding the image. magnification. It is the compensating eyepiece, with
Lens corrections were first attempted in the latter pachromatic difference of magnification just the opposite
of the 18th century when Dollond, Lister and othersf that of the objective, which is utilized to correct for
devised ways to reduce longitudinal chromatic aberratidateral chromatic aberration. Because this defect is also
(13). By combining crown glass and flint glass (each tydeund in higher magnification achromats, compensating
has a different dispersion of refractive index), thegyepieces are frequently used for such objectives, too.
succeeded in bringing the blue rays and the red rays ttndeed, many manufacturers design their achromats with
common focus, near but not identical with the green rays.standard lateral chromatic error and use compensating
This combination is termed a lens doublet where each lemgepieces for all their objectives. Such eyepieces often
has a different refractive index and dispersive propertiezarry the inscriptiorK or C or Compens As a result,
Lens doublets are also known as achromatic lensescmmpensating eyepieces have build-in lateral chromatic
achromats for short, derived from the Greek termsearor and are not, in themselves, perfectly corrected.
meaning without andhromameaning color. This simple Coverslip Correction: It is possible for the user to
form of correction allows the image points at 486nadvertently introduce spherical aberration into a well-
nanometers in the blue region and 656 nanometers in twrected system (2, 23). For example, when using high
red region to now coincide. This is the most widely usetagnification and high numerical aperture dry objectives
objective lens and is commonly found on laboratorfNA = 0.85-0.95), the correct thickness of the cover glass
microscopes. Objectives that do not carry a speci@uggested 0.17 mm) is critical; hence the inclusion of a
inscription stating otherwise are likely to be achromatsorrection collar on such objectives to enable adjustment
Achromats are satisfactory objectives for routinéor incorrect cover glass thickness. Similarly, the
laboratory use, but because they are not corrected foriaertion of accessories in the light path of finite tube
colors, a colorless specimen detail is likely to show, ilength objectives may introduce aberrations, apparent
white light, a pale green color at best focus (the so-callathen the specimen is refocused, unless such accessories
secondary spectrum). have been properly designed with additional optics. Figure
A proper combination of lens thickness, curvaturel0 illustrates how internal lenses operate in an objective
refractive index, and dispersion allows the doublet tdesigned for coverslip correction.
reduce chromatic aberration by bringing two of the Other Geometrical Aberrations: These include a
wavelength groups into a common focal plane. If fluorspaariety of effects including astigmatism, field curvature,
is introduced into the glass formulation used to fabricatd comatic aberrations, which are corrected with proper
the lens, then the three colors red, green, and blue candres fabrication.
brought into a single focal point resulting in a negligible Curvature of field in the image is an aberration that is
amount of chromatic aberration (23). These lenses daniliar to most experienced microscopists. This artifact
known as apochromatic lenses and they are used to buddhe natural result of using lenses that have curved
very high-quality chromatic aberration-free microscopsurfaces. When visible light is focused through a curved
objectives. Modern microscopes utilize this concept amens, the image plane produced by the lens will be curved.
today it is common to find optical lens triplets made withVhen the image is viewed in the eyepieces (oculars) of a
three lens elements cemented together, especiallynmcroscope, it either appears sharp and crisp in the center
higher-quality objectives. For chromatic aberratiomr on the edges of the viewfield but not both. Normally,
correction, a typical 10x achromat microscope objectivilis is not a serious problem when the microscopist is
is built with two lens doublets (Figure 8(a)). Apochromatoutinely scanning samples to observe their various
objectives usually contain two lens doublets and a lefsatures. It is a simple matter to use the fine focus knob
triplet (Figure 8(c)) for advanced correction of botho correct small deficiencies in specimen focus.
chromatic and spherical aberrations. However, for photomicrography, field curvature can be a
Despite longitudinal (or axial) chromatic aberratiorserious problem, especially when a portion of the
correction, apochromat objectives also exhibit anoth@hotomicrograph is out of focus.
chromatic defect. Even when all three main colors are Modern microscopes deal with field curvature by
brought to identical focal planes axially, the point imagesorrecting this aberration using specially designed flat-
of details near the periphery of the field of view, are ndteld objectives. These specially corrected objectives
the same size; e.g., the blue image of a detail is slightiave been named plan or plano and are the most common
larger than the green image or the red image in white ligltigpe of objective in use today. Plan objectives are also
thus causing color ringing of specimen details at the outeorrected for other optical artifacts such as spherical and

14



OPTICAL MICROSCOPY Davidson and Abramowitz

chromatic aberrations. In the case of a plan objective thidtjects and are most severe when the microscope is out
also has been mostly corrected for chromatic aberratia@f,alignment (23). In this instance, the image of a point
the objective is referred to as a plan achromat. Thisigsasymmetrical, resulting in a comet-like (hence, the term
also the case for fluorite and apochromatic objectivespma) shape. The comet shape may havailtpointing
which have the modified names: plan fluorite and platoward the center of the field of view or away depending
apochromat. upon whether the comatic aberration has a positive or
Adding field curvature lens corrections to an objectiveegative value. Coma may occur near the axial area of
that has already been corrected for optical aberrations ¢he light path, and/or the more peripheral area. These
often add a significant number of lens elements to thlberrations are usually corrected along with spherical
objective. For example, the typical achromat objectivaberrations by designing lens elements of various shapes
has two lens doublets and a hemispherical lens, makitggeliminate this error. Objectives that are designed to
of total of five lens elements. In contrast, a comparabjgeld excellent images for wide field of view eyepieces,
plan achromat objective has three doublets and three sinigéeve to be corrected for coma and astigmatism using a
lenses for a total of nine lens elements, making #pecially-designed multi-element optic in the tube lens
considerably more difficult to fabricate. As we have seetp avoid these artifacts at the periphery of the field of
the number of lens elements increases as lenses @ew.
corrected for spherical errors as well as chromatic and Astigmatism aberrations are similar to comatic
field curvature aberrations. Unfortunately, as the numbaberrations, however these artifacts depend more strongly
of lens elements increases so does the cost of thre the obliquity of the light beam (23). This defect is
objective. found at the outer portions of the field of view of
Sophisticated plan apochromatic objectives that atmcorrected lenses. The off-axis image of a specimen
corrected for spherical, chromatic, and field curvatungoint appears as a line instead of a point. What is more,
aberrations can contain as many as eighteen to tweuligpending on the angle of the off-axis rays entering the
separate lens elements, making these objectives the nless, the line image may be oriented in either of two
expensive and difficult to manufacture. Plan apochromaitiifferent directions, tangentially or radially. Astigmatism
objectives can cost upward of $3,000 to $5,000 each ferrors are usually corrected by design of the objectives
high-magnification units that also have a high numericéb provide precise spacing of individual lens elements as
aperture. For most photomicrography applicationsyell as appropriate lens shapes and indices of refraction.
however, it is not absolutely necessary to have the bddte correction of astigmatism is often accomplished in
correction, although this is heavily dependent upon tlmnjunction with the correction of field curvature
purpose, the specimen, and the desired magnificatiaherrations.
range. When cost is important (when isn't it?), it is often
wise tp select more modgstly priced plan quotlte Eyep|eces (Oculars)
objectives that have a high degree of correction,
especially the more modern versions. These objectives Eyepieces work in combination with microscope
provide crisp and sharp images with minimal fieldbjectives to further magnify the intermediate image so
curvature, and will be sufficient for mostthat specimen details can be observed. Ocular is an
photomicrography applications. alternative name for eyepieces that has been widely used
Field curvature is very seldom totally eliminated, buin the literature, but to maintain consistency during this
it is often difficult to detect edge curvature with mostliscussion we will refer to all oculars as eyepieces. Best
plan-corrected objectives and it does not show up fesults in microscopy require that objectives be used in
photomicrographs (19, 23). This artifact is more sevemmbination with eyepieces that are appropriate to the
at low magnifications and can be a problem with steremrrection and type of objective. Inscriptions on the side
microscopes. Manufacturers have struggled for yearsabthe eyepiece describe its particular characteristics and
eliminate field curvature in the large objectives found ifunction.
stereo microscopes. In the past ten years, companies likeThe eyepiece illustrated in Figure 11 is inscribed with
Leica, Nikon, Olympus, and Zeiss, have made great stridd®V (not illustrated), which is an abbreviation for the ultra
in the quality of optics used to build stereo microscopegde viewfield. Often eyepieces will also have ldn
and, while the artifacts and aberrations have not bedasignation, depending upon the manufacturer, to indicate
totally eliminated, high-end models are now capable @f high-eyepoint focal point that allows microscopists to
producing superb photomicrographs. wear glasses while viewing samples. Other common
Comatic aberrations are similar to sphericahscriptions often found on eyepieces incl\¥& for
aberrations, but they are mainly encountered with off-axigide field; UWF for ultra wide field;SW and SWF for
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super wide field;HE for high eyepoint; ancCF for way between these lenses there is a fixed circular opening
eyepieces intended for use with CF corrected objectives internal diaphragm which, by its size, defines the
(2, 3, 5, 19, 23, 24). As discussed above, compensatiigcular field of view that is observed in looking into the
eyepieces are often inscribed wikh C, Comp, or microscope. The simplest kind of negative eyepiece, or
Compens as well as the magnification. Eyepieces usdduygenian eyepiece, is found on most routine
with flat-field objectives are sometimes labelethn- microscopes fitted with achromatic objectives. Although
Comp. Magnification factors of common eyepieceshe Huygenian eye and field lenses are not well corrected,
range from 5x to 25%, and usually contain an inscriptiotheir aberrations tend to cancel each other out. More
such asA/24, which indicates the field number is 24, inhighly corrected negative eyepieces have two or three lens
reference to the diameter (in millimeters) of the fixeglements cemented and combined together to make the
diaphragm in the eyepiece. Many eyepieces also haveye lens. If an unknown eyepiece carries only the
focus adjustment and a thumbscrew that allows thairagnification inscribed on the housing, it is most likely
position to be fixed. Manufactures now often produce® be a Huygenian eyepiece, best suited for use with
eyepieces having rubber eye-cups that serve bothachromatic objectives of 5x-40x magnification.

position the eyes the proper distance from the front lens, The other main type of eyepiece is the positive
and to block room light from reflecting off the lenseyepiece with a diaphragm below its lenses, commonly

surface and interfering with the view.

Eyepiece Cutaway Diagram

Protective
Eyecup

known as thd(Ramsdeneyepiece. This eyepiece has an
eye lens and field lens that are also plano-convex, but the
field lens is mounted with the curved surface facing
towards the eye lens. The front focal plane of this
eyepiece lies just below the field lens, at the level of the
eyepiece fixed diaphragm, making this eyepiece readily

adaptable for mounting graticules. To provide better
correction, the two lenses of the Ramsden eyepiece may
be cemented together.

