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Photography Through the Microscope

Photomicrography* is the technique of making photo-
graphs through a compound microscope. It involves con-
pling a camera to a microscope to produce enlarged
photographs of very minute, microscopic detail, In fact,
modern photomicroscopes incorporate the camera as an
mtegral part of the microscope design.

The artand science of photomicrography are very old—as
old as photography itself. Exzperiments were made in
England in 1839 within months of the introduction of the
Daguerreotype process from France, but sharp photo-
graphic images comparable to those produced by the
objectives then in use were not successful until the perfec-
tion of the wet-collodion process in 1851. Still, photomi-
crography was well established in 1856, using wet-collodion
negatives and silver-albumen paper.

Any type of microscope can be used to make photomi-
crographs, including hobby-quality or research-quality,
brightfield or darkfield, inverted or erect, metallurgical,
biomedical, polarizing, fluorescence, or any of the special-
ized interference microscopes. Because the principles apply
to all types of microscopes, the discussion here centers on
the so-called brightfield microscope. This type is commonly
found in schools where biology is raught and in biomedical
laboratories all over the world. In brightfield microscopy,
the generally transparent or transiucent specimen is either
naturally colored or artificially colored (stained) and appears
dark against a bright, white background or field; hence, the
term brightfield. To be sure, other methods will be dis-
cussed, including the photomicrography of opaque speci-
mens, such as metals, ores, and commercial and industrial
products.

Cinemicrography is nothing more than a special form of
photomicrography in which a motion-picture camera is
used instead of a still camera. This type of photomicrogra-
phy is necessary when recording dynamic events, such as
live organisms, tissue cultures, and industrial processes.
There are some important special considerations to be aware
of when making films through the microscope and these are
discussed in the appropriate section.

*Photorricrography should not be confused with micraphetagraphy, which involves mak-
ing extremely small photographic images of large objects. The distinction between the
terms photemicrography and microphotography was made as early as 1858, but the
confusion persists. A contributing factor in the confusior is fauliy translation from the
(erman language in which photemicrography is Mikrophorographie.

“To make good photomicrographs, one must know how to
use the microscope efficiently, and to use the microscope
efficiently, one must have 2 good working knowledge of the
instrument. This knowledge includes the selection, capabil-
ities, and limitations of the optical components; how to
adjust the microscope; how to illuminate the specimen; and
even how to prepare specimens for examination and pho-
tography. Those who intend to make photomicrographs
should also have some knowledge of photography, including
an understanding of exposure and of sensitized materials
and how a camera can be suitably attached to s microscope.

Photomicrographs are made for a variety of reasons.
Teaching is one of the major fields that urilize photomicro-
graphs. It is easier to project a color slide for class viewing
than to have each member peer into the microscope and wry
to locate the structure under discussion. A photomicrograph
is often used as a research record or to illustrate a particular
phenomenon or condition in a published article. Photomi-
crographs of metals are very often made to supplement
engineering or metalturgical reports. '

Photomicrography is used in practically every field in
which a microscope is the fundamental too! and whenever an
enlarged, recorded mmage would prove useful, Photomi-
crography is important to teachers and students in high
schools and colleges for laboratory studies in biology,
botany, zoology, and anatomy. It is probably of even greater
importance in industry, medicat research, pathology, crimi-
nal investigation, agriculture, and forestry. Photomicro-
graphs are even used in advertising. And, of course,
photomicrographs may be made for purely aesthetic
733005,

Whatever the purpose of a photomicrograph, one must
understand that the recorded image is no better than the
image produced in the microscope, with the possible
exception that coatrast can be enhanced photographically.
Thus, the first step in photomicrography is to understand
the compound microscope and how to use it to best
advantage in visual applications.




Chapter One

General Principles

A simple magnifying system uses a single lens
unit to form an enlarged image of an object
for viewing or for projecting. An example of a
simple viewer s the common pocket magni-
fier or reading glass (Fig. 1-1). In slide projec-
tion, a transiiluminated transparency is
enlarged with a simple magnifying lens to
form a real image on the screen.

In a compound magnifying system, magnifi-
cation takes place in two stages. For example,
in the projection situation above, if you
remove the screen where the enlarged image
is focused and instead locate a suitable lens
behind this pesition, the lens would form
another, greatly enlarged, image of the slide.
The total magnification is the product of the
magnification of the first lens and the second
lens. If the second lens is used like a pocket
magnifier; the final image will be 2 virtual one.
This is the basic principle of a compound
magnifying system—the one found in a
compound microscope. The observer looks at
the first, or primary, image with a lens that
produces an enlarged secondary image, called
a virtual mage. That is the image the eye
perceives, (See Fig. 1-2)

Another feature of microscopes is thar the
lenses are of relatively short focal lengths,
The shorzer the focal length, the greater the
magnification at a given image distance, In a
microscope a high, two-stage enlargement is
atrained over a relatively short optical path
with such short-focus lenses.

The first lens in a microscope is called the
objectrze since it is near the object. This lens
projects a magnified image of the specimen o
afixed position called the primary or interme-
diate tmage plane. The amount of magniﬁca—
tion that the objective produces at this fixed
distance is called its magnifving power. The
magnifying power of an objective is classified
as 1X, 5X, 10X, 20X—up to 100X and (rarely)
higher. The primary image is located within,
and abeut 1 cm down from the top of, the
body tube of the microscope. The distance
from the objective back focal plane to the
primary image is called the aptical tube length.

The second lens is placed in the body tube
above the primary image. This lens is called
the eyepiece and forms a secondary, further-
enlarged image not within the microscope.

Fig. I-1

SIMPLE MAGNIFIER-A simple
magnifier uses a single lens 10 enlarge
the object in one step.
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Fig. 1-2

COMPOUND MAGNIFIER -
In the compound microscope, the
intermediate image formed by the
objective 1s enlarged by the eyepiece.

The eyepiece (often called the scular), like the
obiective, is classified in terms of magnifying
power and could be 5X, 10X, or higher-up

10 30X.

The total amount of image enlargement, or
magnification, produced within the micro-
scope is found by multiplying the magnifying
power of the objective by that of the eyepiece.
A 10X objective and a 10X eyepiece then
produce a visual magnification of 100X, or
X100 as it is sometimes written. This is the
situation that is obtained when the objective is
screwed to the bottomn end of the body tube
and the evepiece is placed in the upper end of
the body tube. Usually the length of the body
rube is fixed—most commonly at 160 mm.
Other mechanical tube lengths are 170 mm,
200 mm, or 210 mm. Some microscopes have
body tubes of variable lengths in which one or
two tubes telescope out from a larger boedy
tube. The adjustable wbes are called draw
#ubes =nd are usually graduated in millimetres
from about 145 mm fully closed to about
200 mm fully extended.

Modern large research microscopes that
have provisions for illuminating apparatus
above the objective usually have mechanical
tube lengths considerably in excess of 160
mm. In this case, additional parallelizing '
lenses are placed within the system to shorten
the apparent optical path so that the objective
and eyepiece still see the total leagth, what-
ever it ray be, as 160 mm, These lenses,
however, introduce additional magnification
within the systern that must be taken in
account when calculating total magnification.
This additional magnification is referred 10 as
the tube factor and is commonty 1.25%. Thus,
the 10X objective and 10X eyepiece that
produced a 10 x 10, or 100X, magnification in
the above example will produce a 10 x 10 x
1.25, or 125X, magnification when used on a
microscope with a tube factor of 1.25X.

As Light rays emerge from the eyepiece
they converge to a point called the eyepornt.
This is the position that the eye seeks 10
see the whole image field when: one looks
into a microscope. The eyepoint is also
often referred to as the Ramsden disk or exit
pupil, In practical use, the lens of the eye is
piaced exactly at this spot. The distance
from the eyepoint to the virtual image, or
final image, within the microscope system is
250 mm (10 inches). Magnifying power of the
microscope is zrbitrarily based upon 250 mrm,
which is assumed to be the normal close
viewing distance.

Instead of looking into the microscope, you
can allow the image to be projected from the
eyepiece onto a grouad glass or photographic
fitm; If the film plane or camera is 230 mm




from the eyepoint, the magnification at the Correction of Aberrations in Objectives
film plane will be the product of the eyepiece

and objective magnifications. Longer or

Chrematic Spherical

shorter distances will produée respeciively Achromat 2 wavelengths 1 wavelength
higher or lower magnifications than the Semiapochromat (Fluorite) 2 wavelengths 2 wavelengths
product of the eyepiece and objective Apochromat 3 wavelengths 2 wavelengths

magnifications.

The very fine details in a micro-specimen
must be distinguished by the objective lens.
This lens must be of high encugh quality to
resotve these details and produce an efficient
primary image. The main purpose of the
evepiece 15 to further enlarge the image
formed by the objective. This image can be
degraded by an eyepiece of low quality, but it
cannot be improved over what the objective
lens presents to it (as far as image resolution is
concerned), regardless of eyepiece quality.

Objectives

Microscope objectives are the most important
components of the compound microscope,
They form the intermediate (primary} image of
the object, which is subsequently examined
with the eyepiece. Microscope objectives are
vsually classified in terms of
e Magnifying power
e Numerical apertire (NA)—a measure of
the light-gathering power and therefore,
the resolving power
® Degree of optical correction—classified as
achromat, semiapochromat {fluorite), or
apochromat
e Mechanical tube length
e Cover glass thickness
o Flaness of field
® Focal length
Most, or all, of this information may appear
engraved on the objective itself.

FFLE s

Fig, 1-3
MICROSCOPE OBJEC-
TIVE—-The objective tvpically
carries such information as the
degree of correciion, focal length,
numerical aperture, and magnifi-
cation.

The achromat is the most common type of
objective found on any micrescope,
accounting for 90 to 95 percent of 2ll objec-
tives in use. It is also the least expensive. In
achromats, chromatic aberrations are
corrected for two wavelengths (usually red
and blue) and spherical aberrations are
corrected for one wavelength (usually yellow-
green, the wavelength to which the human
eye is most sensitive). Achromats are very
servicesble objectives. They have good
working distance, moderate numerical aper-
ture, and are adequate for most applications.
If an achromat is used with white light, color
fringes may appear in the outer margins of the
image, because in this objective not all wave-
lengths are brought within an accepeable
focus range. When black-and-white film is
used to photograph such an image, these
fringes may contribute toward a fuzzy image,
If monochromatic light is nsed—thar is, light
of a single wavelength or a narrow band of
wavelengths (such as green)—the image will
be much sharper. Therefore, achromats
produce the best image in black-and-white
photomicrography when a green filter is
placed in the light path, Images of inferior
quality may result when light of a longer or
shorter wavelength is used. The color
fringing, especizlly at the edge of the field,
will, of course, be recorded in color photomi-
crography when white light and athromats
are used. A special variety of achromats is
made for polarized light work. These are
strain-free and are carefully made from the
slow cooling of the glass to the final assembly
of the lens system.