Simple eyepieces such as the Huygenian and Ramsden
and their achromatized counterparts will not correct for
residual chromatic difference of magnification in the
intermediate image, especially when used in combination
with high magnification achromatic objectives as well as
fluorite or apochromatic objectives. To remedy this in
finite microscopy systems, manufacturers produce
compensating eyepieces that introduce an equal, but
opposite, chromatic error in the lens elements.
Compensating eyepieces may be either of the positive or
negative type, and must be used at all magnifications with
fluorite, apochromatic and all variations of plan objectives
Figure 11. Cutaway diagram of a typical periplan eyepiece. Thi@hey can also be used to advantage with achromatic
fixed aperture diaphragm is positioned between lens group 1 a@ldjectives of 40x and higher).
lens group 2, where the intermediate image is formed. The eyepieceln recent years, modern microscope objectives have
has a protective eyecup that makes viewing the specimen mehieir correction for chromatic difference of magnification
comfortable for the microscopist. either built into the objectives themselves (Olympus and

Nikon) or corrected in the tube lens (Leica and Zeiss),

There are two major types of eyepieces that athus eliminating the need for compensation correction
grouped according to lens and diaphragm arrangemeot:the eyepieces.
the negative eyepieces with an internal diaphragm Compensating eyepieces play a crucial role in helping
between the lenses, apositive eyepieces that have ato eliminate residual lateral chromatic aberrations
diaphragm below the lenses of the eyepiece. Negativderent in the design of highly corrected objectives.
eyepieces have two lenses: the upper lens, which is cloddshce, it is preferable that the microscopist uses the
to the observer’s eye, is called the eye-lens and the lowmrmpensating eyepieces designed by a particular
lens (beneath the diaphragm) is often termed the field lemsanufacturer to accompany that manufacturer’s higher-
In their simplest form, both lenses are plano-convex, wittbrrected objectives. Use of an incorrect eyepiece with
convex sides facing the specimen. Approximately midin apochromatic objective designed for a finite (160 or
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170 millimeter) tube length microscope results itield and super widefield eyepieces are coupled to their
dramatically increased contrast with red fringes on thaesign for high eyepoint, and al¥#H and SWH,
outer diameters and blue fringes on the inner diametaespectively. The magnifications are either 10x or 15x
of specimen detail. Additional problems arise from and the Field Numbers range from 14 to 26.5, depending
limited flatness of the viewfield in simple eyepieces, evempon the application. The diopter adjustment is
those corrected with eye-lens doublets. approximately the same for all eyepieces and many also
More advanced eyepiece designs resulted in tlwentain either a photomask or micrometer graticule.
Periplan eyepiece (Figure 11), which contains seven lens Light rays emanating from the eyepiece intersect at
elements that are cemented into a doublet, a triplet, ahe exit pupil or eyepoint (Ramsden disc) where the front
two individual lenses. Design improvements in periplaof the microscopist’s eye should be placed in order to
eyepieces lead to better correction for residual laters¢e the entire field of view (usually 8-10 mm above the
chromatic aberration, increased flatness of field, andege lens). By increasing the magnification of the eyepiece,
general overall better performance when used with hightre eyepoint is drawn closer to the upper surface of the
power objectives. eye lens, making it much more difficult for microscopists
Modern microscopes feature vastly improved plarto use, especially if he or she wears eyeglasses. Specially
corrected objectives in which the primary image has mudesigned high eyepoint eyepieces have been manufactured
less curvature of field than older objectives. In additiorthat feature eyepoint viewing distances approaching 20-
most microscopes now feature much wider body tub@% mm above the surface of the eye lens. These improved
that have accommodated greatly increased the sizeeykepieces have larger diameter eye lenses that contain
intermediate images. To address these new featuremre optical elements and usually feature improved
manufacturers now produce wide-eyefield eyepieces tHédtness of field. Such eyepieces are often designated
increase the viewable area of the specimen by as muchwéih the inscription H” somewhere on the eyepiece
40 percent. Because the strategies of eyepiece-objectiveausing, either alone or in combination with other
correction techniques vary from manufacturer tabbreviations, as discussed above. We should mention
manufacturer, it is very important (as stated above) to uheat high-eyepoint eyepieces are especially useful for
only eyepieces recommended by a specific manufactureicroscopists who wear eyeglasses to correct for near
for use with their objectives. or far sightedness, but they do not correct for several other
Our recommendation is to carefully choose theisual defects, such as astigmatism. Today, high eyepoint
objective first, then purchase an eyepiece that is desigreyepieces are very popular, even with people who do not
to work in conjunction with the objective. When choosingvear eyeglasses, because the large eye clearance reduces
eyepieces, it is relatively easy to differentiate betwedatigue and makes viewing images through the microscope
simple and more highly compensating eyepieces. Simptaich more comfortable.
eyepieces such as the Ramsden and Huygenian (and theiAt one time, eyepieces were available in a wide range
more highly corrected counterparts) will appear to havead magnifications extending from 6.3x to 30x and
blue ring around the edge of the eyepiece diaphragm whammetimes even higher for special applications. These
viewed through the microscope or held up to a ligleyepieces are very useful for observation and
source. In contrast, more highly corrected compensatipfpotomicrography with low-power objectives.
eyepieces with have a yellow-red-orange ring around thunfortunately, with higher power objectives, the problem
diaphragm under the same circumstances. Modern narf-empty magnification (magnification without increased
compensating eyepieces are fully corrected and show clarity) becomes important when using very high
color. Most of the modern microscopes have athagnification eyepieces and these should be avoided.
corrections done in the objectives themselves or haveladay most manufacturers restrict their eyepiece
final correction in the tube lens. Such microscopes ddferings to those in the 10x to 20x ranges. The diameter
not need compensating eyepieces. of the viewfield in an eyepiece is expressed ésld of
The properties of several common commerciallyiew numberor field number (FN), as discussed above.
available eyepieces are listed according to type in Tallformation about the field number of an eyepiece can
5 (19, 23). The three major types of eyepieces listedyield the real diameter of the object viewfield using the
Table 5 are finder, wide field, and super wide field. Thiarmula (23):
terminology used by various manufacturers can be very
confusing and careful attention should be paid to their Viewfield Diameter = FN / (M_ x M) (2)
sales brochures and microscope manuals to ensure that
the correct eyepieces are being used with a specifi¢hereFN is the field number in millimeterd/ | is the
objective. In Table 5, the abbreviations that designate wideagnification of the objective, ard is the tube lens

17



OPTICAL MICROSCOPY Davidson and Abramowitz

Table 5 Properties of Commercial Eyepieces

Eyepiece Type Finder Eyepieces Super Wide Field Wide Field Eyepieces
Eyepieces

Descriptive PSWH PWH 35 SWH SWH CROSSWH  WH WH

Abbreviation 10x 10x 10x 10x H 10x H 15x 10x H

Field Number 26.5 22 26.5 26.5 22 14 22

Diopter

Adjustment -8~+2 -8~+2 -8~+2 -8~+2 -8~+2 -8~+2 -8~+2
31/4 x “41/4” 31/4 x “41/4” 35mm diopter diopter diopter

Remarks photo photo photo correction correction correction

mask mask mask crossline

Diameter of

Micrometer — — — — — 24 24

Graticule

magnification factor (if any). Applying this formula to specimen detail without adding unnecessary artifacts. For
the super wide field eyepiece listed in Table 5, we arrii@stance, to achieve a magnification of 250x, the
at the following for a 40x objective with a tube lensmicroscopist could choose a 25x eyepiece coupled to a
maghnification of 1.25: 10x objective. An alternative choice for the same
magnification would be a 10x eyepiece with a 25x
Viewfield Diameter = 26.5 / 40 x 1.25 = 0.53 mm (3) objective. Because the 25x objective has a higher
numerical aperture (approximately 0.65) than does the 10x
Table 1 lists the viewfield diameters over the commoabjective (approximately 0.25), and considering that
range of objectives that would occur using this eyepiecaumerical aperture values define an objective’s resolving
power, it is clear that the latter choice would be the best.
If photomicrographs of the same viewfield were made
with each objective/eyepiece combination described
above, it would be obvious that the 10x eyepiece/25x

Table 6 Range of Useful Magnification
(500-1000 x NA of Objective)

Objective Eyepieces objective duo would produce photomicrographs that

(NA) 10x 12.5x 15X 20x 25x excelled in specimen detail and clarity when compared
to the alternative combination.

2.5x — — — X X Numerical aperture of the objective/condenser system
(0.08) defines therange of useful magnificationfor an
4x - - X X X objective/eyepiece combination (19, 22-24). There is a
(261)(2) . « « « « _minimum magnification necessary for the. detail present
(0.35) in an image to be reso_lved, and this va_llue is usually rather
2By X X X X __arbitrarily set as 500 times the numerical aperture (500 x
(0.55) NA). At the other end of the spectrum, the maximum
40x% X X X — — useful magnification of an image is usually set at 1000
(0.70) times the numerical aperture (1000 x NA).
60x X X X — —  Magnifications higher than this value will yield no further
(0.95) useful information or finer resolution of image detail,
(iof;) X X - - — and will usually lead to image degradation. Exceeding

the limit of useful magnification causes the image to suffer

from the phenomenon admpty magnification(19),
Care should be taken in choosing eyepiece/objectivehere increasing magnification through the eyepiece or

combinations to ensure the optimal magnification ahtermediate tube lens only causes the image to become
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more magnified with no corresponding increase in detdibcus to be adjusted for proper illumination of the
resolution. Table 6 lists the common objective/eyepie@pecimen. Correct positioning of the condenser with
combinations that fall into the range of usefutelation to the cone of illumination and focus on the
magnification. specimen is critical to quantitative microscopy and
Eyepieces can be adapted for measurement purposesimum photomicrography. Care must be taken to
by adding a small circular disk-shaped glass graticule @tiarantee that the condenser aperture is opened to the
the plane of the fixed aperture diaphragm of the eyepie@arrect position with respect to objective numerical
Graticules usually have markings, such as a measuring rafgerture. When the aperture is opened too much, stray
or grid, etched onto the surface. Because the graticlilght generated by refraction of oblique light rays from
lies in the same conjugate plane as the fixed eyepieitee specimen can cause glare and lower the overall
diaphragm, it appears in sharp focus superimposed on twntrast. On the other hand, when the aperture is closed
image of the specimen. Eyepieces using graticules usualbp far, the illumination cone is insufficient to provide
contain a focusing mechanism (helical screw or slideadequate resolution and the image is distorted due to
that allows the image of the graticule to be brought intefraction and diffraction from the specimen.
focus. A stage micrometer is needed to calibrate the

eyepiece scale for each objective. Abbe Condenser/Objective Combination

Condenser Systems

The substage condenser gathers light from tt
microscope light source and concentrates it into a co
of light that illuminates the specimen with parallel bearr
of uniform intensity from all azimuths over the entire
viewfield. It is critical that the condenser light cone b
properly adjusted to optimize the intensity and angle
light entering the objective front lens. Each time a
objective is changed, a corresponding adjustment mt Immersion -
be performed on the substage condenser aperture Oil — [/ _— Specimen
diaphragm to provide the proper light cone for th l ”
numerical aperture of the new objective. Condenser

A simple two-lens Abbe condenser is illustrated ii E‘;ﬁ‘“;
Figure 12. In this figure, light from the microscope
illumination source passes through the aperture .
condenser diaphragm, located at the base of the conder
and is concentrated by internal lens elements, which th
project light through the specimen in parallel bundle j
from every azimuth. The size and numerical aperture Lol
the light cone is determined by adjustment of the apertu
diaphragm. After passing through the specimen (on tl
microscope slide), the light diverges to an inverted conggure 12. Condenser/objective configuration for optical
with the proper angle (2q in Figure 12) to fill the frontmicroscopy. An Abbe two-lens condenser is illustrated showing
lens of the objective (2, 18-24). ray traces through the optical train of the microscope. The aperture

Aperture adjustment and proper focusing of theiaphragm restricts light entering the condenser before it is refracted
condenser are of critical importance in realizing the fully the.condenserlens system into the spepimen. Imm.ersion oilis
potential of the objective. Specifically, appropriate usksed in the contact beneath ghe underS|de.of Fhe slide and the
of the adjustable aperture iris diaphragm (incorporat(%%ndens‘er.mp lens, and also between the objective and cover slip.
. . S . .The objective angular aperture () controls the amount of light
into the Condens_er or Jus_t below it) is most |mp0rtar_1t IDntering the objective.
securing correct illumination, contrast, and depth of field.

The opening and closing of this iris diaphragm controls

the angle of illuminating rays (and thus the aperture) which The simplest and least corrected (also the least
pass through the condenser, through the specimen and tegpensive) condenser is the Abbe condenser that, in its
into the objective. Condenser height is controlled by simplest form, has two optical lens elements which
rack and pinion gear system that allows the condengepduce an image of the illuminated field diaphragm that

19

Objective
Rear Focal
Plane

e,

Immersion
0il

Condenser
Aperture
Diaphragm



OPTICAL MICROSCOPY Davidson and Abramowitz

is not sharp and is surrounded by blue and red color at igerration (green wavelengths) but not for chromatic
edges. As a result of little optical correction, the Abbaberration. These condensers feature five lens elements
condenser is suited mainly for routine observation withnd are capable of focusing light in a single plane.
objectives of modest numerical aperture andplanatic condensers are capable of producing excellent
maghnification. The primary advantages of the Abbklack and white photomicrographs when used with green
condenser are the wide cone of illumination that thiegght generated by either a laser source or by use of an
condenser is capable of producing as well as its ability itwterference filter with tungsten-halide illumination.

work with long working distance objectives. The The highest level of correction for optical aberration
manufacturers supply most microscopes with an Abbg incorporated in the aplanatic-achromatic condenser (2,
condenser as the default and these condensers are 5¢alThis condenser is well corrected for both chromatic
workhorses for routine laboratory use. and spherical aberrations and is the condenser of choice
for use in critical color photomicrography with white
light. A typical aplanatic-achromatic condenser features
eight internal lens elements cemented into two doublets
and four single lenses.

Engravings found on the condenser housing include
its type (achromatic, aplanatic, etc.), the numerical
Spherical Chromatic aperture, and a graduated scale that indicates the

approximate adjustment (size) of the aperture diaphragm.

Table 7 Condenser Aberration Corrections

Condenser Aberrations
Type Corrected

Abbe — — As we mentioned above, condensers with numerical
Aplanatic X — apertures above 0.95 perform best when a drop of oil is
Achromatic - X applied to their upper lens in contact with the undersurface
Aplanatic- X X of the specimen slide. This ensures that oblique light rays
achromatic

emanating from the condenser are not reflected from
underneath the slide, but are directed into the specimen
The next highest level of condenser correction is splitithout deviation. In practice, this can become tedious
between the aplanatic and achromatic condensers thatamd is not commonly done in routine microscopy, but is
corrected exclusively for either spherical (aplanatic) arssential when working at high resolutions and for
chromatic (achromatic) optical aberrations. accurate photomicrography using high-power (and
Achromatic condensers typically contain four lensumerical aperture) objectives.
elements and have a numerical aperture of 0.95, the Another important consideration is the thickness of
highest attainable without requiring immersion oil (5)the microscope slide, which is as crucial to the condenser
This condenser is useful for both routine and criticals coverslip thickness is to the objective. Most
laboratory analysis with dry objectives and also for blackommercial producers offer slides that range in thickness
and white or color photomicrography. between 0.95 and 1.20 mm with the most common being
A critical factor in choosing substage condensers igry close to 1.0 mm. A microscope slide of thickness
the numerical aperture performance, which will b&.20 mm is too thick to be used with most high numerical
necessary to provide an illumination cone adequate faperture condensers that tend to have a very short working
the objectives. The condenser numerical apertudistance. While this does not greatly matter for routine
capability should be equal to or slightly less than that epecimen observation, the results can be devastating with
the highest objective numerical aperture. Therefore, precision photomicrography. We recommend that
the largest magnification objective is an oil-immersiomicroscope slides be chosen that have a thickness of 1.0
objective with a numerical aperture of 1.40, then th& 0.05 mm, and that they be thoroughly cleaned prior to
substage condenser should also have an equivalese.
numerical aperture to maintain the highest system When the objective is changed, for example from a
resolution. In this case, immersion oil would have to b&0x to 20x, the aperture diaphragm of the condenser must
applied between the condenser top lens in contact wiifso be adjusted to provide a light cone that matches the
the underside of the microscope slide to achieve timeimerical aperture of the new objective. There is a small
intended numerical aperture (1.40) and resolution. Failupainted arrow or index mark located on this knurled knob
to use oil will restrict the highest numerical aperture ajr lever that indicates the relative size of the aperture when
the system to 1.0, the highest obtainable with air as thbempared to the linear gradation on the condenser
imaging medium (2, 5, 17-24). housing. Many manufacturers will synchronize this
Aplanatic condensers are well corrected for sphericgtadation to correspond to the approximate numerical

20




Davidson and Abramowitz

OPTICAL MICROSCOPY

aperture of the condenser. For example, if thef illumination cones with a single condenser (18).
microscopist has selected a 10x objective of numerical In practice, this problem can be solved in several ways.
aperture 0.25, then the arrow would be placed next tker low power objectives (below 10x), it may be
value 0.18-0.20 (about 80 percent of the objectiveecessary to unscrew the top lens of the condenser in order
numerical aperture) on the scale inscribed on the fill the field of view with light. Other condensers are
condenser housing. produced with a flip-top upper lens to accomplish this
Often, it is not practical to use a single condenser withore readily. Some manufacturers now produce a
an entire range of objectives (2x to 100x) due to the broadndenser that flips over completely when used with low
range of light cones that must be produced to matglower objectives. Other companies incorporate auxiliary
objective numerical apertures. With low-poweicorrection lenses in the light path for securing proper
objectives in the range 2x to 5x, the illumination condlumination with objectives less than 10x, or produce
will have a diameter between 6-10 mm, while the higlspecial low-power and low-numerical aperture
power objectives (60x to 100x) need a highly focusetbndensers. When the condenser is used without its top
light cone only about 0.2-0.4 mm in diameter. With &ns, the aperture iris diaphragm is opened wide and the
fixed focal length, it is difficult to achieve this wide rangdield diaphragm, now visible at the back of the objective,

Table 8 Substage Condenser Applications

Condenser Brightfield Darkfield Phase DIC
Type Contrast

Polarizing

Achromat/
Aplanat
N.A. 1.3

Achromat
Swing-out
N.A. 0.90

Low-Power
N.A. 0.20

Phase
Contrast Abbe
N.A. 1.25

Phase
Contrast
Achromat
N.A. 0.85

DIC Universal
Achromat/
Aplanat

Darkfield, dry
N.A. 0.80~0.95

Darkfield, oil
N.A. 1.20~1.43

Strain-Free
Achromat
Swing-out
N.A. 0.90

[10x~100x]

[4x~100x]

[1x~10x]

[up to N.A. 0.65]

[up to N.A. 0.70]

[up to N.A. 0.70]
[4x~40x]

[4x~100x]

[10x~100x]

[4x~100x]

[10x~100x]

3

[10x, 20x, 40x, 100x]

[4x~100x]

21



OPTICAL MICROSCOPY Davidson and Abramowitz

Table 9 Depth of Field and Image Deptt?

Magnification Numerical Aperture Depth of Field (M) Image Depth (mm)
4x 0.10 155 0.13
10x 0.25 85 0.80
20x 0.40 5.8 3.8
40x 0.65 1.0 12.8
60x 0.85 0.40 29.8
100x 0.95 0.19 80.0

aSource: Nikon

serves as if it were the aperture diaphragm. Flip-tggpace. This interchange of terms can lead to confusion,
condensers are manufactured in a variety of configuratioaspecially when the terms are both used specifically in
with numerical apertures ranging from 0.65 to 1.4Germs of depth of field.
Those condensers having a numerical aperture value of The geometric image plane might be expected to
0.95 or less are intended for use with dry objectives. Flipepresent an infinitely thin section of the specimen, but
top condensers that have a numerical aperture greater thaen in the absence of aberrations, each image point is
0.95 are intended for use with oil-immersion objectivespread into a diffraction figure that extends above and
and they must have a drop of oil placed between thelow this plane (2, 4, 17). The Airy disk, discussed in the
underside of the microscope slide and the condenser ggrtion onlmage Formation, represents a section
lens when examining critical samples. through the center of the image plane. This increases the
In addition to the common brightfield condensergffective in-focus depth of the Z-axis Airy disk intensity
discussed above, there are a wide variety of specializafile that passes through slightly different specimen
models suited to many different applications. Substagdanes.
condensers have a great deal of interchangeability amongDepth of focus varies with numerical aperture and
different applications. For instance, the DIC universahagnification of the objective, and under some conditions,
achromat/aplanat condenser is useful for brightfieldhigh numerical aperture systems (usually with higher
darkfield, and phase contrast, in addition to the primamagnification power) have deeper focus depths than do
DIC application. Other condensers have similathose systems of low numerical aperture, even though the
interchangeability. depth of field is less (4). This is particularly important in
photomicrography because the film emulsion or digital
Depth of Field and Depth of Focus gamera sensor must be exposed_ ataplan_e_ thz_it is in focus.
mall errors made to focus at high magnification are not
When considering resolution in optical microscopyas critical as those made with very low magnification
a majority of the emphasis is placed on point-to-poirbjectives. Table 9 presents calculated variations in the
resolution in the plane perpendicular to the optical axidepth of field and image depth in the intermediate image
Another important aspect to resolution is tleal plane in a series of objectives with increasing numerical
resolving powerof an objective, which is measuredaperture and magnification.
parallel to the optical axis and is most often referred to
as depth of field (2, 4, 5, 22). Axial resolution, like i ;
horizontal resolution, is determined by the numerical Reflected nght Mlcroscopy
aperture of the objective only, with the eyepiece merely Reflected light microscopy is often referred to as
magnifying the details resolved and projected in thiemcident light, epi-illumination, or metallurgical
intermediate image plane. microscopy, and is the method of choice for fluorescence
Just as in classical photography, depth of field i@nd for imaging specimens that remain opaque even when
determined by the distance from the nearest object plaground to a thickness of 30 microns (25). The range of
in focus to that of the farthest plane also simultaneousipecimens falling into this category is enormous and
in focus. In microscopy depth of field is very short anthcludes most metals, ores, ceramics, many polymers,
usually measured in terms of microns. The tdapth semiconductors (unprocessed silicon, wafers, and
of focus, which refers to image space, is often useidtegrated circuits), slag, coal, plastics, paint, paper, wood,
interchangeably with depth of field, which refers to objedeather, glass inclusions, and a wide variety of specialized
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materials (25-28). Because light is unable to pass througdljustment knobs raise or lower the stage in large or small
these specimens, it must be directed onto the surface amtements to bring the specimen into sharp focus.
eventually returned to the microscope objective by either Another variation of the upright reflected light
specular or diffused reflection. As mentioned above, suaticroscope is the inverted microscope—of the Le
illumination is most often referred to as episcopi€hatelier design (25). On the inverted stand, the specimen
illumination, epi-illumination, or vertical illumination is placed on the stage with its surface of interest facing
(essentially originating from above), in contrast talownward. The primary advantage of this design is that
diascopic (transmitted) illumination that passes througtamples can be easily examined when they are far too large
a specimen. Today, many microscope manufacturers offerfit into the confines of an upright microscope. Also,
models that permit the user to alternate or simultaneoushe only the side facing the objectives need be perfectly
conduct investigations using vertical and transmitteftht. The objectives are mounted on a nosepiece under
illumination. Reflected light microscopy is frequentlythe stage with their front lenses facing upward towards
the domain of industrial microscopy, especially in théhe specimen and focusing is accomplished either by
rapidly growing semiconductor arena, and thus represemgving the nosepiece or the entire stage up and down.
a most important segment of microscopical studies. Inverted microscope stands incorporate the vertical
A typical upright compound

reflected light (illustrated in _ ng;c;eﬁolaisg;ﬂ
Figure 13) microscope also AR B'g:‘;‘&'af

equipped for transmitted light has e / i D?appem:;em

two eyepiece viewing tubes anc 7 Field Collector

often a trinocular tube head forEyepieces | Diaphragm
mounting a conventional or digital/ v/ i
video camera system. Standar .. .
equipment eyepieces are usuall: Huminator |
of 10x magnification, and most
microscopes are equipped with ¢
nosepiece capable of holding fog| Objective

to six objectives. The stage is Internal
mechanically controlled with a  Mechanical . e
specimen holder that can be :
translated in the X- and Y- Condenser
directions and the entire stage uni
is capable of precise up and dowi
movement with a coarse and fine
focusing mechanism. Built-in
light sources range from 20 anc
100 watt tungsten-halide bulbs tc
higher energy mercury vapor or
xenon lamps that are used ir
fluorescence microscopy. Light Transmitted Light
passes from the lamp house Lamp House
through a vertical illuminator

interposed above the nosepieceigure 13. Components of a modern microscope configured for both transmitted and
but below the underside of thereflected light. This cutaway diagram reveals the ray traces and lens components of the
viewing tube head. The speci-microscope’s optical trains. Alsoillustrated are the basic microscope components including
men’s top surface is uprightwo Ia_lmp hogses, the_microscopebuilt-invertig:al and baseilluminqtors, condenset, objectives,
(usually without a cover slip) on eyepieces, filters, sliders, collector lenses, field, and aperture diaphragms.