Fluorite objectives, or semiapockromatic
objectives as they are sometimes called, are
more highly corrected than achromats. Chro-
matic and spherical aberrations in these objec-
tives are both corrected for two wavelengths.
Note that this contributes an additional spher-
ical aberration correction over the achromats.
At a given magnification, the higher correc-
tion allows sormewhat higher NAs than those
afforded by achromats. Higher correction is
achieved through the use of fluorite {calcium

" fluoride), which has 2 refractive index-disper-

sion relationship not obtainable in glass.
Because narural, clean fluorite of optical
quality is difficult to find in nature, it is
expensive, increasing rhe cost of this type of
objective. Recently, synthetic fluorite has been

produced and used to make microscope objec-
tives. Fluorites are an exceilent compromise
between the more universal achromats and
the more highly corrected apochromats, both
in quality and in cost, and make excellent
photomicrographic objectives. Fluorite objec-
tives must be used with matched compen-
sating eyepieces for finest image quality,
Apockromats represent the finest, most
highly corrected type of objective available.
Through the tse of fluorite and special
glasses, chromatic sberrations are corrected
for three colors (red, green, and blue} and
spherical aberrations, for two colors (red and
blue}. The NA of apochromats is higher than
for others of the same magnification, This
higher NA results in sharper and more crisp
images compared to other objectives of the
same magnification. Unfortunately, field
curvature, or the inability o retain image
focus all the way across the field of view at
one focus setting, is increased; but this kas
been corrected in far-field objectives. Gener-
elly speaking, the working distance, from
the front lens mount to the top of the cover
glass, is also decreased, but there are excep-
tions. Because of their high degree of correc-
tion for aberrations, the apochromats are
particutarly suitable for color photomicrog-
raphy and for the best resolution of fine
details and the finest image guality. Like the
flnorites, apochromats must usually be used
with matching compensating eyepieces,
Recent designs may allow free interchange of
eyepieces.

Field Curvature

Obijectives exhibit a certain amount of curza-
ture of field due to the different distances
through which the on- and off-axis image-
forming rays must pass. Depending on the
setring of the focusing knob, the image can be
made sharp in the center of the field, but with
sharpness fall-off toward the periphery (see
Fig. 1-4a); or the image can be made sharp at
the periphery, but be out of focus at the center
of the field of view. In visual miCIoSCopy,
field curvature is not a problem because the
microscopist always has one hard on the fine
focus conwrel and continually makes small
adjustments while scanning the field.
However, field curvature becomes a problem




Fig. 14

FIELD CURVATURE-The
image ai the top shows sharpmess
fall-off toward the periphery of the
Field due to field cwrvature. In the
tmage below, field curvature has
been corrected.

in photomicrography. A microscopist is
frequently judged a poor photomicrographer
if the periphery of the photomicrograph is out
of focus, as in Figure 1-4a, even though this is
a property of the objective.

Field curvature can be overcome in several
ways. One way to overcome this effect 1o
some extent is 1o limit the recorded area to the
center of the field when possible. This is done
auzomatically with some attachment photomi-
crographic accessory units with built-in
optical magnificatior factors of, say, 1nX
{reduction of 2X) where only the center of the
field is nsed. Bellows extensions for 35 mm or
laxger formar films can be increased until only
the center portion of the field of view is
recorded. One must be very careful here of
introducing empty magnification (1o e
discussed later). Special eyepieces can also be
used to reduce appreciably the curvature of
the image.

The best way to overcome field curvature is
10 eliminate it completely through the use of
Jlat-field objectives. Any of the three types of
objectives described above can be had with
Hat-field. The prefix plan or planc-is usually
incorporaied in the name. Thus, it is possible
to have a planackromat, a planofiuorite, or 2
planapochromat. The curvature of field has
been corrected in the optical design of these
objectives, and the corrective elements are
usualty built into each individual objective.
There is one manufactarer who has incor-
porated a part of the correcting system within
the nosepiece or body part of the microscope,
necessitating the use of that manufacturer’s
stand with the objectives. Flat-field objectives
are particularly suirable for examination or
photomicrography of large fields. When used
with eyepieces designated specifically for
them, focus is uniform over the entire field of
view from center to periphery. {See Fig. 1-4b.)

Cost may be a factor in sclecting objectives
for photornicrography, and it is interesting
that the cost is about the same for a flat-field

achromat and non-flat-field fluorite, or fora
fiat-field fluorite and a non-plano apochroreat.
To limit cost, the photomicrographer may
decide between field fatness and higher
correction. In general, a fiuorite costs two to
three times more than an achromat, and an
apochromat costs five to six times more than
an achromar. The increased cost is due to the
additional corrective elements. As a matter of
interest, the 100X achromat may contaia six
lens elements; the 100X planapochromat may
contain as many s eighteen lens clements to
effect all of its corrections. As in general
photography, however, expensive equipment
does not guarantee good images. Equipment
is only one ingredient that contributes o the

final photomicrograph. For photomicrog-
raphy in general, flat-field obj ectives are
desirable but not essential.

Optical Aberrations

Aberration is a failure of a lens to produce
exact point-to-point correspondence between
an object and its image. Two optical aberra-
fions mentioned in the discussion of objec-
+ives shove are chromatic and spherical aber-
rations. If & simple, positive lens is used to
project the primary, entarged image, the
quality of the image would be very poor due
to inherent chromatic and spherical aberra-
tions. In order to imptove image quality it is
necessary to design lenses so that aberrations
are reduced.

Chromatic aberration occurs because the
focal length of a simple lens varies noticeably
with wavelength, Blue rays are shorter in
wavelength and focus closer to the lens than
green or red rays. (See Fig. 1-5a.) The single
fens is unable to bring light of all colors o &
common focus, resulting io a slightly
different sized image for each wavelength at
slighily different focal points. This situation
prevailed in microscope objectives until about
1820. Correction for chromatic aberration
originally applied to telescope obj ectives was
then introduced into microscope objectives.
By 1830 the achromatic objective was in
fairly common use. Achromatism (“a” =
withour; “chroma™ = color, i.e., images
without color fringing) was achieved through
the combination of two lenses of different
optical properties cemented together 1o form
a doublet. The proper selection of thickness,
curvature, refractive index, and dispersion
results in a lens that reduces chromatic aber-

" ration by bringing two wavelengths to a

commeon focal point. (See Fig. 1-5b.)

A 10X achromatic objective typically
contains two of these achromatic doublets.
Triplets, lenses made with three cemented
lenses, are also common in modern
[RICTOSCOPY.

By 1886 Ernst Abbe perfected a complete
series of apochromaric objectives, through the
use of Auorite and new experimental glasses
to make the doublets and triplers. Their great
value for visnal microscopy and photomicrog-
raphy was instantly recognized.

Spherical aberration occurs when light rays
passing through the central and outer portions
of a lens are not brought to focus at the same
distance from the lens. (See Fig. 1-6.) This
condition arises in spherical lenses because
light is refracted more at the edge of the lens,
with gradual reduction to zero at the optical
center. The image of a point is not reproduced




Fig. I-§

CHROMATIC ABERRA-
TION—Failure of a simple lens fo
bring light of different wavelengths
te a common focus {a) can be
compensated in part by use of an
achromatic lens (b).

as a point but as a farger, circular area. The
image of an object that is compesed of an
infinite number of points cannot possibly be
sharp 2s long as spherical aberration is
present. Also, white light is corposed of all
colors—which are refracted and focused
differently, depending on specific wavelength.
It is possible to correct spherical aberration
for one coler, but it might not be corrected for
another color.

Stopping down a simple lens eliminates the
worst spherical aberration from the edges, but
optical correction yields better images. The
sharpness of the image produced in a micro-
scope is limited by the degree of correctrion
for spherical aberration. As you shall see later,
it is possible inadvertently to introduce spher-
ical aberration in the final image even though
you are using the most highly correcred
objectives.

Numerical Aperture

In conventional photography, photographic
lenses are always classified in terms of fvalue,
which is an indicaticn of light-gathering
power, A fast lens might be /714 or /71.0.
Slower lenses might have f~values such as
F/4.5, f/5.6, or f/8. The f~value of a photo-
graphic lens is determined by dividing the
focal length by the entrance pupil {(apparent
diameter of the diaphragm opening).
Microscope ebjectives, however, are not
classified in terms of f~value although we are
still interested in their light-gathering power,
particnlarly their ability to capture highly
diffracted image-forming rays from the spec-
imen. It is these rays that allow fine structural
derails in a specimen to be distingnished.
Magnification is required to bring the strue-
tura! details up to a size to be seen and
recorded. The property of an objective that
enables it to resolve fine detail is rermed its
universal aperture, or numerical aperture (NA)

© a8 it is usually called.

Marhemariczlly, the numerical aperture is
expressed as the product of the refractive
index (0} for the medium in which the lens
operares (for example, 1.00 for air, 1.51 for
oil) and the sine of one-half the angular aper-
ture of the lens (u):

NA = nsinen
The angular aperture varies with the focal
length of the objective. The angular aperture
is the total maximum included angle of
iimage-forming light rays from the specimen
that the objective front lens can take in when
the specimen is in focus. The idea of angular
aperture is shown in Fig. 1-7.

Notice that as the focal length decreases,
the maximum angle made berween the spec-

Fig, 1-6

SPHERICAL ABERRA-
TION-—Failure of the lens system fo
image central and peripheval rays at
the same focal point arises with
spherical lenses. Optical correction”™
15 possible, but care must be taken
not to infroduce additional spher-
1cal aberration when setting up the
microscope.




Fig. 1-7

NUMERICAL APERTURE-
Botk light gathering power and
resolving power are related to the
angular aperiure of the objective.
Numerical aperture s expressed in
terms of the angular aperture.

Typical Objective Numerical Aperture (NA)

s

Achremat
Semiapochromat (Fluorite) -

10X 40X-50X
025 0.65

0.30 0.70-0.85
0.32 0.95 (dry)

Apochromat

imen and the diameter of the objective front
lens is made to increase.® One-half of this
angle, AA/Z, i¢ the term u in the above
numerical aperture equation. Thus, the higher
u is, the higher NA is, The importance of
numerical aperture cannot be overempha-
sized; for, as you will see in the nekt section,
the resolving power of the objective—the
ability to distingnish between very closely
spaced structural clemenis—depends largely
upen the aumerical apertuee. The higher the
NA, the higher the resolving power. Looking
at the equation again, NA = n sine u, this
means high n and high u.