the stage facing the objective,

which has been rotated into the microscope’s optical axifuminator into the body of the microscope. Many types
The vertical illuminator is horizontally oriented at a 90-of objectives can be used with inverted reflected light
degree angle to the optical axis of the microscope anucroscopes, and all modes of reflected light illumination
parallel to the table top, with the lamp housing attacheday be possible: brightfield, darkfield, polarized light,

to the back of the illuminator. The coarse and findifferential interference contrast, and fluorescence. Many
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of the inverted microscopes have built-in 35 millimetedescribed as universal illuminators because, with several
and/or large format cameras or are modular to allow suedditional accessories and little or no dismantling, the
accessories to be attached. Some of the instrumentgroscope can easily be switched from one mode of
include a magnification changer for zooming in on theeflected light microscopy to another. Often, reflectors
image, contrast filters, and a variety of reticules. Becausan be removed from the light path altogether in order to
an inverted microscope is a favorite instrument fgperform transmitted light observation. Such universal
metallographers, it is often referred to as a metallografiluminators may include a partially reflecting plane glass
(25, 27). Manufacturers are largely migrating to usingurface (the half-mirror) for brightfield, and a fully
infinity-corrected optics in reflected light microscopessilvered reflecting surface with an elliptical, centrally
but there are still thousands of fixed tube lengtlocated clear opening for darkfield observation. The best-
microscopes in use with objectives corrected for a tulsesigned vertical illuminators include condensing lenses
length between 160 and 210 millimeters. to gather and control the light, an aperture iris diaphragm
In the vertical illuminator, light travels from the lightand a pre-focused, centerable iris diaphragm to permit the
source, usually a 12 volt 50 or 100 watt tungsten halogdesirable Kéhler illumination (2, 25).
lamp, passes through collector lenses, through the variable The vertical illuminator should also make provision
aperture iris diaphragm opening and through the openifgr the insertion of filters for contrast and
of a variable and centerable pre-focused field irighotomicrography, polarizers, analyzers, and compensator
diaphragm. The light then strikes a partially silvered plan@ates for polarized light and differential interference
glass reflector (Figure 13), or strikes a fully silvereaontrast illumination. In vertical illuminators designed
periphery of a mirror with elliptical opening for darkfieldfor with infinity-corrected objectives, the illuminator may
illumination. The plane glass reflector is partially silveredlso include a body tube lens. Affixed to the back end of
on the glass side facing the light source and anti-reflectitime vertical illuminator is a lamphouse, which usually
coated on the glass side facing the observation tubedontains a tungsten-halide lamp. For fluorescence work,
brightfield reflected illumination. Light is thus deflectedthe lamphouse can be replaced with one containing a
downward into the objective. The mirrors are tilted at amercury burner. The lamp may be powered by the
angle of 45 degrees to the path of the light travelling alomdectronics built into the microscope stand, or in
the vertical illuminator. fluorescence, by means of an external transformer or
The light reaches the specimen, which may absopower supply.
some of the light and reflect some of the light, either in a In reflected light microscopy, absorption and
specular or diffuse manner. Light that is returned upwadiffraction of the incident light rays by the specimen often
can be captured by the objective in accordance with thead to readily discernible variations in the image, from
objective’s numerical aperture and then passes througlack through various shades of gray, or color if the
the partially silvered mirror. In the case of infinity-specimen is colored. Such specimens are known as
corrected objectives, the light emerges from the objectienplitude specimens and may not require special contrast
in parallel (from every azimuth) rays projecting an imagmethods or treatment to make their details visible. Other
of the specimen to infinity (25). Thaarallel rays enter specimens show so little difference in intensity and/or
the body tube lens, which forms the specimen image @ilor that their feature details are extremely difficult to
the plane of the fixed diaphragm opening in the eyepiedéscern and distinguish in brightfield reflected light
(intermediate image plane). It is important to note, thaicroscopy. Such specimens behave much like the phase
in these reflected light systems, the objective servesspecimens so familiar in transmitted light work. Such
dual function: on the way down as a matching wellebjects require special treatment or contrast methods that
corrected condenser properly aligned; on the way up a8l be described in the next section.
an image-forming objective in the customary role of an
Zsjee&té\(/::prmectmg the image-carrying rays toward the Contrast Enhancmg Technlques
Optimal performance is achieved in reflected light Some specimens are considered amplitude objects
illumination when the instrument is adjusted to produceecause they absorb light partially or completely, and can
Kohler illumination. A function of Kohler illumination thus be readily observed using conventional brightfield
(aside from providing evenly dispersed illumination) isnicroscopy. Others that are naturally colored or
to ensure that the objective will be able to deliver excelleattificially stained with chemical color dyes can also be
resolution and good contrast even if the source of lightsgen. These stains or natural colors absorb some part of
a coil filament lamp. the white light passing through and transmit or reflect other
Some modern reflected light illuminators arecolors. Often, stains are combined to yield contrasting
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colors, e.g. blue haemotoxylin stain for cell nucleinounted in a variety of contrast-enhancing mediums such
combined with pink eosin for cytoplasm. It is a commoas air or the commercial medium Styrax. The difference
practice to utilize stains on specimens that do not readily refractive indices improves the contrast of these
absorb light, thus rendering such objects visible to thmlorless objects and renders their outlines and markings
eye. more visible. The following sections describe many of
Contrast produced by the absorption of lightthe more complex techniques used by present-day
brightness, or color has been the classical meansmicroscopists to improve specimen contrast.
imaging specimens in brightfield microscopy. The ability
of a detail to ;tand out against the bac_:kground or other Darkfield Microscopy
adjacent details is a measure of specimen contrast. In
terms of a simple formula, contrast can be described as Darkfield illumination requires blocking out of the
(18): central light rays that ordinarily pass through or around
the specimen and allowing only oblique rays to illuminate
Percent Contrast = ((B — §) x 100)/B (4) the specimen. This method is a simple and popular method
for imaging unstained specimens, which appear as brightly
WhereB, is the intensity of the background afds the illuminated objects on a dark background. Oblique light
specimen intensity. From this equation, it is evident thedlys emanating from a darkfield condenser strike the
specimen contrast refers to the relationship between thgecimen from every azimuth and are diffracted, reflected,
highest and lowest intensity in the image. and refracted into the microscope objective (5, 18, 19,
For many specimens in microscopy, especiall28). This technique is illustrated in Figure 14. If no
unstained or living material, contrast is so poor that ttepecimen is present and the numerical aperture of the
object remains essentially invisible regardless of theondenser is greater than that of the objective, the oblique
ability of the objective to resolve or clearly separateays cross and all such rays will miss entering the objective
details. Often, for just such specimens, it is importattecause of the obliquity. The field of view will appear
not to alter them by Kkilling or treatment with chemicabark.
dyes or fixatives. This necessity has led microscopis : ]
to experiment with contrast-enhancing techniques for ov Darkfield Microscopy
a hundred years in an attempt to improve specimi
visibility and to bring more detail to the image. It is ¢

common practice to reduce the condenser apertt Objective
diaphragm below the recommended size or to lower tl Goceict
substage condenser to increase specimen contre lllumination

Unfortunately, while these maneuvers will indeed increa:

contrast, they also seriously reduce resolution ar ) .
Light Diffracted

sharpness. . . by Specimen
An early and currently used method of increasin
contrast of stained specimens utilizes color contra Specimen ——— SR = A——

filters, gelatin squares (from Kodak), or interferenc
filters in the light path (18, 19). For example, if ¢
specimen is stained with a red stain, a green filter w
darken the red areas thus increasing contrast. Onthe o
hand, a green filter will lighten any green stained are
Color filters are very valuable aids to specimen contra: Central Opaque 2 X
especially when black and white photomicrography is tt {BM‘;“?,“};E},‘;';%T O
goal. Green filters are particularly valuable for use wit
achromats, which are spherically corrected for gree
light, and phase contrast objectives, which are design
for manipulation of wavelength assuming the use of green

:Ighkt'. bﬁcause prase Speﬁlme.ns allre usrl:a.“y tr?nSparem central opaque light stop is positioned beneath the condenser
ack inherent color. Another simple technique Or CONtragd gjiminate zeroth order illumination of the specimen. The

impr.OVem?m invoIve; th_e selection Of a m‘?untingondenserproducesahollowcone of illumination that strikes the
medium with a refractive index substantially differentpecimen at oblique angles. Some of the reflected, refracted, and
from that of the specimen. For example, diatoms can bi#fracted light from the specimen enters the objective front lens.
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In terms of Fourier
optics, darkfield illumi-
nation removes the zerot
order (unscattered light) %
from the diffraction pattern
formed at the rear focal plan
of the objective (5).
Obligue rays, now diffracted
by the specimen and yieldin
1st, 2nd, and higher
diffracted orders at the rearZ;
focal plane of the objective, ,}{;
proceed onto the image#fiig
plane where they interfere

: 13
with one another to produceé%_._ .
an image of the specimen
This results in an image
formed exclusively from
higher order diffraction
intensities scattered by th

use a condenser designed
especially for darkfield,
i.e. to transmit only
oblique rays (28, 29).
There are several varieties
including dry darkfield
condensers with air
between the top of the
condenser and the
underside of the slide.
Immersion  darkfield
condensers are also
available. These 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

specimen. Specimens thatigure 15. Darkfield photomicrograph of the diatomslide. The immersion
have smooth reflective Arachnoidiscus ehrenbertaken at high magnification using oildarkfield condenser has
surfaces produce imagegmmersion optics and a 100x objective. internal mirrored surfaces
due, in part, to reflection of and passes rays of great
light into the objective (18, 19). In situations where thebliquity and free of chromatic aberration, producing the
refractive index is different from the surrounding mediurbest results and blackest background.
or where refractive index gradients occur (as in the edge Darkfield objects are quite spectacular to see and
of a membrane), light is refracted by the specimen. Botibjects of very low contrast in brightfield shine brilliantly
instances of reflection and refraction produce relativeiyn darkfield. Such illumination is best for revealing
small angular changes in the direction of light allowingutlines, edges, and boundaries. A high magnification
some to enter the objective. In contrast, some ligharkfield image of a diatom is illustrated in Figure 15.
striking the specimen is also diffracted, producing a 180-
degree arc of light that passes through the en_tire numerical Rheinberg lllumination
aperture range of the objective. The resolving power of
the objective is the same in darkfield illumination as found Rheinberg illumination, a form of optical staining, was
under brightfield conditions, but the optical character imitially demonstrated by the British microscopist Julius
the image is not as faithfully reproduced. Rheinberg to the Royal Microscopical Society and the

There are several pieces of equipment that are utiliz€iekett Club (England) nearly a hundred years ago (18,
to produce darkfield illumination. The simplest spéder 28). This technique is a striking variation of low to
stop(Figure 14) placed just under the bottom lens (in thmedium power darkfield illumination using colored
front focal plane) of the substage condenser (5, 18, If&latin or glass filters to provide rich color to both the
28). Both the aperture and field diaphragms are openspgkcimen and background. The central opaque darkfield
wide to pass oblique rays. The central opaque stop (ystop is replaced with a transparent, colored, circular stop
can make one by mounting a coin on a clear glass disk¥erted into a transparent ring of a contrasting color
blocks out the central rays. This device works fairly welljllustrated in Figure 16). These stops are placed under
even with the Abbe condenser, with the 10x objective upe bottom lens of the condenser. The result is a specimen
to 40x or higher objectives having a numerical aperturendered in the color of the ring with a background having
no higher than 0.65. The diameter of the opaque sttpe color of the central spot. An example of
should be approximately 16-18 millimeters for a 10photomicrography using Rheinberg illumination is
objective of numerical aperture 0.25 to approximately 20Hustrated in Figure 17 with the spiracle and trachea of a
24 millimeters for 20x and 40x objectives of numericasilkworm larva.
apertures approaching 0.65.

For more precise work and blacker backgrounds,
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Rheinberg ) index or thickness (or both). This diffracted light, lagging
. . behind by approximately 1/4 wavelength, arrives at the
lllumination
image planeut of step(also termeaut of phasé with

the undeviated light but, in interference, essentially

undiminished in intensity. The result is that the image at

the eyepiece level is so lacking in contrast as to make the
details almost invisible.

Zernike succeeded in devising a method—now known
as Phase Contrast microscopy—for making unstained,
phase objects yield contrast images as if they were
amplitude objects. Amplitude objects show excellent
contrast when the diffracted and direct light are out of
step (display a phase difference) by 1/2 of a wavelength
(18). Zernike's method was &peed upthe direct light
by 1/4 wavelength so that the difference in wavelength
between the direct and deviated light for a phase specimen
would now be 1/2 wavelength. As a result, the direct and
diffracted light arriving at the image level of the eyepiece
would be able to produce destructive interference (see
the section orimage formation for absorbing objects
previously described). Such a procedure results in the
details of the image appearing darker against a lighter
background. This is called dark or positive phase contrast.
A schematic illustration of the basic phase contrast
, . , i ) microscope configuration is illustrated in Figure 18.
Figure 16. Schematic microscope configuration for Rheinberg Another possible course, much less often used, is to

illumination. Light passes through the central/annular filter pack . .
prior to entering the condenser. Zeroth order light from the centfyrange teslow downthe direct light by 1/4 wavelength

filter pervades the specimen and background and illuminatesSR that the diffracted light and the direct light arrive at the
with higher order light from the annular filter. The filter colors irfy€piece in step and can interfere constructively (2, 5,

Objective

Annular
Light
Rays

Specimen

Condenser

Annular
Filter

this diagram are a green central and red annular. 18). This arrangement results in a bright image of the
details of the specimen on a darker background, and is
Phase Contrast Microscopy called negative or bright contrast.

Phase contrast involves tlseparationof the direct

Research by Frits Zernike during the early 1930=eroth order light from the diffracted light at the rear focal
uncovered phase and amplitude differences betwepiane of the objective. To do this, a ring annulus is placed
zeroth order and deviated light that can be altered ito position directly under the lower lens of the condenser
produce favorable conditions for interference andt the front focal plane of the condenser, conjugate to the
contrast enhancement (30, 31). Unstained specimens thiajective rear focal plane. As the hollow cone of light
do not absorb light are called phase objects because tifigym the annulus passes through the specimen undeviated,
slightly alter the phase of the light diffracted by thét arrives at the rear focal plane of the objective in the
specimen, usually by retarding such light approximatebhape of a ring of light. The fainter light diffracted by the
1/4 wavelength as compared to the undeviated direct lig¢gecimen is spread over the rear focal plane of the
passing through or around the specimen unaffecteshjective. If this combination were allowed, as is, to
Unfortunately, our eyes as well as camera film are unaljjeoceed to the image plane of the eyepiece, the diffracted
to detect these phase differences. To reiterate, the hunight would be approximately 1/4 wavelength behind the
eye is sensitive only to the colors of the visible spectrudirect light. At the image plane, the phase of the diffracted
or to differing levels of light intensity (related to wavelight would be out of phase with the direct light, but the
amplitude). amplitude of their interference would be almost the same

In phase specimens, the direct zeroth order light pass&sthat of the direct light (5, 18). This would result in
through or around the specimen undeviated. However, thery little specimen contrast.
light diffracted by the specimen is not reduced in To speed up the direct undeviated zeroth order light, a
amplitude as it is in a light-absorbing object, but is sloweggshase plate is installed with a ring shapédse shifter
by the specimen because of the specimen’s refractisgtached to it at the rear focal plane of the objective. The
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because achromats are spherically corrected for green
light.

The accessories needed for phase contrast work are a
substage phase contrast condenser 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 an aperture diaphragm and a
rotating turret of annuli (each phase objective of different
magnification 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 a slight reduction in
image quality. A photomicrograph of a hair cross sections
from a fetal mouse taken using phase contrast illumination
is illustrated in Figure 19.

Phase Contrast

Figure 17. Spiracle and trachea from silkworm larva photographed Mlcroscopy

at low magnification under Rheinberg illumination using a blue

central and yellow annulus filters and a 2x objective. Undeviated — 180 degrees
(';'gu':: S out-of-phase

narrow area of the phase ring is optically thinner than tt S bhase Plate

rest of the plate. As a result, undeviated light passir Y —— - P

through the phase ring travels a shorter distance Undeviated—-§§

traversing the glass of the objective than does tt Light — 90 degrees

diffracted light. Now, when the direct undeviated ligh ; out-of-phase

and the diffracted light proceed to the image plane, the Objective —‘?-f {Dexisied Lo

are 1/2 wavelength out of phase with each other. TI
diffracted and direct light can now interfere destructivel
so that the details of the specimen appear dark agains Specimen
lighter background (just as they do for an absorbing « _
amplitude specimen). This is a description of what tak
place in positive or dark phase contrast.
If the ring phase shifter area of the phase plate is ma -
optically thicker than the rest of the plate, direct light i
slowed by 1/4 wavelength. In this case, the zeroth ord Condenser
light arrives at the image plane in step (or in phase) wi i
the diffracted light, and constructive interference take
place. The image appears bright on a darker backgroul
This type of phase contrast is describechagativeor
bright contrast(2, 5, 18, 19).

_ Because undevu'_;lted _I|ght of the zeroth .order is mu "— =—Phase
brighter than the faint diffracted light, a thin absorptive Ring
transparent metallic layer is deposited on the phase ri
to bring the direct and diffracted light into better balanc
of intensity to increase contrast. Also, because speedi

up or slowing down of th.e direct light IS.CaICUIat_ed on ?—‘i ure 18. Schematic configuration for phase contrast microscopy.
1/4 wavelength of gr.eenlllght, the Phase _|mage will appq_qght passing through the phase ring is first concentrated onto the
best when a green filter is placed in the light path (a gregfecimen by the condenser. Undeviated light enters the objective
interference filter is preferable). Such a green filter alsghd is advancedd by the phase plate before interference at the
helps achromatic objectives produce their best imagesar focal plane of the objective.
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; ; anisotropic crystals (32-34).
Polarized nght When anisotropic crystals refract light, the resulting

Many transparent solids are optically isotropicrays are polarized and travel at different velocities. One
meaning that the index of refraction is equal in albf the rays travels with the same velocity in every direction
directions throughout the crystalline lattice. Examples @dhrough the crystal and is termed the ordinary ray. The
isotropic solids are glass, table salt (sodium chloridedther ray travels with a velocity that is dependent upon
many polymers, and a wide variety of both organic artitie propagation direction within the crystal. This light
inorganic compounds (32, 33). ray is termed the extraordinary ray. The retardation
between the ordinary and extraordinary ray increases with
increasing crystal thickness. The two independent
refractive indices of anisotropic crystals are quantified
in terms of their birefringence, a measure of the
difference in refractive index. Thus, the birefringence
(B) of a crystal is defined as:

B= Inhigh - nIow| (5)

Wherenhigh is the largest refractive index ang, is the
smallest. This expression holds true for any part or
fragment of an anisotropic crystal with the exception of
light waves propagated along the optical axis of the crystal.
As mentioned above, light that is doubly refracted through
anisotropic crystals is polarized with the vibration
directions of the polarized ordinary and extraordinary light
waves being oriented perpendicular to each other. We
can now examine how anisotropic crystals behave under
polarized illumination in a polarizing microscope.

A polarizer place beneath the substage condenser is
Figure 19. Photomicrograph of hair cross sections from a fetgdriented such that polarized light exiting the polarizer is
mouse taken using phase contrast optics and a 20x objective.ph,;me polarized in a vibration direction that is east-west

with respect to the optic axis of the microscope stand.

Crystals are classified as being either isotropic d?olarized light enters the anisotropic crystal where it is
anisotropic depending upon their optical behavior an@éfracted and divided into two separate components
whether or not their crystallographic axes are equivalentibrating parallel to the crystallographic axes and
All isotropic crystals have equivalent axes that interagerpendicular to each other. The polarized light waves
with light in a similar manner, regardless of the crystahen pass through the specimen and objective before
orientation with respect to incident light waves. Lighteaching a second polarizer (usually termed the analyzer)
entering an isotropic crystal is refracted at a constatitat is oriented to pass a polarized vibration direction
angle and passes through the crystal at a single velogigrpendicular to that of the substage polarizer. Therefore,
without being polarized by interaction with the electronithe analyzer passes only those components of the light
components of the crystalline lattice. waves that are parallel to the polarization direction of the

Anisotropic crystals, on the other hand, havanalyzer. The retardation of one ray with respect to
crystallographically distinct axes and interact with lighanother is caused the difference in speed between the
in a manner that is dependent upon the orientation of toedinary and extraordinary rays refracted by the
crystalline lattice with respect to the incident light. Wheanisotropic crystal (33, 34). A schematic illustration of
light enters the optical axis of anisotropic crystals, it actaicroscope configuration for crossed polarized
in a manner similar to interaction with isotropic crystal#lumination is presented in Figure 20.
and passes through at a single velocity. However, when Now we will consider the phase relationship and
light enters a non-equivalent axis, it is refracted into tweelocity differences between the ordinary and
rays each polarized with their vibration directions orientegxtraordinary rays after they pass through a birefringent
at right angles to one another, and traveling at differeatystal. These rays are oriented so that they are vibrating
velocities. This phenomenon is terméduble or bi- at right angles to each other. Each ray will encounter a
refraction and is seen to a greater or lesser degree in slightly different electrical environment (refractive index)
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Wherel is the quantitative retardation of the matetrial,
is the thickness of the birefringent crystal (or material)
and B is birefringence as defined above (33). Factors
contributing to the value of retardation are the magnitude
Analyzer = of the difference in refractive indices for the
environments seen by the ordinary and extraordinary rays
>><< and also the sample thickness. Obviously, the greater the
. . §<< difference in either refractive indices or thickness, the
Polarized Light < greater the degree of retardation. Early observations made
Microscopy ﬁ on the mineral calcite indicated that thicker calcite
j\\ crystals caused greater differences in splitting of the
jQ images seen through the crystals. This agrees with the

otu_t-gf-ghase <\ equation above that states retardation will increase with
gt Rays j‘% crystal (or sample) thickness.
— N\ When the ordinary and extraordinary rays emerge from

the birefringent crystal, they are still vibrating at right
angles with respect to one another. However, the
component vectors of these waves that pass through the
analyzer are vibrating in the same plane. Because one
wave is retarded with respect to the other, interference
(either constructive or destructive) occurs between the
waves as they pass through the analyzer. The net result is
that some birefringent samples (in white light) acquire a
spectrum of color when observed through crossed
polarizers.