What is the magimum possible NA?
Theoretically, the highest angular aperture
would be 180 degrees. One-half of that, u,
would be 90 degrees, and the sine of 90
degrees is 1—which means that the NA is
theoretically limited by n, the refractive index
of the medium between cbiective and spec-
imen. Most objectives are made to be used
dry; air is the medinm berween the front of
the lens and the specimen. Air hasa refractive
inex of 1.00. The theoretical maximum NA
possible for a dry objective is NA = nsine
u =100 x 1 = 1. In actual practice, the
highest numerical aperfuze for a dry objective
is about 0.95. The numerical aperture for any
objective is engraved on the objective itself,
usually under or next to the maghiﬁcation.

NA depends, to some extent, o1 the degree
of correction to make higher angular apez-
tures possible. For example, 2 10X achromat
commonly has an NA of 0.25. A 10X fluorite
objective commonly has an NA of 030, And a
10X apochromat has an NA of 0.32. Like-
wise, most 40 or 50X achromats have NAs of

0.65; fluorires of the same magnification have
NAs of 0.7 1o 0.85, or evenl 0.9; and dry
apochromats in the same magnification range
have NAs of 0.95.

Looking at the numerical apermure equation
again, NA = n sineu, note that the only way
to have an objective of numerical aperture
equal to o greater than 1.00,is to place a
liquid medium of higher refractive index (n)
between the lens and the specimen slide. An
immersion lens is designed for this purpose.
Dry lenses should never be used with any
Liquid immersion media. If in doubt, look at
the NA on the objective. If the amber is less
than 1.00, do not immerse The frontlensina
liquid.t Objectives intended for immersion
will atmost always indicate the immersion
medium. Several common media include
water (n = 1.33), glycerin (n = 147}, and
immersion oil (n = 1.513). These should not
be interchanged; that is, an objective designed
for water immersion should not be used with
oil. If you run out of immersion oil, do not
use giycerin. Each immersion objective must
be used with the medium it has been designed
for. Recently, immersion obj ectives have been
designed for use with any of the three
common jmmersion media. The highest theo-
rerical NA using common immersion oil is
1.5, Ia practice, NA only approaches 1.4, and
1.3 or even 1.2 is more COmmon.

Most objectives in the 40 to 63X range are
also designed for and must be used with
immersion media. Their NA’s are typically
1.00 but can go up tc 1.40. The practical use
of the immersion objective is described in a
Jater section.

Range of Objective Numerical Aperture (NA)

Magnification

4X

10X
16X-25X
40X-55%X

P

%As the focal length decreases, magpnification increases
and the whole lens becomes sialler. The NA dees not
necessarily increase except as made 1o do so for resolu-
tion or brightness.

~ Numerical Aperture (NA)

0.032-0.12
0.17 -0.32
0.32 -0.65
0.57 -0.95 (for dry objectives)

R

+A possible exception is when the immersion principle
is applied to low-power, low-NA water immersion
objectives used by bielogists.




Resolving Power

The capacity of the optical system in a
compound microscope o distinguish and
separate fine structural derails in a specimen is
known as resolving power. However, this vajue
is subjective, An image may be unsharp but
may still be considered resolved. Resolving
power is limited by the NA of the objective,
but it also depends upon the working NA of
the substage condenser, The higher the effec-
tive NA of the system (limited by the NAs of
individual components, see previous page),
the greater will be the resolving power.
Resolving power is also dependent on the
wavelength of light. The shorter the wave-
length, the betrer the resolving power,
Resolving power refers to the ability to distin-
guish two closely spaced structural elements.
High resolving power means being zble to
detect ever smaller and smaller spaces
between two things. (In photography,
resoiving power is usually referred to in terms
of line pairs per millimeter, This is the recip-
rocal of the number found when computing R
in the equations below.)

There are many equations for computing
resolving power, at least a half dozen of which
take into consideration both theoretical
facrors and psychophysical reactions of the
observer. All have valuable, particalar appli-
cations, but one that lends itself to the present
discussion is the cormmonly seen

A
T 2NA
where R is the smallest distance berween two
structural elements, A is the wavelength of the
lightused, and NA is the numerical aperture.
When the optical system is correctly aligned
and adjusted, the NA of the objective can be
used in the equation. In general, you want R
¢ be small--the smaller the better, To have R
small, the numerator should be small (short
wavelength--toward the blue or violet), and
the denominator should be large (high
numerical aperture), The same units must be
nsed for R and A.*

Highest resolving power is obtained with
ultraviolet radiation, which represents the
shortest usable wavelengrhs. In the visible
region of the specirum, blue light has the next

R

shortest wavelength, then green, and thenred,

If white light is used, the applicable wave-
length is that for green—the middle of the
visible spectrum and region of highest visual
acuity.

*QOther equations for resolving power according to
Lord Rayleigh are

0.61A 1227
NA NADbiECEive + NAcondeuser

If the dominant wavelength for green light
{0.550 micrometre) and an achromat of high
NA (1.25) are applied in the formula, the
resulrant resolving power 15 0.22 micrometre,
With green light, then, it is possible to resolve
structures down to 0,22 micrometre (0.00022
millimetre). The following table shows the
effective resolving power of several achro-
matic objectives of different numerical aper-
tures when green light is used.

highest resolving power by best use of the
optical compenents of the microscope. It
must be noted that the contrast of the photo-
graphic material used for photomicrography
can also influence the resolving power of the
system. ’

Resolving Power for Achromats (green light)

160X
Magnifying Power 4x 10X 20X 45X (0il)
Numerical Aperture ~ 010 0.25 . 0.50 0.85 125
Reselution (micrometres) 2.75 1.10 0.55 0.32 0.22
Resolving Power for Apochromats (green light)
100X
Magnifying Power 4X 10X 25X 46X (oil)
Numerical Aperture 0.16 0.32 0.65 0.95 140
Resolution (micremetres) 172 0.86 0.42 026 0.20
Change in Resclution with Wavelength
Green Blue Ultraviolet
Wavelength (micromeires) 0.546 0.436 0.365
Resolution (micrometres) 0.195 0.156 0.130

"The resolving powers for apochromatic
objectives are betrer than those for compa-
rable achromats, since they are more highly
corrected optically and have higher numerical
apertures. The above table shows pertinent,
comparable data for apechromars, ageain with
green light.

Resolving power for an apochromat of the
highest NA (1.40) with light of different
wavelengths is shown 1n the last table. This
indicates the improvement of resolution with
shorter wavelengths of light.

Tt also indicates that we cannot expect to do
better than about 0.2 pm visvally and 0.13 pm
photographically using 365 nm ultraviolet.
Furthermore, these examples assume perfect
optics, alignment, and observer.

Although it cannot be expecied that anyone
will often wish 1o determine the exact
resolving power for any objective, it is impor-
tant to underszand the capabilities and Himita-
tions of a lens in order to use it to best advan-
tage. This knowledge should help in the
selection of a lens or of the type of light
needed to photograph a specimen. Whar has
been discussed here is the achievement of the

Diffraction Theory and
Resolution

The whele basis of numerical aperture and
resolving power goes back to the specimen

" and diffraction theory. The theory of micro-

scopical image formation, formulated over 3
hundred years age, is based on the fact that
light is diffracted when ir passes through
narrow siits or other structiral elements.
When light passes through parallel slits, for
example, a primary ot zero-order diffraction
ray passes undeviated straight through, while
to either side of the zero-order ray there will
be first-order diffraction rays at some angle
from the zero order that depends on the
spacing between the slits. Beyond the firse-
order d#fraction, at some greater angle, will
be second-order diffraction rays, and so on.
The important observation is that as the
distance between the diffracting strucmires
becomes smaller, the angles of diffraction
become greater,

Now, only if ail the diffracted rays enter the
objective can interference take place to
recreate the image in the intermediate image




plane. The zero-order by itself is insufficient
to produce a recognizable image of the spec-
isen, ¥ the zerc-order and one of the first-
order diffracted rays enter the objective, some
semblance of the sructare will be produced,
byt only if all of the rays are recombined will
the image represent the true strucrure. It can
readily be understood now why objectives of
small anguiar aperture {see Figure 1-7) will
not reveal the finer structurss of specimens.
The fine structure causes high angles of
diffraction that never enter the objective.
Conversely, it also explains why objectives of
high angular aperre, i.e., high numerical
aperture, are NECESSATY to capture highly
diffracted rays.

This point is of the ntmost importance in
photomicrography hecause the angular aper-
ture, and therefore numerical aperrare and
resolution, can be controlled through the use
of the aperture diaphragm in the condenser.
Use this diaphragm indiscrinrinately and you
may not get the resolving power in your
photomicrographs that the objective is
capable of yielding. The proper Use of the
aperture diaphragm will be discussed in the
section on seting up coirect illumination.

It should be noted that in actual fact,
diffracted rays are always coring from the
specimen at all angles. Since the objective is
above the specimer, & high-NA objective will
capture diffracted rays that arc atan angle
greater than the condenser illuminating cone.
Evidence for this can be seen at the objective
back focal plane where the haziness over the
aperture diaphragmm image is due o the more
highly diffracted rays. These are strictly cut
out not by the aperture diaphragm alone, buit
by a diaphragm in the objective—if indeed
one would war to eliminate them. This is the
basis for specifying the NAS of both the
obiective and the condenser in many
resolving-power equations.

Working Distance of
Objectives
The distance between the front lens of an
abjecrive and the top sarface of the cover
glass on a specimen slide is called the working
distance for the objeciive. Working distance
governs the allowable movement of the objec-
sive in obtaining critical focus of the specimen
irnage. In the general case, working distance
decreases rapidly as the focal length of the
objective decreases and magnification
increases. For oil-immersion objecnves, the
working distance is measured in fractional
parts of 2 milliraetre.

Cover-glass thickness is of relatively littie
importance oprically with oil-immersion

objectives since the pil has about the same
refractive index as the COVET glass.* The
allowable movement of an immersion objec-
tive, however, is affected by cover-glass thick-
pess. More working distance is obtained when
the cover glass is thinner than specified or
when no cover glass is used, as is often the
case with blood smears. A thicker cover glass
will decrease the working distance; the thick-
ness can then approach the point where focus
of the specimen may become impossible.
Other minor factors that can affect the allow-
able working distance for an immersicn
objective are the viscosity of the oil and the
amount medium between the cover glass and
the specimen. The effects of these factors are
small, but when they are added to the cover-
glass thickness, they contribute toward a
reduction in working distance.

The following table shows the average
working distances for different objectives af
various focal lengths. The figures can only be
considered approximate since objectives of
different manufacture will differ in charac-

eyepiece is inserted into the top of the micro-
scope body-mahe. The distance between the
insertion position for the objective and the 10p
of the draw-tube is called the mechanical tube
length.

Most manufacturers specify a mechanical.
ruibe length of 160 mm. {Some previously
specified 170 mm, but now 160 mn is gener-
ally considered umniversal for standard micro-
SCOpEs.) Objectives are designed opiically for
a specific tube length. If they are used ata
different tube length, they will not retain their
intended optical efficiency.F They shouid not,
therefore, be interchanged on different micro-
scopes if the specifications are 1ot known.
Tmage quality may suffer if this practice is
followed. Some microscopes are equipped
with adjustable drawnzbes, so that mechanical
wbe lengrh can be altered to comply with the
specificaiion for an objectve. Microscopes
with adjustable drawtubes were commor in
the past. They are, unformnately, rare day—
but perhaps with good reasen.

Given a perfectly prepared specimen, poor -

teristics, They are, however, fairly typical. image quality will regult if the cotrect tube
QObjective - Focal Working
Type . Magnification Length (mm) Distance (mm} -
Achromat 10X 16 _ 7.70
Apochrorat 10X 16 485
Achromat 20X 8 1.60
Apochromat 20X 8.3 0.50
Achromat 45K 4 0.30
Apochromat 475X 4 0.18
Achromat 97X oil 1.8 0.13
Apochromat 90K oil 2.0 0.12

Working distance is a very Important
characteristic of objectives for microscopists
who must manipulate or perform operations
on their specimens; s for example, biomed-
ical microscopists working with tissue
cultures or industrial ricTosCopists
performing microchemical 1ests OF testing
microelectronic circuits ot working with the
hot stage. For these and for the general phote-
micrographer who must take photomicro-
graphs through deep vessels, special so-called
long-working-distance objectives are made.

Tube Length

The objective is screwed} into the bottom
part of the microscope body Wibe, while the

R —
=(Cover-glass thickness is important in air. See
Selection of Cover Glass, page 16.

+The standard adopred by the Royal Microscopical
Sociery (RMS) for screw thread of objectives seems 10
ine the oniy one to which microscope manufacmurers
consistently adhers.

length is not used. Too greata ube length
will result in overcorrection, and 100 shorra
wbe length will result in imdercorrection;
either will result in poor definition (image
sharpness). The reason for this is that
changing the mechanical mube length for
which the objective was esigned will also
change the gptical ke length. The optical
tube length is the distance between the cbjec-
tive back focal plane and the intermediate
image plane. Changing the optical tube length
introduces spherical aberration into the
system. Dry objectives of high numerical
gperrure are particularly sensitive 1o changes
in optical be length.

One way te correct the poor image quality
due to too thick or 1o Thin cover glass is t0
deliberately introduce spherical aberration of

.

#Tube Jengih is not fixed for infinity-corrected
objectives. Tnstead, such objectives require internal
relay lenses in the microscope. These objectives
should only be used with 2 microscope matched (@
their specifications. The objectives cannot be used on a
convgntional microscope with any tube length.




opposite effect to counteract and cancel the
aberration due to the specimen preparation.
The introduction of correcting aberration is
made by changing the tube length. The draw-
tube is shertened for toc-thick cover glasses,
and lengthened for too-thin cover glasses.
When making a photomicrograph with a
high-dry objective, for instance, the specimen
is first brought into focus and then the draw-
tube lengrh is changed slightly ar random,
perhaps lengthened a bit. Changing the tube
length makes it necessary to refocus the
image.

After refocusing slighily, the microscopist
must judge the image and compare it to that
before the change. If the image is sharper, the
microscopist should continue to increase the
tube length in small increments. Normal
practice is to proceed until the image deterio-
rates and then work backward again, locating
the drawtube position for optimum image
quality. It is at this tube length, whatever it
may be, that the photomicrograph should be
made. Of course one may have to sacrifice
some image quality for this convenience.

When an objective is used at other than its
specified mbe length, its hagnifying power
will be different from that indicated, For
example, a 10X objective designed for
160 mim tube length will magnify more than
10X if used at a 170 mm or longer tabe
length, Conversely, magnifying power will be

reduced at lengths shorter than the intended

tube length. A 10 mm difference in tube
length amounts to a magnification difference
of only 6 percent. This change of magnifica-
tion with mechanical tube length could be
taken advantage of, particularly when cali-
brating an eyepiece micrometer. The tube
length could be changed to change the magni-
fication slightly so that the division in the
eyepiece micrometer would exactly equal
some convenient unit of length, making size
of particles and measurement of strucrures
much easier.

Eyepieces

Eyepieces, or oculars, are exceedingly impor-
tant in producing good visual and photo-
graphic images. The eyepiece in the
cempound microscope serves as the second
stage of magnification, enlarging the primary
image formed by the objective in the interme-
diate image plane. The eyepiece renders this
real primary image visible as a viriual image
when the microscope is used visually or pro-
jects it as a real image that can be recorded in
a camera. Since the eyepiece acts as a magni-
fier to examine the real image formed by the

Fig. 1-8
EYEPIECES

objective, its optical quality and correction
are very important.

There are several types of eyepieces
ranging from the Huygenian, or negative,
eyepiece used with most achromatic ebjec-
tives to the more complex positive types used
with high-power achromats, flucrites, and all
apochromats. Simple eyepieces have only two
lenses—a field Jens closer to the objective
image and an eye Jens closer to the eye. These
two lenses are planoconvex. In the Huygenian
evepiece, the plane side is uppermost in both
lenses, and the eyepiece diaphragmn lies
between them inside the eyepiece. In the posi-
tive, Ramsden eyepiece, the plane sides are
outermost and the diaphragm lies outside and
beneath the two lenses.

The eyepiece diaphragm defines the round

field of view one sees when looking in 2

microscope. This is also where graticules and
reticles are placed, for the plane of the
eyepiece diaphragm is where the primary
image from the abjective lies, Whatever is
placed on the eyepiece diaphragm (measuring
scale, cross hair, pointer), will be superim-
posed on and in focus with the specimen
image.

Simple evepicces are suitable for most
achromars, but more highly corrected
eyepieces are necessary for better objectives.
Highly corrected eyepieces have a doublet for
an eye lens and go by different names with
different manufacturers—for example, Peri-
plan; some eyepieces have a wiplet here.
Whenever high-quality objectives are to be
used for photomicrography, the eyepiece
should be of the compensating type to provide
the high image quality and flat field of which
the objective is capable. These compensating
eyepieces, using doublets and triplets, are
important because they correct residual aber-
rations in the objective image. Apochromats
inherently produce what is called chromatic
difference of magmification. Since the methods
of correcrng for these aberrations vary with
manufacturers, it is essential fo use only those
eyepieces recommended by the manufacturer
of the cbjective. Also, the position of the

_ image produced by objectives of different

mamnfacnire varies, e.g., 10 mm, 13 mm, etc,
from the top of the body tube. Since this
position is also the location of the disphragm
in the eyepiece, use of eyepieces of a different
manufacturer will not be parfocal with all of
the objectives and may introduce field
curvature.

Choosing eyepicces, then, is relatively
simple. Pick the objective first; then buy the
eyepieces made to be used with that objective.
Incidentally, simple eyepieces will appear to
have a blue ring all around the edge of the
diaphragm (the field of view) when viewed
while holding the eyepiece up to a light oron
the microscope. Compensating eyepieces will
show a red-orange color at the edge of the
eyepiece diaphragm.

Visually, wide-field eyepieces produce 2
pleasing subjective impression of the field,
and they are good for lengthy viewing
sessions. For scanning smears and films and
making counts, they save valuable time
because they encompass such z large area.
Wide-field eyepieces are not abselutely neces-
sary for photomicrography, but there are one
or two instances where they are beneficial,
particularly when using certain homemade
photomicrographic cameras and when using
cameras with fixed lenses.
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High-eyepoint eyepieces are made for those
who must keep their eyeglasses on when
viewing through the microscope. Eyeglass
viewing is necessary when eye defects cannot
be corrected with the microscope itself, e.g.,
astigmatism. People who are near-sighted or
far-sighted may use the microscope without
their eyeglasses if they wish. High-eyepoint
eyepleces are even popular with those who do
ot wear eyeglasses. The high clearance (up to
25 mm from top of lens to eyepoint) reduces
farigue in prolonged viewing. There are also
good reasons for using high-eyepoint
eyepieces in photomicrography. Wiih
commercial photomicrographic cameras
having long intermediate bodies, it would be
otherwise difficult to get the eyepoint high
encugh to be in the plane of the shutter or
lens. These eyepieces are also usefu! with
ordinary cameras having fixed lenses.
Eyepieces which combine high-eyepoint and
wide field are very popuiar and very useful in
photomicrography.

When any counting, measuring, or other
procedure involving a graticule or reticle s to
be undertaken, either visually or photomicro-
eraphically, the eyepiece should have a
Jfocusing eye lens.

Eyepieces for use with polarizing micro-
scopes are keyed so that they can fit only one
of two positions in the stotted bedy tbe, This
insures that the cross hairs will correctly indi-
cate the vibration directions of the polarizer
and analyzer. It is a good idea to buy a grati-
cule that combines cross hairs and an eyepiece
micrometer on the same disc to avoid the
expense of an extra eyepiece.

Some eyepieces are intended specifically
for photomicrography. These are frequently
negative eyepieces which cannot be used
visually at all. They give somewhat fiatter
fields with non-flat-field objectives. Sull
others have focusing eye lenses that may be
adjuszed for projection distance (distance
from eyepoint to film) and are called, appro-
priately enough, photo evepieces. Besides
producing flat-field results, they are also
color-corrected and therefore of advantage in
color photomicrography. These will be
discussed again in the section on cameras.