Polarized light microscopy requires strain-free
objectives and condensers to avoid depolarization effects
on the transmitted light (32-34). Most polarized

Objective

Birefringent
Specimen

Condenser

Plane Polarized
Light T

Polarizer

Figure 20. Schematic microscope configuration for observing
birefringent specimens under crossed polarized illumination. White
light passing through the polarizer is plane polarized and
concentrated onto the birefringent specimen by the condense
Light rays emerging from the specimen interfere when they are
recombined in the analyzer, subtracting some of the wavelength

of white light, thus producing a myriad of tones and colors. :

as it enters the crystal and this will affect the velocity at
which ray passes through the crystal (32, 33). Becaus§#
of the difference in refractive indices, one ray will pass
through the crystal at a slower rate than the other ray. I’
other words, the velocity of the slower ray will be retarded =

with respect to the faster ray. This retardation can l:'):e 21. Photomi h of high-density col hexati
guantified using the following equation: igure 2. mhotomicrograph of high-aensfty columnar-nexati

liquid crystalline calf thymus DNA at a concentration of
. . o approximately 450 milligrams/milliliter. This concentration of DNA
Retardation (G) = thickness (t) x Birefringence (B) (6) s approaching that found in sperm heads, virus capsids, and
or dinoflagellate chromosomes. The image was recorded using a
M =tX N4 - Nl (7)  polarized light microscope and the 10x objective.
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microscopes are equipped with a centerable stage that Hoffman Modulation

free 360-degree rotation about the optical axis of trcontrast Microscopy
microscope. A Bertrand lens is commonly inserted ini

the light path so that conoscopic images of birefringent
patterns can be observed at the back of the objecti
Manufacturers also offer a wide range of compensatc
and light retarders (full-wave and quarter-wave plates) fi
guantitative birefringence measurements and for addil
color to polarized light photomicrographs. Birefringen
DNA liquid crystals photographed using crossed polarize
illumination are illustrated in Figure 21.

Modulator
Plate

Hoffman Modulation Contrast

The Hoffman Modulation Contrast system is designe
to increase visibility and contrast in unstained and livin
material by detecting optical gradients (or slopes) ar Specimen
converting them into variations of light intensity. Thic ~ with Optical
ingenious technique was invented by Dr. Robert Hoffme Gradients
in 1975, and employs several accessories that have b
adapted to the major commercial microscopes (16, 1i
A schematic illustration of microscope configuration fo Condenser
Hoffman modulation contrast is presented in Figure 2.

An optical amplitude spatial filter, termedredulator
by Hoffman, is inserted at the rear focal plane of &
achromat or planachromat objective (although highi
correction can also be used). Light intensity passir
through this system varies above and below an avere Slit Plate
value, which by definition, is then said to be modulate:
Objectives useful for modulation contrast can cover tt
entire magnification range of 10x to 100x. The modulat
has three zones: a small, dark zone near the periphery ..

t_he r_ear focal plane which transmits O_nly one perce.ntrf&%ure 22. Schematic illustration of microscope configuration
light; a narrow gray zone which transmits 15 percent; aRgl Hoffman modulation contrast. Light passing through the

the remaining clear or transparent zone, covering MQfjarizer and slit is concentrated onto the specimen by the
of the area at the back of the objective, which transmiééndenser. After passing through the specimen light enters the
100 percent of the light (5, 16, 18). Unlike the phasebjective and is filtered by the modulator plate in the rear focal
plate in phase contrast microscopy, the Hoffmaplane of the objective.
modulator is designed not to alter the phase of light
passing through any of the zones. When viewed unddodulation Contrast system. The turret condenser has a
modulation contrast optics, transparent objects that avaghtfield opening with an aperture iris diaphragm for
essentially invisible in ordinary brightfield microscopyregular brightfield microscopy and for alignment and
take on an apparent three-dimensional appearance dictagsthblishing proper conditions of Kohler illumination for
by phase gradients. The modulator does not introdutee microscope. At each of the other turret openings,
changes in the phase relationship of light passing throutitere is an off-center slit that is partially covered with a
the system, but influences the principal zeroth ordemall rectangular polarizer. The size of the slit/polarizer
maxima. Higher order diffraction maxima are unaffectedombination is different for each objective of different
Measurements using a Michelson interferometer confirmagnification; hence the need for a turret arrangement.
that the spatial coherency of light passed throughVehen light passes through the off-axis slit, it is imaged
Hoffman-style modulator varies (if any) by a factor ofat the rear focal plane of the objective (also termed the
less than 1/20 (5). Fourier plane) where the modulator has been installed.
Below the stage, a condenser with rotating turret lske the central annulus and phase ring in phase contrast
utilized to hold the remaining components of the Hoffmamicroscopy, the front focal plane of the condenser
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containing the off-axis slit plate is optically conjugate tanajor microscope manufacturers now offer modulation
the modulator in objective rear focal plane. Imageontrast objectives in fluorite-correction grades, and
intensity is proportional to the first derivative of theapochromats can be obtained by special order. Older
optical density in the specimen, and is controlled by thabjectives can often be retrofitted with a modulator made
zeroth order of the phase gradient diffraction pattern. by Modulation Optics, Inc., the company founded by Dr.

Below the condenser, a circular polarizer is placed dtobert Hoffman specifically to build aftermarket and
the light exit port of the microscope (note that botlkustom systems.
polarizers are below the specimen). The rotation of this
polarizer can control the effective width of the slit
opening. For example, @ossingof both polarizers at
90 degrees to each other resultsm@mrowing the slitso [
that its image falls within the gray area of the modulator}
(16, 18). The part of the slit controlled by the polarizer \
registers on the bright area of the modulator. As the
polarizer is rotated, contrast can be varied for best effect -
A very narrow slit produces images that are very high i
contrast with a high degree of coherence. Optical sectiofes Ch~
imaging is also optimized when the slit is adjusted to itsg e
narrowest position. When the circular polarizer is &
oriented with its vibration direction parallel to that of the
polarizer in the slit, the effective slit width is at a
maximum. This reduces overall image contrast ande ": i
coherence, but yields much better images of thicke A4 s,
objects where large differences in refractive index exist s AR

In modern advanced modulation contrast systems, bot [l \‘?‘& ,
the modulator and the slit are offset from the optical axiSERS St 'f A )

of the mlcroscopg (18). This arrangem_ent_ permits fu“‘l}—rigure 23. Duck-billed dinosaur bone thin section photographed
use of the numerical aperture of the objective and resulising a combination of Hoffman modulation contrast and polarized
in good resolution of specimen detail. Shapes and detailht illumination using a 20x objective. Note the pseudo three-
are rendered in shadowed, pseudo three-dimensiorahensional relief evident throughout the photomicrograph as a
appearance. These appear brighter on one side, grayegult of amplitude gradients (Hoffman modulation contrast). The
the central portion, and darker on the other side, agains)ti%ld colors are due to interference of white light at the analyzer
gray background. The modulator converts optical phad¥larized light).
gradients in details (steepness, slope, rate of change in
refractive index, or thickness) into changes in the intensity In addition to the advantages of using higher numerical
of various areas of the image at the plane of the eyepieaggertures with modulation contrast, it is also possible to
diaphragm. Resulting images have an apparent thre® optical sectioningwith this technique (16, 18).
dimensional appearance with directional sensitivity t8ectioning allows the microscopist to focus on a single
optical gradients. The contrast (related to variations thin plane of the specimen without interference from
intensity) of the dark and bright areas against the gray givesnfusing images arising in areas above or below the plane
a shadowed pseudo-relief effect. This is typical ahat is being focused on. The depth of a specimen is
modulation contrast imaging. Rotation of the polarizemeasured in a direction parallel to the optical axis of the
alters the contrast achieved and the orientation of ti@croscope. Focusing the image establishes the correct
specimen on the stage (with respect to the polarizer asgkcimen-to-image distance, allowing interference of the
offset slit) may dramatically improve or degrade contradiffracted waves to occur at a pre-determined plane (the
There are numerous advantages as well as limitationsage plane) positioned at a fixed distance from the
to modulation contrast. Some of the advantages includgepiece. This enables diffracting objects that occur at
fuller use of the numerical aperture of the objectivdifferent depth levels in the specimen to be viewed
yielding excellent resolution of details along with goodeparately, provided there is sufficient contrast. The entire
specimen contrast and visibility. Although many standadepth of a specimen can be optically sectioned by
modulation contrast objectives are achromats @equentially focusing on each succeeding plane. In this
planachromats, it is also possible to use objectives wittsgstem, depth of field is defined as the distance from one
higher degree of correction for optical aberration. Mangvel to the next where imaging of distinct detail occurs,
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and is controlled by the numerical aperture of the objectidirection perpendicular to the propagation direction of
(5, 16, 18). Higher numerical aperture objectives exhitlithe light beam, enters the beam-splitting modified
very shallow depths of field and the opposite holds faollaston prism and is split into two rays, vibrating
objectives of lower numerical aperture. The overaflerpendicular to each other (Figure 24). These two rays
capability of an objective to isolate and focus on a specifi@vel close together but in slightly different directions.
optical section diminishes as the optical homogeneity ©he rays intersect at the front focal plane of the condenser,
the specimen decreases. where they pass traveling parallel and extremely close
Birefringent objects (rock thin sections, crystalstogether with a slight path difference, but they are vibrating
bone, etc.), that can confuse images in DIC, can perpendicular to each other and are therefore unable to
examined because the specimemas situated between cause interference. The distance between the rays, called
the two polarizers (18). Further, specimens can e shear, is so minute that it is less than the resolving
contained in plastic or glass vessels without deterioratiability of the objective (5, 18, 36).
of the image due to polarization effects, because such The split beams enter and pass through the specimen
vessels are also above both polarizers, not between thernere their wave paths are altered in accordance with the
This allows the Hoffman system to be far more usefgpecimen’s varying thickness, slopes, and refractive
than DIC in the examination and photomicrography of ce"
tissue, and organ culture performed in plastic containe Differential Interference
Hoffman modulation contrast can be simultaneous Contrast Microscopy
combined with polarized light microscopy to achiew

spectacular effects in photomicrography. Figure 2 Analyzer —= — 20 |
illustrates a dinosaur bone thin section photographed w 5

a combination of Hoffman modulation contrast and plar

polarized illumination. Note the pseudo three-dimension ng:iassnt‘on—-— LS

relief apparent throughout the micrograph and the beauti
coloration provided by polarized light.

. . Objective
Differential Interference Contrast

In the mid 1950s a French optics theoretician hami
Georges Nomarski improved the method for detectir
optical gradients in specimens and converting them in
intensity differences (15). Today there are sever
implementations of this design, which are collectivel
called differential interference contrast (DIC). Living ol
stained specimens, which often yield poor images wh
viewed in brightfield illumination, are made clearly visible
by optical rather than chemical means (2, 4, 5, 15, 1

Condenser

22).
In transmitted light DIC, light from the lamp is passe!
through a polarizer located beneath the substa Wg'll;fr&’“—' —~_
condenser, in a manner similar to polarized ligfr
microscopy. Next in the light path (but still beneath th Poliisdi3 o

condenser) is a modified Wollaston prism thglits the

entering beam of polarized light into two beams travelin

in slightly different direction (illustrated in Figure 24).