Eyepieces are produced with different
magnifying powers ranging from 1X to 30X
or more. Those in the 1X, 3X, and 5X range
are usually confined to projection micro-
scopes, and those of 25X to 30X are for
special applications. Eyepieces of 5% to 20X
are most commeonty used in visual work with
the 10X, 12.5X, and 16X the most popular
and useful. In photomicrography, a wide
range of eyepieces 5X to 25X, is used.
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Condensers

The third major optical component of a
compound microscope is the condenser, also
called the substage condenser. The condenser
provides a cone of light that illuminates the
specimen. It is probably the most neglected,
least understood, and most misused compo-
nent of the microscope. Anyone now using a
microscope who does not know the numerical
aperture (NA) of the condenser (or who does
not know what it means even after looking at
it) probably does not understand the
condenser’s correct adjustment and use,

Light from the condenser converges on the
specimen in the plane of the stage, and the
lighs diverges in passing through the spec-
imen to form an inverted cone whose
included angle fills the objective front lens.
The angular size of the illuminating cone is
conirolled by a variable diaphragm located
beneath or within the condenser. This
diaphragm is called the aperfure diaphragm; in
transmitted-light microscopes, it is also called
the substage diaphragm. Aperture diaphragm is
probably a more accurate term because it not
only defines its purpose, controlling the size
of the illuminating aperture, but it can also be
applied to both transmirred-light and '
reflected-light microscopes. The correct focus
of the condenser and the proper opening of
the aperture diaphragm are of extrerne impor-
tance in both visual microscopy and photomi-
crography. They should be adjusted to
achieve Kghler illumination. (See page 28.)

Four principal types of condensers are
available: (a) Abbe, {b) aplanatric, (¢) achro-
matic, and {d) aplanatic-achromatic. The
Abbe condenser is the simplest and least
expensive type. It is provided on all micro-
scopes unless another type is specified. It may
have two or, less likely, three lens elements,

- and it is uncorrected for spherical or chromatic

aberrations. One of the most important points
to consider in choosing a condenser is the
numerical aperture. The condenser NA
should be equal to, or greater than, the highest
objective NA—uvsually about 1.25 1o 1.32 for
the 100X objective. The effective NA of the
systemn, and hence the resolving power; is
lirnited by the lowest value for individual
components of the system.,

The refractive index of air is 1.00. This is
significant here for two reasons. First, if the
condenser NA is less than 1.00 (0.95, for
example), it is not intended for immersion. It
may be an excellent dry condenser, but the
resolving power of a 1.32 NA objective
cannot be realized with this condenser. The
effective NA of the system can oniy be 0.95
even if the substage diaphragm is wide oper,

which is seldom: the case. Second, a condenser
with an NA over 1.0, say 1.3, is intended for
immersion. If the top lens of the condenser is
not immersed in the appropriate liquid on the
bottom of the slide, the effective NA will be
that of the resulting air space, 1.00. To get fuil
resolving power from objectives of NA
greater than 1.0, one must use a condenser of
NA greater than 1.0, matching or exceeding
the objective NA, and the top lens of the
condenser must be immersed in liquid on the
bottom of the slide. Some condensers are
provided with interchangeable top lenses
which change the NA. Still others have a
lever-operated, flip-out top lens or slide-in
lower lens to provide at least two maximurm
NAs.

Besides the NA of the condenser, the
degree of correction must be considered. An
ordinary two-lens condenser will form an
image of the field diaphragm in the field of
view that will be somewhar fuzzy and
surrounded with color fringes. This is caused
by spherical and chromatic aberrations in
such condensers. Condensers that focus light
in one plane are termed aplanatic. There may
be three, four, or even five lenses insuch a
condenser. In achromatic-aplanatic
condensers, chromaric aberrations are also
corrected. Such condensers may have five, six,
seven, or more elements and are essential for
truly critical microscopy. A two- or three-lens
condenser is perfectly adequate for a student
microscoepe or for one used only occasionally
for noncritical, routine procedures,

Good photomicrographs can be made with
any kind of condenser if it is used properly,
bur the best color photomicrograph requires
achromatic or aplanatic-achromatic
condensers. The image of the field (lamp}
diaphragm in the specimen plane will be
sharp, of good contrast, and free of color
fringing when focused with an achromatic
condenser.

Condensers for special purposes include
strain-free condensers for use with polarized
light. Darkfield, interference-transmission,
interference-contrast, phase-contrast, and
long-working-distance condensers are all
special variations that are fully described in
standard texts and some specialized papers.
Quartz condensers and condensers built
according to reflection principles are made for
use with ultraviolet radiation,

An important factor in the oprical system
associated with condensers, but almost never
considered, is sfide thickness. Thickness of the
microscope slide is just as important in rela-
tion to the condenser as the cover-glass thick-
ness is to the objective. Condensers of high
numerical apertire have shorter working




Correction of Condensers

Aberrations Corrected

Type Spherical Chromatic
Abbe - -
Aplanatic X -
Achromatic — X
Aplanatic-achromatic X X

distances than those of low NA. If the micro-
scope slide is too thick, it will be impossibie
for a high-NA condenser to form an image of
the field (lamp) diaphragm in the plane of the
specimen. At best it wili be located some-
where in the slide below the specimen. Slides
whose thickness is not specified should not be
purchased for critical microscopy and
photomicrography,

How thick should microscope slides be?
The answer to this guestion is not routinely
supplied by microscope menufacturers, but
slides of I mm thickness should work with all
condensers, and a range of about 0.96 to 1.06
mm is ideal. Some private-label slides are as
much as 1.25 mm thick. Except for certain
darkfield condensers which specify this thick-
ness, 1.25 mu: is woo thick for high-NA achro-
matic condensers. With a separate illuminator,
the working distance of the substage
condenser is affected by the optical distance
of the lamp condenser.

Other Substage Components

Besides the condenser there are several
components beneath the stage of a trans-
mitred-light microscope, including a
cendenser centering device, mirror or built-in
light source, filters, polarizers, and other
special apparatus.

For critical photomicrography the subsiage
should be provided with condenser centering
screws so that the condenser itself can be
correctly aligned on optical axis with respect
to the objective.

A mirror is provided as part of the substage
when a built-in light source is not included.
Generally, the mirror is about 50 mm in
diamerer and is nsually two-sided, with one
side a plane mirror and the other, concave.
The mirrors are usuzlly second-surface
mirrors that will form ar least three images of
the field diaphragm. The plane side of the
mirror is always used with a condenser. The
concave side of the mirror is used for very
low-NA ebjectives when no condenser is
used. A mirror is a relatively inexpensive
item, but an important one.

The critical microscopist will, of course,
want to buy a first-surface mirror. This may
be of polished stainfess steel or evaporated

aluminum protected with a thin silicon
monoxide layer, This feature is especially
important for photomicrography because a
second-surface mirror will always have some
component of the outside two images of the
field diaphragm (one from reflection from the
top surface of the glass, the second from the
second internal reflection) in the field of view.
These may not even be seen visually but will
be recorded on the filu. Inexpensive first-
surface mirrors are available in 50 mm discs
from many optical supply houses. One of
these can be quickly attached to an existing
second-surface mirror with double-sided
adhesive tape to eliminate this source of poor
photomicrographs.

Built-in light sources are discussed in the
section on K@hler illumination.

Polarizing microscopes have a graduated,
rotating polarizer in the substage position. If
polars are purchased for qualitative polarized
light work and for photomicrography, they
should be selected for color. Those nearest to
absolute neutral gray, and not green, brown,
blue, or magenta, will serve best. Except
where high heat is encountered, wavelengths
outside the visible are used, or absolute
extinction is required, plastic polarizing mate-
rial is acceptable. For the exceptions noted,
calcite prisms are necessary. )

Stages

Stages on which the microscope slide prepa-
ration is placed for examination may be
square or circular and fixed, rotating, or inter-
changeable. Most stages are square and fixed
despite the fact that the circular, rotating stage
is far more useful, both for orienting a spec-
imen for visual examination and, especially,
for photomicrography. At least one currently
manufactured square stage also rotates.

Stages on polarizing microscopes not only
rotate, but they are aiso graduated in
degrees—an essential feature for work with
crystals, i.e., when measuring interfacial
angles and extinction angles. The type of
rotating stage depends on its quality and on
whether or not the stage is graduared. An
inexpensive rotating stage may rice only ona

layer of grease. More expensive stages rotate
on a single row of ball bearings; other stages
ride on two rows of ball bearings and rotate
with great precision. Graduated stages are
provided with a vernier that can be read to a
tenth of a degree. Some stages are centerable;
others are not, depending upon whether the
objectives or objective nosepiece can be
centered.

Glide stages are glass or metal plates that
slide on a layer of grease. Many square stages
and some rotating, circular stages have built-
in mechanical stages. Depending on the
design, this meay be more of a bother than an
attachable mechanical stage. The least desir-
able stage is a fixed square; the most desirable
is a circuiar graduated stage that rotates on
ball bearings.

Other features of some graduated, rotating
stages include a stage rotadon arrest or lock, 2
slow-motion control to the rotation, and a
device that can be set to allow click stops at
45° intervals of rotatien. Some stages have
openings where the condenser will be oiled to
the bottom of the slide. Others have a remov-
able metal plare in the center.

Mechanical Stage

The mechanicat stage is one of the most
usefn} accessories for a compound micro-
scope. The stage is a device both for holding a
specimen slide firmly in position and for
maoving it smoothly, either back and forth or
right and left. This feature is of particular
importance since it enables the user to scan a
slide easily in order 1o locate a suitable field
for photography. Then, if the mechanical
stage 1s graduated, it becomes possible to note
the gradustion figures for the position of a
specific field for future reference, in case the
same field must be relocated and, possibly,
rephotographed. :

A mechanical stage is not always included
with a microscope, 50 it is necessary for the
buyer to specify that one be included. If a -
microscope in use does not include this type
of stage, it is often possible to purchase an
attachable stage separately.

In the absence of & mechanical stage,
however, one should not overlook the simple
but highly useful stage clips that are normally
supplied with a microscope. Stage clips
should always be used to hold a specimen
slide in place during photomicrography when
a mechanical stage is not available,

Field Finder

In addition to a graduated mechanical stage,
another device for accurately relocating fields
on a specimen slide is called a freld finder.

13




This is a microscope slide containing a grid
with rectangular coordinates, which are
numerically identified.

When a particular field has been located on
& specimen slide, the shide is carefully
removed from the mechanical stage and the
field-finder slide is put in its place. The coor-
dinates for the visible field are thep recorded
for future reference. Whenever the original
feld must be relocated, the field-finder slide s
placed on the stage and the stage is adjusted to
the recorded coordinates, The specimen slide
is then substituted for the field finder, and the
original field is visible.

If = graduated mechanical stage is used to
locate and relocate fields, the technique is
satisfactory as long as the same mMicroscope ot
one with an identical stage is used. Graduated
stages, however, vary from ene manufacturer
to another, and often between microscopes of
{he same manufacture. The field-finder slide
provides the advantage of being interchange-
ahle berween microscopes. Field-finder slides
can be purchased either from biological
supply firms or microscope manufacturers.
They go by special names, such as Maltwood
finder, Lovins finder, England finder.

Several other methods exist for refinding
the same field of view which iavolve marking
the specimen slide itself. One of these
methods utilizes a so-called object marker.
This is a device shaped like an objective
which screws into the nosepiece like an objec-
sive, but which has a spring-loaded diamond
t0 scribe a circle on the glass. A similar object
marker uses a rubber stamp “o” that leaves a
circle of ink on the cover glass.

An inexpensive way of marking a field for
photegraphy is simply te cut out triangular
arrows from paper and glue them on the cover
glass with the point immediately next o and
above the specimer area of interest,

Accessories

Reticles or graticules are engraved glass discs
or glass-raounted microphotographs that lie
on the eyepiece diaphragm, where they are
brought into focus with the focusing eye lens.
This allows one to superimpose a scale, net,
profractor, or cross hairs on to the object
image so that measurements can be made.

" Srage micrometers are ruied glass or metal
plates, or reduced photographic scales on
microscope slides of known, accurate length
used to calibrate eyepiece micrometer scales.

Light filters are essential for use in bath
visual micrescopy and photomicrography.
They are used to (1) adjust the color balance
of the light to the best visual or photographic
condition, {2} absarb heat, (3} reduce light.
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Light filters are essential for use in both
visual microscopy and photomicrography.
They are used to

o Adjust the color balance of the light o
the best visual or photographic condition,

s Absorb heat,

o Reduce light intensity,

® Increase contrast,

e Provide moncchromatic light for special
purposes, such as refractive index deter-
mination, transmission interference mea-
surements, and phase contrast work.

These filters may be gelatin, or they may be
solid glass. Their use is discussed in detail on
pages 49 and 59.

A phase telescope provides an enlarged
view of the cbjective back focal plane for the
purpose of aligning the condenser annulus
and the objective phase plate ring. It is not
essential since the objective back focal plane
may be seen by simply looking down the
microscope tube after removing the eyepiece;
but it is convenient because of the enlarged
image obtained with it. The built-in Bertrand
lens in polarizing microscopes also provides
an enlarged view of the objective back focal
plane and can be used to align phase-contrast
systems.

Magnification

In photomicrography, image size {or magnifi-
cation) is controlled by the ragnifving
powers of the objective and eyepiece and by
the bellows extension (or eyepiece-to-film
distance). When you look into a microscope,
the visual magnification is equal to the
product of the magnifying powers of the
objective and eyepiece. When the micro-
image is projected from the eyepiece, this
magnification is reproduced at a distance of

“250 millimetres (10 inches) above the exit

pupil of the eyepicce, If the distance is greater
than 25¢ mm, magnification will be increased
proportionately; if the distance is less than
250 mm, magoification will be decreased
proportienately. For example, if the objective
is designated as 20X and the eyepiece as 10X,
visual magnification in the microscope will be
200X. Then, if the image is projected to a
ground-glass screen (or film plane) 500 mm
{20 inches} above the eyepiece, magnification
will be 400X. But, if the projection distance is
only 125 mm (5 inches), magnification will be
only 100X,

The magnification as engraved on objec-
tives is the nominal magnification. The actual
magnification is almost always slightly
different. For example, a 10X objective may
actually have a value berween 9.2X and
11.4%, and a 20X objective may actually have

2 value berween 18.4X and 21.8X.* When the -
exact tora} magnification is required, or when
the magnifying power of either the objective
or the eyepiece is unknown, or when the exact
evepiece-to-film distance is unknows, it
becomes necessary [0 measure magnification.
This can be done by means of 2 calibrated
scale called a stage micrometer, Such a scale
consists of finety ruled lines on a mICTOSCOPE
slide in decimal parts of cither inches or milli-
metres. In use, the stage micrometer is placed
on the microscope stage and its magnified
image is projected to the ground glass or film
plane of the camera. By measuring the separa-
tion of lines on the ground glass and com-
paring it with the original separation on

the slide, image size can be measured directly.
When no ground glass is used, the image of
the lines can be recorded on film and
measured there after the film is processed.
Totzl magnification can be carried through te
an enlarged print or projected slide image.

It is sometimes desirable to record a
micrometer scale image sinm:ltaneously with a
specimen image. This can be done in either of
two ways. The stage micrometer image and
the specimen image can be recorded together
by double exposure: first one image is )
exposed, then the other, on the same film. In
this case, it is advantageous to have 2 microm-
erer scale with white lines on a dark back-
ground. Another technique is To vs¢ 2
focusing eyepiece with a micrometer scale
included. In this case, the micrometer scale in
the eyepiece is calibrated with a stage
micrometer beforehand o that the line sepa-
rations will be known. Then, both eyepisce
scale and specimen image ate recorded in one
exposure. The calibration of the eyepiece
micrometer must be repeated with every
change of film distance or objective,

1f magnification in the microscope is
carried beyond the point of resolution, no
more detail is resolved. This condition is
calied empty magnificatior. The NA of an
objective can be used ro estimate magimum
nseful magnificatior. Multiply the NA value
by 1000 to obtain a figure that, although not
exact, is close enough for practical purposes.
Jadgment of useful magnification involves
visual acuity, which varies ameng observers
and can change the value by a factor 0f 2. An
NA of 0.65; ther, will ailow usefu} magnifica- ’
tion ap to 650X. If moze magnification and
better resolving power are wanted, use a lens
with a higher NA (see Fig. 1-9).

The 1000X NA rule to determine
raximum useful magnification was the basis
for the following table:

#Acrually observed values, not manufacturing tolerances.
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Fig, 1-9

EMPTY MAGNIFICATION-
The image at the top is nsuffi-
cently shavp because 1t was made
witha low-power, low- N objacirve
and subsequently enlarged for re-
preduction. The image below was
made 6 sufficient size for reproduc-
tion with an objective of high NA
and kgh magnification.

Maximum Useful Magnification for Some Common Objectives

Common Initial Numerical Working Useful

Objectives Magnification Apertare Distance  Magnification
Achromar (40 mm) 3X 0.12 35 mm 120X
Achromat {16 mm) 10X 0.25 16 mm 250X
Apochromat (8 mm) 20X 0.65 0.7 mm 850x
Apochromat (4 mm) 40X 0.95 0.12 mm 1000X
Apochromat (2 mm) 90X 1.30 0.11 mm 1300X

‘The last column shows the magnification
beyond which no further detail is revealed. It
is interesting because it suggests that the
maximum useful magnification of the light
micrescope is 1300X, or perhaps 2000X art the
very limir. Many research microscopes using
100X objectives, 25X eyepieces, and 2 tube
factor setting of 2 easily achieve magnifica-
tion of 5000X, but the fact is that no more
detall is revealed at this magnification than at
1500X. One simply gets a larger, fuzzy image!
See Figure 1-9 again. No matter how many
more times Figure 1-9a is magnified, it will
not show any meore detail than it already has.*

In the last century, before the concept of
numerical aperture had been discovered and
formalized, magnification was thought o be
the sole criterion for revealing detail, Many a
time the story is teld of 500X objectives being
made and microscopes placed on top of other
microscopes to enlarge their images still
more. [ncredibly high magnifications were
achieved without revealing any more detail
than was revealed with a magnification equal
to 1000X NA of the initial objective. This
mistake is still made today, and questions as to
the highest power of a microscope demon-
strate ignorance of the roles of numerical
aperture and wavelength in revealing spec-
imen detail. Review the discussion of diffrac-
tion theory on page .

Depth of Field and
Depth of Focus

In ordinary photography, depth of field is
considered as the distance from the nearest
object plane to the farthest object plane in
acceptable focus. When objects are a consid-
erable distance from the lens, depth of field is

large, but with objects closer to the lens, the

depth of field decreases rapidiy. At closest
focus with the normal camera lens, the object-

*The 1000X NA Hmit is based on Abbe’s estimate of -
visual acuity. Several workers regard this as an overes-
timation and consider 1000K NA as the minimum for
most people (assuming a viewing distance of 250 mm).
They regard 2000X. NA or even 4000X NA as
comfortable and therefore not empry.

to-lens distance is still several times the lens-
to-image distance.

In photomicrography, as in micrescopy, the
object-to-lens distance is considerably less
than the lens-to-image distance. Depth of
field is exceedingly short and is expressed in
micrometres. The equation for photomicro-
graphic depth of field, d, is

Ay 0 S (NAP
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where A 15 the wavelength of light heing used,
n is the refractive index of the medium
between objective front lens and specimen
slide, and NA is the numerical aperture. A and
d must be expressed in the same units, Thus,
if d is desired in micrometres, A must be
expressed in micrometers (white light may be
taken at 0.55pm). '

New this is a very interesting equation. It
shows how much depth within the specimen
plane will be in sharp focus at any one focus
setting, Generally speaking, you would like
depth of field tc be large, as it is already going
to be quite shallow just from the nature of a
system in which the lens is brought very close
to the subject. If you want d to be large,
notice that A should be large, i.e., roward the
red end of the spectrum (but remember that
this is the exact opposize of what is required
for maximum resclution). Note, too, that n
should be large, i.e., immersion systems are
suggested. This is useful because high a
favors high NA, which in turn is required for
good resolving power. But observe the effect
of the value of NA on the formula. Taking the
square root of the difference in the squares
reduces the effect of (NA)2 in the numerator,
leaving the (NA)? in the denominator to have
a profound effect on d. Specifically, as NA
inereases, d rapidly decreases, In other words,
large depth of field is favored by Jow NA. But
recall that this is the exact opposite of whar is
required for maximum resolution. Since it has
already been indicated that the setting of the
aperture diaphragm in the condenser controls
the NA on which both the resolving power
and depth of field depend, the correct use of
this diaphragm is of the utrnost importance.
In practice, the photomicrographer adjusts the
aperture diaphragm to achieve a compromise
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between resolving power and depth of field.
The proper setting of this diaphragm is
discussed in the secrion on illumination.

The following rabulation shows the
approximate depth-of-field values for dry
objectives of various numnerical apertures.
Depth of field ziso decreases as wavelength
decreases, so computation for only one wave-
length, green, is shown here.

tion for those able to accommedate for an
object distance of 250 mm.

In phoromicrography, however, the image
is recorded on the film in one plane. Any
pronounced difference between depth of field
and specimen thickness may affect the quality
of the recorded image.