The prism is composed of two halves cemented togethie:

(36). Emerging light rays vibrate at 90 degrees relatidgure 24. Schematic illustration of microscope configuration for

to each other with a slight path difference. A diﬁererﬂiﬁeremial interference contrast. Light is polarized in a single
. . . . ) . ibration plane by the polarizer before entering the lower modified
prism is needed for each objective of differe . . .
ollaston prism that acts as a beam splitter. Next, the light passes

magnl.flcatlon. _A revolving turret on the_conde_nser_allowtﬁmugh the condenser and sample before the image is reconstructed

the microscopist to rotate the appropriate prism into th¢ the objective. Above the objective, a second Wollaston

light path when changing magnifications. (Nomarski) prism acts as a beam-combiner and passes the light to
The plane polarized light, vibrating only in onéhe analyzer, where it interferes both constructively and destructively.
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(b)

Figure 25 (a) Nomarski transmitted light differential interference contrast (DIC) photomicrograph of mouthparts from a blowfly.
(b) Reflected light differential interference contrast photomicrograph illustration defects on the surface of a ferro-silicBothl
images were captured using the 10x objective and a first-order retardation plate.

indices. These variations cause alterations in the wathe prism design and placements, the background will be
path of both beams passing through areas of the specirhemogeneous for whatever color has been selected.
details lying close together. When the parallel beams The color and/or light intensity effects shown in the
enter the objective, they are focused above the rear fotahge are related especially to the rate of change in
plane where they enter a second modified Wollastorfractive index, specimen thickness, or both. Orientation
prism that combines the two beams. This removes tb&the specimen can have pronounced effect on the relief-
shear and the original path difference between the bedike appearance and often, rotation of the specimen by
pairs. As a result of having traversed the specimen, th80 degrees changekid into avalleyor visa versa. The
paths of the parallel beams are not of the same lengdtinee-dimensional appearance is not representing the true
(optical path difference) for differing areas of thegeometric nature of the specimen, but is an exaggeration
specimen. based omptical thickness It is not suitable for accurate

In order for the beams to interfere, the vibrations aheasurement of actual heights and depths.
the beams of different path length must be brought into There are numerous advantages in DIC microscopy as
the same plane and axis. This is accomplished by placiogmpared particular to phase and Hoffman modulation
a second polarizer (analyzer) above the upper Wollastoantrast microscopy. With DIC, itis also possible to make
beam-combining prism. The light then proceeds towafdller use of the numerical aperture of the system and to
the eyepiece where it can be observed as differencespiovide optical staining (color). DIC also allows the
intensity and color. The design results in one side ofraicroscope to achieve excellent resolution. Use of full
detail appearing bright (or possibly in color) while thebjective aperture enables the microscopist to focus on
other side appears darker (or another color). This shadawhin plane section of a thick specimen without confusing
effect bestows a pseudo three-dimensional appearanc@rnages from above or below the plane. Annoyiatps
the specimen (18). often encountered in phase contrast, are absent in DIC

In some microscopes, the upper modified Wollastamages, and common achromat and fluorite objectives can
prism is combined in a single fitting with the analyzebe used for this work. A downside is that plastic tissue
incorporated above it. The upper prism may also hmilture vessels and other birefringent specimens yield
arranged so it can be moved horizontally. This allows f@onfusing images in DIC. Also, high-quality apochromatic
varying optical path differences by moving the prismgbjectives are now designed to be suitable for DIC. Figure
providing the user a mechanism to alter the brightne24 presents transmitted and reflected light DIC
and color of the background and specimen. Becausepdfotomicrographs of the mouthparts of a blowfly
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(transmitted DIC) and surface defects in a ferro-silicateode of microscopy in which the specimen, subsequent
alloy (reflected DIC). Both photomicrographs were mad® excitation, gives off its own light (6). The emitted light

using a retardation plate with a 10x objective. re-radiates spherically in all directions, regardless of the
direction of the exciting light. A schematic diagram of
Fluorescence Microscopy the configuration for fluorescence microscopy is

presented in Figure 26.

Fluorescence microscopy is an excellent tool for Fluorescence microscopy has advantages based upon
studying material which can be made to fluoresce, eithattributes not as readily available in other optical
in its natural form (primary or autofluorescence) or whemicroscopy techniques. The use of fluorochromes has
treated with chemicals capable of fluorescing (secondamyade it possible to identify cells and sub-microscopic
fluorescence). This form of optical microscopy is rapidigellular components and entities with a high degree of
reaching maturity and is now one of the fastest growirgpecificity amidst non-fluorescing material. What is
areas of investigation using the microscope (6-8). more, the fluorescence microscope can reveal the

presence of fluorescing material with exquisite
sensitivity. An extremely small nhumber of fluorescing
D?ap;h?':!r;em molecules (as few as 50 molecules per cubic micron) can
Lamp  pe detected (6-8). In a given sample, through the use of
multiple staining, different probes will reveal the presence
of different target molecules. Although the fluorescence
microscope cannot provide spatial resolution below the
diffraction limit of the respective objectives, the presence

/| Dichroic

Emission
Filter

|
Exciter

Collector

| || Filter Diaphragm \ana of fluorescing molecules below such limits is made
visible.
Objective . . .
Techniques of fluorescence microscopy can be applied
Reflected Light to organic material, formerly living material, or to living
i g Fluorescence Microscopy  material (with the use of in vitro or in vivo fluorochromes).

These techniques can also be applied to inorganic material
Figure 26. Schematic diagram of the configuration of reflectedespecially in the investigation of contaminants on

light fluorescence microscopy. Light emitted from a mercur¥amiconductor wafers). There are also a burgeoning
burner is concentrated by the collector lens before passing thro ber of studies using fluorescent probes to monitor
the aperture and field diaphragms. The exciter filter passes onl|

the desired excitation wavelengths, which are reflected do é’pujly changlng physiological ion Conpent_ratlons
through the objective to illuminate the specimen. Long alcium, magnesium, etc.) and pH values in living cells

wavelength fluorescence emitted by the specimen passes bk 7, 8)-
through the objective and dichroic mirror before finally being filtered  There are specimens that fluoresce when irradiated
by the emission filter. with shorter wavelength light (primary or
autofluorescence). Autofluorescence has been found
The basic task of the fluorescence microscope is tseful in plant studies, coal petrography, sedimentary rock
permit excitation light to irradiate the specimen and themetrology, and in the semiconductor industry. In the study
to separate the much weaker re-radiating fluorescent lighttanimal tissues or pathogens, autofluorescence is often
from the brighter excitation light. Thus, only the emissiorither extremely faint or of such non-specificity as to
light reaches the eye or other detector. The resultimgake autofluorescence of minimal use. Of far greater
fluorescing areas shine against a dark background withlue for such specimens are the fluorochromes (also
sufficient contrast to permit detection. The darker thealled fluorophores) which are excited by irradiating light
background of the non-fluorescing material, the morand whose eventual yield of emitted light is of greater
efficient the instrument. For example, ultraviolet (UV)intensity. Such fluorescence is called secondary
light of a specific wavelength or set of wavelengths iluorescence.
produced by passing light from a UV-emitting source Fluorochromes are stains, somewhat similar to the
through the exciter filter. The filtered UV light better-known tissue stains, which attach themselves to
illuminates the specimen, which emits fluorescent lightisible or sub-visible organic matter. These
of longer wavelengths while illuminated with ultravioletfluorochromes, capable of absorbing and then re-radiating
light. Visible light emitted from the specimen is theright, are often highly specific in their attachment
filtered through a barrier filter that does not allow reflectethrgeting and have significant yield in absorption-emission
UV light to pass. It should be noted that this is the onkatios. This makes them extremely valuable in biological
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application. The growth in the use of fluorescenckurdened with long exposures and a difficult process for
microscopes is closely linked to the development afeveloping emulsion plates. The primary medium for
hundreds of fluorochromes with known intensity curvephotomicrography was film until the past decade when
of excitation and emission and well-understood biologicanprovements in electronic camera and computer
structure targets (6). When deciding which label to ugechnology made digital imaging cheaper and easier to
for fluorescence microscopy, it should be kept in mindse than conventional photography. This section will
that the chosen fluorochrome should have a higdddress photomicrography both on film and with
likelihood of absorbing the exciting light and shoulclectronic analog and digital imaging systems.

remain attached to the target molecules. The The quality of a photomicrograph, either digital or
fluorochrome should also be capable of providing gecorded on film, is dependent upon the quality of the
satisfactory yield of emitted fluorescence lightmicroscopy. Film is a stern judge of how good the
lllustrated in Figure 27 is a photomicrograph of cat braimicroscopy has been prior to capturing the image. It is
cells infected with Cryptococcus. The image was madssential that the microscope be configured using Kéhler
using a combination of fluorescence and DIC microscopjlumination, and that the field and condenser diaphragms
taking advantage of the features from both contraate adjusted correctly and the condenser height is
enhancing techniques. Infected neurons are heaviptimized. When properly adjusted, the microscope will
stained with the DNA-specific fluorescent dye acridingield images that have even illumination over the entire
orange, and the entire image is rendered in a pseudo thffieggdd of view and display the best compromise of contrast
dimensional effect by DIC. and resolution.

Photographic Films

Films for photography are coated with a light-sensitive
emulsion of silver salts and/or dyes. When light is allowed
to expose the emulsioactive centerscombine to form
a latent image that must be developed by use of
photographic chemicals (19, 37-39). This requires
exposure of the film in a darkened container to a series
of solutions that must be controlled with respect to
temperature, development time, and with the appropriate
agitation or mixing of the solutions. The developing
process must then be halted by meanssibpsolution.
Next, the unexposed emulsion material, which consists
of silver salts and dyes, is cleared and the film fixed, then
washed and dried for use. The development, stop, fixing,
and clearing must be done under darkroom conditions or
in light-tight developing tanks, and film must be handled
in complete darkness. The rigors of temperature, duration,
and agitation are usually dependent upon the film being
Figure 27. Fluorescence/DIC combination photomicrograph afised. For example, the Kodachrome K14 process is far
cat braiq tissqe infepted with Crypto.c.occus. Infected Neurofsore demanding than the E6 process used for Ektachrome
are heavily stained with the DNA-specific fluorescent dye acridir}gnd Fujichrome (19, 37). The emulsion speed determines

orange. Note the pseudo three-dimensional effect that OCC\:,EE h light tb dt the film i .
when these two techniques are combined. The micrograph W much ight must be used to expose the Tiim 1n a given

recorded using a 40x objective. time period. Fil_ms are rate(_j according to their ASA or
ISO number, which gives an indication of the relative film
. o speed. Larger ISO numbers indicate faster films with an
Photomicrography and Digital ISO of 25 being one of the slowest films available and
Imaging ISO 1600 one of the fastest. Because the microscope is
a relatively stable platform with good illumination
The use of photography to capture images in groperties, films in the 50-200 ISO range are commonly
microscope dates back to the invention of the photographised for photomicrography.
process (37). Early photomicrographs were remarkable Film is divided into a number of categories depending
for their quality, but the techniques were laborious andpon whether it is intended for black/white or color
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photography. Color films are subdivided into two typesavailable in color (ID numbers 668/669 or 58/59) or
color films that yield positive transparencies (colors likdlack/white (ID numbers 667, 52, 665, 55, etc.).

those of the image being observed) and color negatives The Polaroid large format films produce a paper
(colors complementary to those in the microscope imageggative and a paper positive print. After the positive print
e.g., green for magenta). The color films can be furtheas been made, the paper negative is peeled away and
subdivided into two groups: films designed to receive lighttiscarded. This can be accomplished within a matter of a
of daylight quality and those designed to receive indofew minutes. The color films, with the exception of the
or tungsten light. As a rule, but with some exceptionfilm pack 64T and the large format 64T, are balanced for
transparency or positive films (slides) have the suffigdaylight (5500 Kelvin) color temperature. All
chrome such as Kodachrome, Ektachrome, Fujichromepicroscope manufacturers supply adapters for their
Agfachrome, etc. Color negative films usually end witiphotomicrographic cameras that accept large format
the suffixcolor, such as Kodacolor, Ektacolor, Fujicolor,Polaroid film sizes.