Be careful not to confuse depth of field
with depth of focus. Depth of field, which is

Variation in Depth of Field with Change in NA (green light)

NA 0.25 0.30

0.50 0.65 0.85 0.95

Depth (in pm) 8.52 5.83

1.91 0.99 040 0.19

Tt is ciear from the table that depth of field is
extremely small for objectives of high NA.
Focus of the image with objectives of high
NA becomes very critical, and just a touch of
the fine-focus adjustment on the microscope
may cause the image to go out of focus. This
very limited feld depth also presents a
problem when the specimen is too thick for
the objective in use. The out-of-focus areas
within the specimen will scatter and diffuse
the Hght passing through, affecting the
recorded image quality in photomicrography.
Ideally, the specimen should be no thicker
than the usable depth of field for a given
objective, but this is seldom achieved. For
instance, the average histological section may
be around 8 ym thick, yer the greatest depth
of field with, say, the 40X/0.65 objective is
about  pm. Thus, the section in this exampte
has 7 um of cut-of-focus image. Notice in the
tabulation that an objective of NA 0.25 would
have a depth of field of about & pm. So, the
apertire diaphragm could be closed down
until the effective NA of the system was
reduced to (.25, in which case the entire
thickness of the section coutd be recorded.
Note that reducing the NA from 0.85 10 8.25
severely cuts down on the resolving power.

The problem is not so acute when the spec-
imen is examnined visually in the microscope,
since the eye can rapidly accommodate for the
actuai depth, Then, too, the microscopist
constantly changes focus from top to bottom
of the specimen in order to see the entire
structure. Visual depth of field is apparently
greater than photomicrographic depth of field
due o eye accommodation, Visual field depth
{in millimetres) is: :

250
Mz

where M is the total microscope magnifica-
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what we have been discussing, is in the plane
of the specimen. Depth of focus is in the plane
of the film; it is the depth of the image in the
fiim plane that is in acceptable focus. Depth of
focus (d') is related to depth of field (d), in the
following way:

d =dX M2
where M is the total microscope
magnification.

This equation holds a surprise. If you
substitute the appropriate values for, say, a
4% /0.16 objective and & 100X/1.3 objective,
and use both with a 10X eyepiece, you will
find that the'100X oil-immersion objective
gives a greater depth of focus than the 4X
objective, even though its depth of field is
much less. This fact is important 10 remember
when checking a photomicrographic unit for
focus correspondence between the visual
image and the film plane, See page 43.

While small errors in focus sefting are not
apparent in photomicrographs made with
high power objectives because of relatively
large depth of focus, the same errors may be

readily apparent in low power phetormicro-
graphs. The tabie gives an indication of the
relative magnitude of the image depth at
various magnifications.

Eliminating
Spherical
Aberration

Selection of Cover Glass

Most objectives intended for nse with trans-
mitted light must be used with covered speci-
mens; that is, a cover glass must be mounted
over the specimer. The thickness of the cover
glass is specified as either 0.17 mm or 0.18
mm, depending on the manufacturer. The
specification for cover-glass thickness results
from the facz that objectives are corrected for
spherical aberration only when used with a
cover of the right thickness. Deviation from
this thickness can result in appreciable over-
correction or undercorrection for spherical
aberration, particularly with high-aperture,
dry objectives.. Either condition will resuit in
poor photonicrographs. ]

The quality and thickness of the cover glass
are controllable factors of great importance
for the best image quality. For best results in
photomicrography, cover glasses should be
scrupulously clean and within a thickness
range of 0.16 mm to 0.19 mm (No. 1%).

One way to prevent the problem of incorrect
cover glass is to prepare the specimen prop-
exrly, This is, however, not as easy as it sounds.
The objective sees not just the cover glass but
the mounting medium above the specimen,
and perhaps even a part of the specimen itself.
That is, the objective “sees” the total optical
path length of the same refractive index from
specimen to top of cover glass, Motnting the
specimen directly cn a measured cover glass,
and then to a slide, reduces the amount of

Image Depth in the Intermediate Image Plane as a Fanction of
Objective Magnification

Image Depth (mimn)
Objective Magnification 5 wm specimen . 8 um specimen 10 ym specimen
25X 0.031 0.050 0.063
4% 0.080 0.128 0.160
6.3% 0.198 0.318 0.397
10X 3.50 0.80 1.00
16X 1.28 205 256
25X 3.13 5.00 6.25
40X 8.00 12.8 16.0
63X 19.8 31.8 107
100X 50.0 80.0 100.0




Selecting Cover Glass Thickness

Required Thickness (mm)

NA of Objective Continental Objectives U.S. Objectives
0.07-0.30 Use with or without cover glass.
0.50--0.65 017 £ 005 018 £ 0.05

(and all oil immersion)
0.70-0.95 0.17 + 0.01 0.18 + 0.01

moutning medium in the optical path, Tt is
possible to mount specimens in this way, but
is not commonly done. It is safer to assume
that there will be some abberatien introduced
even with measured cover glasses and 1o
concentrate on ridding the system of it.

What changes in cover-glass thickness are
significant? And how can you correct for
aberrations introduced by incorrect cover-
glass thickness? Objectives with NA 0.30 or
less {typically objectives of 10X or less} can
be used with or without a cover glass. Objec-
tives with NA 0,50 to 0.65, and all immersion
objectives, should be used with cover glasses
no more than +0.05 mm from the thickness
recommended by the manufacturer. High-dry
objectives, .., those with numerical apertures
of 8.70 through 0.95, are the most sensitive to
incorrect cover-glass thickness. Objectives
with NA 0.70 to 0.95 should be used with
cover glasses that differ by no more than
+0.01 mm from the thickness recommended
by the objective manufacturer. Objectives in
this sensitive range will usually have the
recommended cover-glass thickness engraved
right on the objective’s barrel along with the
magnification and numerical aperture, e.g.,
40X /NA 0.95/0.17. Generally speaking, 1J.S.
and British objectives are corrected for cover
glasses 0.18 mm thick, and continental and
Asiatic objectives are corrected for nuse with
cover glasses 0.17 mm. There are exceptions,
so that ene should always read the legend on
the abjective in use. A machinist’s micrometer
of gither the drum type or the dial type, In
English or metric units, serves to measure
individual cover glasses for critical use,

With a layer of mounting medium between
the specimen and bottom of the cover glass,
some spherical aberration is bouad to be
introduced. Spherical aberration in Images in
the 400X to 600X. range are commonly seen
in the published literature. Photomicrography
at higher and lower magnificaticn is compara-
tively much easier. Photomicrography with
high-dry objectives is most difficulr Burit
nzed not be, It only remains to cancel out the
introduced spherical aberration by deliber-
ately intreducing more spherical aberration of
the opposite sign and magnitude.

The three major ways of eliminating spher-

ical aberration due to too thick or too thin
cover glasses are (1) to alter the mechanical
tube length, (2) to alter the optics, or (3) to
make use of immersion objectives in the

40X to 63X range.

Mechanical Tube Length
Method

Mechanically adjusting the rube length varies
the distance berween the objective and
eyepiece. Whether or not this method can be
used depends on the kind of body tube one
has on the microscope. See the discussion of
Tube Length, page 10.

Tf the microscope is equipped with a draw-
tube, it is normally set to either 160 mm or
170 mim, depending on the manufacturer. I
now & photomicrograph needs to be made of a
specimen using a high-NA, dry objective,
proceed as follows: Focus carefully on some
fine detail within the specimen—the granules
in lencocytes in a blood film, for example.
Now, arbitrarily change the drawtube length a
few millimetres either way. First you will
have to change the focus slightly because the
focus and magnification will have been
slightly changed. Then evaluate the image;
1., ask yourself whether the change in
mechanical tube length has improved the
quality and clarity of the image. I there was
an Improvement, continue to shorten or
lengthen the tube in the same direction that
effected the improvement and repeat the eval-
uation. If the initial change resulted in image
deteriorarion, proceed in the opposite direc-
tion. Continue 1o change the tube length by
trial and error in this manner until the best
quality image is found. This will be the point
where the system is free of spherical aberra-
tion, and 2 high-quality photomicrograph will
result. Unforfunately, most modern microscapes
do not have a drawiube so that this convenient
and inexpensive method cannot be used.

Even with a drawtube, this method doesn’s
always work because if the cover glass is of
incorrect thickness, chances are it will be too
thick rather than too thin, And too thick
covers are compensated for by closing, i.e.,
shortening the drawrube. The closed position
on many drawtubes may be restricted and

prevent the tube from being closed enough to
effect enough correction. Usually there is
pienty of draw for too thin covers. In fact, too
thin covers can sometimes be corrected even
on microscopes with rigid body mbes by
drawing the entire eyepiece out a bir, thereby
effectively increasing the tube length. In the
absence of a drawmibe, one of the following
methods must be used.

Optical Methods

One of the best methods of eliminating spher-
ical aberration due to incorrect cover-glass
thickness is through the use of objectives
equipped with correction collars.

Because the majority of specimens are no?
mounted directly to precisely measured cover
glasses, microscope manufacturers provide
high-dry objectives (NA 0.85 to 0.93) with
correction collars. A spring is placed between
the front lens and the rear lens systems
instead of a fixed spacer. A kourled ring
arcund the outside of the objective can be
turned to vary the distance between the
lenses. The ring wsually bears a fiducial mark,
and a scale is provided indicating actual
cover-glass thickness (0.11 to 0.23 mm) or
arbitrarily numbered divisions. In use, you
should set the mark at mid-range and focus on
some fine detail in the specimen, With cne
hand on the, objective correction collar and
the other on the fine-focus adjustment, turn
the collar slightly in either direction, touch up
the fine focus, and compare the image quality
with the first setting. If the image improves,
centinue to change the collar in the same
direction. If the image deteriorates, turn the
coliar in the opposite direction. Continue this
process of changing the correction collar
setting, adjusting fine focus, and image evalu-
ation uniil no further improvement in: image
quality results. Only then make the
photomicrograph.®

Immersion Objective Method

Of all the methods 10 eliminate spherical
aberration due to too thick or too thin cover
glasses, the immmersion objective method is the
best, It will be recalled that the spherical
aberration is due fo either too long or 100
short a light path through specimen,
mounting medium, and glass before refrac-

*The Jackson tube-length corrector, once made by a
British firm, served the same purpose as the built-in
correction collar. The Jackson tube-length corrector
consisted of a lens system that fit between the objective
and the body mbe. A krurled ring changed the
internal lens position, thereby changing the mbe
lengih optically.
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tion takes place at the glass-air interface. By
replacing the airspace with an immersion ol
that has zbout the same refractive index as the
glass and mounting medium, the glass-air
interface refraction is eliminated, and along
with it, the problem itself. Use of immersion
objectives is described in the next section.

Cover-glass thickness is not as critical with
oil-immersion objectives when the refractive
index of the oil is nearly equal to that of the
cover glass. This refractive index may vary,
however. With immersion objectives of

" highest aperture {NA 1.2 and 1.4), it is still
important to use cover glasses within the ideal
thickness range, While cover glasses of other-
than-specified thickness can be utilized in
visual microscopical examinations, it is good
practice to use a cover glass of the correct
thickness in case a photomicrograph is
required.