Agfacolor, etc. (37). Each of these film types is offered Polaroid black/white films 665 P/N and 55 P/N require
in a variety of film speeds or ISO ratings. Film packagespecial mention. These films produce a paper positive
usually display the ISO of the film and whether the film iprint and a polymer-based negative. If the negative is
intended for daylight or an indoor/tungsten balanceblathed in an 18% sodium sulfite solution for a few
illumination. Modern film magazines have a code (termeaiinutes, washed, and hung up to dry, it will produce a
the DX number) that allows camera backs to automaticalpermanent negative of high quality and high resolution
recognize the film speed. suitable for use in printing (37, 39).

The color temperature of tungsten-halide lamps found The Polaroid 35mm films deserve more popular use.
in modern microscopes varies between 2900K arikhey are loaded into the usual 35mm camera back and
3200K, depending upon the voltage applied to the langxposed in the typical manner according to their rated
filament. Film manufacturers offer film balanced for thidSO and color temperature requirements. When the film
illumination, and usually indicate on the magazine that the purchased, the container includes the film cassette and
film is intended for indoor or scientific use. Fuji offersa small box of developer. The film is processed in a
a very nice transparency film, Fujichrome 64T, that hastabletop processor that measures approximately 4" x 5" x
rather slow emulsion speed intended for tungsted' in size. All processing is carried out in daylight after
illumination, but is designed to perform well wigush the processor has been loaded and closed. The finished
film processing. To push a film, it is first underexposedtrip of positive color or positive black/white
by one or several f-stops, then the development time tiansparencies is removed and ready for examination and
the first developer is increased to decrease film densif@r cutting apart for mounting in frame holders for
This technique often will increase the color saturation gfrojection. The actual processing takes only five minutes
the image (19, 37). and produces micrographs of quite accurate color and

Daylight-balanced film, by far the most common filmgood resolution.
available at retailers at a wide variety of ISOs, can also be Recently, Polaroid has marketed a relatively
used with the microscope, provided an appropriate filténexpensive photomicrographic camera call the
is added to the light path. Manufacturers usually addMicroCam. This camera is lightweight and can be inserted
daylight conversion light filter to their microscopeinto one of the eyetubes or phototube of the microscope.
packages as standard equipment and high-end resedtcbontains an exposure meter, an eyepiece and an
microscopes usually have this filter (called a daylighautomatically controlled shutter. The camera accepts 339
color temperature conversion filter) in a cassette housedlor film packs or 331 black/white film packs. These
in the base of the microscope. Almost any color print ditms, approximately 3" x 3" in size, are self-developing
transparency film can be used for microscopy, providexhd do not require peeling apart. Although the films have
the daylight-balanced filter is in place for those film®nly about half the resolution of the more common large
designed for a 5500K color temperature or removed fiormat Polaroid films, the resulting print is easily
the film is balanced for tungsten illumination (3200K). obtained and may be quite adequate for many applications.

For many applications, securing the photomicrograph
almost immediately is a necessity or a great advantage. PN ;

Here the Polaroid films are unrivaled. These films for Dlgltal Photomlcrography
photomicrography are available in three sizes: 35 Over the past decade, the quality of digital cameras
millimeter Polachrome (color transparency), and Polapdras greatly improved and today, the market has exploded
(black/white) in 3¥4" x 4%" film packs and 4” x 5” with at least 40 manufacturers offering a wide variety of
individual film packets (37, 39). Larger formats aremodels to suit every application. The cameras operate by
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capturing the image projected directly onto a computeamera serves as a well for charge storage of the incoming
chip without the use of film. In recent years, the numb@hotons for subsequent readout. The depth of these wells
of pixels of information capable of being captured antklates to the quality of the response. Binning of adjacent
stored by the best digital cameras is approaching, but sgilkels by joining them together inguper pixelscan be
short of, the resolution available with traditional film (37)employed to speed readout in a slow-scan CCD camera
Digital images offer many opportunities for computer{2, 37).
controlled image manipulation and enhancement as well An emerging technology that shows promise as the
as the advantage of permanence of digital storage. Tassible future of digital imaging is the active pixel sensor
highest quality digital cameras can cost many thousan@sPS) complementary metal oxide semiconductor
of dollars. (CMOS) camera on a chip Mass production of CMOS
Selection of an electronic camera must be precedddvices is very economical and many facilities that are
by careful consideration of its proposed use. Thisurrently engaged in fabrication of microprocessors,
includes examination of fixed specimens or livenemory, and support chips can be easily converted to
specimens, need for grayscale or true color imaggxoduce CMOS optical sensors. Although CCD chips
sensitivity to low light levels as in fluorescencewere responsible for the rapid development of video
resolution, speed of image acquisition, use in qualitatieamcorders, the technology has remained trapped as a
or quantitative investigations, and the video feed rate ingpecialized process that requires custom tooling outside
a computer or VCR (1, 2, 9, 37). the mainstream of integrated circuit fabrication. Also,
The two general types of electronic cameras availaltlee CCD devices require a substantial amount of support
for microscopy are the tube cameras (Vidicon family) asircuitry and it is not unusual to find five to six circuit
CCD (charge coupled device) cameras. Either type choards in a typical video camcorder.
be intensified for increased sensitivity to low light. The In the center of the APS CMOS integrated circuit is a
SIT (silicon intensified tube) or ISIT is useful for furthedarge array of optical sensors that are individual
intensification of tube cameras, while the ICCD is aphotodiode elements covered with dyed filters and
intensified CCD camera. CCD cameras can also be cookadanged in a periodic matrix. A photomicrograph of the
to increase sensitivity by giving a better signal to noisentire die of a CMOS chip is illustrated in Figure 28. High
ratio. These kinds of cameras can be designed to respamatnification views of a single “pixel” element (Figure
to light levels undetectable by the human eye (2, 37). 28) reveal a group of four photodiodes containing filters
The criteria for selection of an electronic camera fdsased on the primary colors red, green, and blue. Each
microscopy include sensitivity of the camera, quantumphotodiode is masked by either a red, green, or blue filter
efficiency, signal to noise ratio, spectral responsén low-end chips, but higher resolution APS CMOS
dynamic range capability, speed of image acquisition agvices often use a teal (blue-green) filter in place of one
readout, linearity or response, speed of responsedhthe green filters. Together, the four elements
relation to changes in light intensity, geometric accuracijlustrated in Figure 28 comprise the light-sensitive
and ready adaptability to the microscope. Avery importapbrtion of the pixel. Two green filter masks are used
criterion for the newer digital CCD cameras is resolutiomecause visible light has an average wavelength of 550
Current chips range from as few as 64 x 64 pixels up m@anometers, which lies in the green color region. Each
2048 x 2048 and above for very specialized applicatiorixel element is controlled by a set of three transistors
but larger arrays are continuously being introduced analhd an amplifier that work together to collect and organize
at some not-to-distant time, digital image resolution willlistribution of optical information. The array is
rival that of film. interconnected much like memory addresses and data
The purchaser must also decide whether or not thesses on a DRAM chip so that the charge generated by
camera will operate at video rate (therefore being easjotons striking each individual pixel can be accessed
compatible with such accessories as video recordersrandomly to provide selective sampling of the CMOS
video printers). Tube cameras and CCD cameras aensor.
available for video rate operation. CCD cameras can also The individual amplifiers associated with each pixel
deliver slow acquisition or high-speed acquisition ofielp reduce noise and distortion levels, but they also
images. Scientific, rather than commercial grade, CCinduce an artifact known dixed patternnoise that arises
cameras are the variety most suitable for research. from small differences in the behavior of individual pixel
CCD cameras are usually of small size. They hawnplifiers. This is manifested by reproducible patterns
low distortion, no lag, and good linearity of responsef specklebehavior in the image generated by CMOS
These cameras are also more rugged and less susceptbtere pixel sensor devices. A great deal of research effort
to mishandling than tube cameras. Each pixel of the CQias been invested in solving this problem, and the residual
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level of noise has been dramatically reduced in CMOS If you have prized transparencies and negatives
sensors. Another feature of CMOS active pixel sensogsllected over a long period of time, many of the better
is the lack of column streaking due to pixel bloom whepamera stores can take these and put them onto a Kodak
shift registers overflow. This problem is serious with th€hoto CD, which is the same size as an audio CD. The
CCDs found in most video camcorders. AnothelPhoto CD can hold up to 100 images that are stored at
phenomenon, known asnear which is caused by chargeseveral levels of resolution. Digital images recorded onto
transfer in CCD chips under illumination, is also abseihe Photo CD can be displayed on a good monitor by
in CMOS active pixel sensor devices. means of a Photo CD player. If you have a computer and

Assisting the CMOS device is a coprocessor that &program such as Adobe Photoshop, Corel Photo Paint,
matched to the APS CMOS to optimize the handling fr Picture Publisher and a CD drive, you can open the
image data. Incorporated into the co-processor isi@ages on your computer screen, manipulate and/or
proprietary digital video processor engine that is capabd@hance the images and then print the images using a
of performing automatic exposure and gain control, whiggital printer—all without a darkroom! Kodak, Fuji,
balance, color matrixing, gamma correction, and apertu@dympus, Tektronix, and Sony market dye sublimation
control. The CMOS sensor and co-processor perforpiinters that can produce prints virtually indistinguishable
the key functions of image capture, digital video imagsom those printed with the usual color enlarger in a
processing, video compression, and interfacing to tlg@rkroom.
main computer microprocessor. 35mm negative and positive transparency scanners and
flatbed scanners, available from such manufacturers as
Nikon, Olympus, Polaroid, Kodak, Agfa, Microtek,
Hewlett-Packard, etc., can directly scan transparencies
or negatives or prints into your computer for storage or
manipulation. Images can be stored on the hard drive of
the computer or stored on floppy disks in JPEG or TIFF
files. Because floppy disks have storage limited to 1.44
megabytes, many micrographers are now storing images
on Zip disks or magneto-optical drive disks; these can
hold many images to sizes of 10 megabytes or more.
Another popular storage medium, quickly gaining
widespread popularity, is the recordable CD-ROM.
Magneto-optical disks or CD-ROMs can be given to
commercial printers and then printed with stunning color
accuracy and resolution.

A photomicrograph is also a photograph. As such, it
should not only reveal information about the specimen, it

Figure 28. CMOS active pixel sensor used in new camera on3'0uld also do so with attention to the aesthetics of the

chip technology that is rapidly emerging. The photomicrograppverall image. Always try to compose photomicrographs

captures the entire integrated circuit surface showing the photodiotiéh a sense of the balance of the color elements across

array and support circuitry. The insets illustrate progressively highére image frame. Use diagonals for greater visual impact,

magnification of a set of pixel elements and a single pixel elemeatd scan the frame for unwanted debris or other artifacts.

composed of four dyed photodiodes. Select a magnification that will readily reveal the details

sought. Remember to keep detailed records to avoid

The primary concerns with CMOS technology are theepeating mistakes and to help with review of images that

rather low quality, noisy images that are obtained withre several years old. Excellent photomicrographs are

respect to similar CCD devices. These are due primariyithin the capability of most microscopists, so pay

to process variations that produce a slightly differerttention to the details and the overall picture will

response in each pixel, which appears inthe imagiecag ~ assemble itself.

Another problem is that the total amount of chip area that

is sensitive to light is less in CMOS devices, thus making

them less sensitive to light. These problems will be

overcome as process technology advances and it is very

possible that CMOS devices will eclipse the CCD as the

technology of choice in the very near future.
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