Objectives intended for use with reflected
light require special objectives for uncovered
objects. No cover glass is used over the spec-
imen. Objectives of this type may be marked
with a dash () where cover glass thickness is
ordinarily indicated, or they may be marked
o.d. (German for ohne decke—without cover).
This principle applies mainly to metallogra-
phic microscopes and metal specimens, and
their use is described in the section on metal-
lography, page 80.

Still another series of objectives are
corrected for infinite tube length, rather than
some fixed distance. Objectives of this type
witl be marked with an infinity symbol (cc).

Use of Immersion
Objectives

To achieve high magnification and high
resolving power in 2 photomicrographic
system, it is necessary to use immersion objec-
tives. Recall from the theoretical consid-
eration discussed in the Numerical Aper-
ture section that a dry system is limited to a
practical numerical aperture of 0.95, and that
this places a limit on the ultimate resolving
power. Resolution of fine specimen details
requires that the minimum numerical aper-
iire in the condenser-specimen-objective
system be 1.00 or greater. This is achieved by
placing a liquid between the specimen cover
glass and the front lens of the objective and,
for NAs greater than 1.00, between the top
lens of the condenser and the bottorn of the
slide.

Tmmersion objectives in the 40X to 63X
range are not used as often as they should be.
There are probably three reasons for this:
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(1) ignorance of their benefit, (2) expense, and
(3) the additional technique involved. Immer-
sion objectives in the 40X to 63X range have
several benefits over high-dry objectives.
They are usually of higher correction
{fluorites or apochromats), and they almost
always have higher numerical apertures

{1.0 to 1.4) compared to high-dry objectives
(0.65 1o 0.95).

Immersion objectives can be used with
larger aperture diaphragmn openings, yielding
greater actual utilization of numerical aper-
ture. Immersion objectives are, however,
more expensive than high-dry objectives
without correction collars. Many microsco-
pists regard immersion systems as messy and
a bother. It is true that the use of immersion
systems requires more time and care,
including cleanup afterward. For the highest
guality photomicrography, the additional time
and technique is well invested.

The upper theoretical limit of the
aumerical aperture for immersion systems is
the refractive index of the liquid with which
the objective is used. Immersion systems have
been computed for water (n = 1.33), glycerin
{n = 1.47), cedarwood il or synthetic
immersion oil {n = 1.515), and monobron-
cnaphthalene {n = 1.66). The most common
of these is oil immersion. Objectives intended
for oil immersion will be marked variously—
0il, oel, HI (for homogeneous immersion)—or
will simply be marked with an NA of 1.0 or
greater, Water immersion will be similarly
marked water, water immersion, wasser, or W1

Immersion oil can be obtained from
biclogical supply firms, science supply
houses, and microscope manufacturers or
their dealers. For critical use, the dispersion
(as well as the refractive index) of the oil
should be that recommended by the manufac-
turer. It is best to use oil supplied by the
manufacturer of the objective, unless the
dispersion is known and can be matched. In
the past, many immersion oils were made
with polychlorinated biphenyls (PCBs).
Alrhough these are no longer made, exireme
care should be taken to avoid skin contact or
ingestion if they are encountered. Oil immer-
sion objectives should not be used with glyc-
erin or other media for which they were not
designed.

A bottle of immersion oil should never be
shaken, since air bubbles may be introduced.
A single, microscopic bubbie under the objec-
tive lens will cause flare, which will lower
contrast and affect image quality. Also, the
bottle shouid never be left open fo the alx,
since dust may setile on the oil. Dust or other

*See Diffraction Theory and Resolution page 9.

debris in the oil will impair image quality.

When the NA of the objective exceeds
1.00, oit should be placed between the
condenser top lens and bottom of the slide. If
oil is omitted here, the system NA wili not
exceed 1.0 regardless of what is engraved on
the objective. Common 100X oil immersion
objectives have an NA of about 1.25 (up to
1.40). The objectives are almost always used
oiled to the wp of the cover glass, but the
slide is seldom oiled to the condenser. [t must
be realized thaz under these circumstances the
NA is not 1,25 as engraved, but 1.0 or less.
Only if the condenser is oiled te the slide witl
the full NA and resolving power be achieved.
The only possible excuse for omitting oil
from the condenser top lens is thar most 100X
objectives in use are achromatic and aimost
always require some closing of the aperture
diaphragm, which will reduce the NA
anyway. If this is the reason, it is excusable—
as long as one realizes the resolving power
limitation.

To achieve full resolving power and NA
from objectives with NA greater than 1.0, oil
the condenser to the bettom of the slide
before attempting to focus the objective.

(If the objective has NA less than 1.0, start
with Step 6 below.} Follow this sequence:

1. Make sure that the condenser is made for
immersion use. If it is not engraved with
an NA of 1.00 or greater, do no¢ immerse
it

2. Remove the specimen slide from the stage

and place 2 drop of oil on the rop lens of
the condenser.

. Rack the condenser down slightly.

4, Place another drop of oil on the bottom of

the slide under the specimen.

. Rack the condenser up until the oil ¢n the

condenser top lens contacts the oil on the
bottom of the slide.

LI
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(Start here if the condenser is not being otled to
the boitom of the skide.) _

6. Find a suitable field on the slide with a
low-power (dry, 10-25X) cbjective.
Locate the area of interest in the very
center of the field, Focus the substage
condenser to image sharply the field
diaphragm in the plane of the specimen
(as described in the section on setting up
correct illumination according to Kohler).

7. Raise the body tube or lower the stage
using the coarse focus contro! and move
the oil-immersion objective into position.
(Some oil immersion objectives are made
sc that the lower half can be retracted up
into the upper haif, making it unnecessary
to move the coarse focus.)

8. Place a small drop of oil on the front of




the objective and another smali drop on
the cover glass over the area of interest.
This technique will prevent formation of
air bubbles. The drop of oil on the front
of the objective is frequently omitted, but
this is a mistake, particularly with many
modern plane objectives that have
concave front lenses. Omitting the oil
droplet on the objective front lens is
asking for entrapped air and the resulting
flare.

9. Using the coarse adjustment, bring the
objective lens and specimen slowly
together until the oil on the lens contacts
the oil on the cover glass. A flash of light
will occur at this moment, visibie when
the eye is close to the level of the lens.
DO NOT PERFORM THIS STEP
WHILE LOOKING INTO THE
MICROSCOPE. Always observe the oil
contact from stage level. Now, while
{ooking into the microscope CARE-
FULLY continue to bring the objective
and specimen together with the coarse
adjustment while warching constanmily for
specimen focus.

10. Now use the fine adjustment on the micro-
scope for final focus of the specimen. {It is
poor technique to resort to the fine adjust-
ment immediately after making oil
contact. The distance is likely to be so
great that the fine adjustment will run to
the end of its travel without ever getting
the specimen in focus.)

The careful use of immersion objectives is
one of the techniques in microscopy that
needs to be practiced to achieve perfection.
Carelessness at this poing may result in
damage to specimen or cbjective. Immersion
objectives have very short working distances
(as small ag 0.09 mm).

Many microscope users end up with oil all
over the stage from moving the shide around.
The oil on the bottom of the slide is dragged
onto the stage when the specimen is scanned.
All microscopes intended for advanced tech-
niques have a stage insert that is removable.
The opening in the stage is frequently ina
removable metal disc. Removal of this stage
insert allows scanning of large specimens
without getting oil on the stage. In polarizing
microscopes, the opening is especially large,
as it is made so for use with the universal
stage. Sorme microscope stages are made with
large, wide-oval stage openings for use with
oiled condensers.

Immersion oils may come in various viscos-
ities. For ordinary immersion use with the
microscope in its normal, vertical position,
the medinm viscosity is perfectly adequate.

More viscous oil is used with long-working
distance condensers, with horizontal metallur-
gical microscopes, or with projection micro-
scopes where heat may be a probiem. Light
oil 1s used for objectives and condensers with
high NA and very short working distance, or
in colder environments.

When you are through using the oil-
immersion lens, remove the oil. So-called
nondrying immersion oils do solidify. If the
oil is not cleaned off the objective lens, it will
dry and effectively change the curvature of
the front lens. When the lens is used later, the
image will appear to suffer from severe astig-
matism. Gently wipe the front surface witha
clean, dry lens tissue then follow by wiping
with a tissue dampened with a suitable
solvenr.* Remove oil from the slide and the
condenser, If necessary, in the same manner.

*Use the solvent recommended by the objective manu-
facturer. When no recommendartion is available, use
L,1,1-richloroerhane (Eastman Organic Chemical No.
T3613) in preference to benzene, xylene, or related
compounds. '
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Chapter Two

MICROSLIDES

How Microslides
Are Prepared

Basically, any transparent specimen to be
examined or photographed through a micro-
scope is mounted in a suitable medium on a
microscope slide and covered with a cover
glass. The specimen is often colored by means
of various biolegical stains to procuce
contrast and visualization of structural details.
Tissue sections and smears are COMIMON Lypes
of specimens prepared for the microscope
although many other subjects can also be suit-
ably prepared.

The actal techniques used in slide prepa-
ration can be quite involved and complex, and
will not be explained in detail in this book.
However, the fundamentais of slide prepara-
tion will be reviewed briefly. More detailed
explanations can be found in books on
microscopy and microtechniques.

A wide selection of prepared microslides is
available by mai! order from several scientific
and biological supply firms. These slides
include tissue sections, smears, and many
other types of specimens. Prepared slides are
used extensively in classroom instruction in
biology, botany, zoology, paleontology,
geology, mineralogy, petrography, microbi-
ology, medicine, criminalistics, and materials
science. See Appendix L.

Slides and
Cover Glasses

Normally, 2 specimen is mounted on a glass
slide that is usually 3 inches long and 1 inch
wide {76 rarn x 25 mm). All brightfield micro-
scopes are eguipped to handle slides of these
dimensions. Larger slides are also used,
although less often than the 1 & 3-inch size.
The larger sizes (1% x 3-inch or 38 x 76 mm
and 2 x 3-inch or 51 x 76 mm) will accom-
modate either large sections or a long series of
sections. Standard petrographic and metallo-
graphic slides are shorter than biomedical
slides (1 x 2-inch or 25 x 51 mm).

The surface of the slide should be flat. Also,
the glass should be of high quality and chermi-
cally stabie {corrosion-resistant) since it may
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be subjected to many reagents, All commer-
cially available microscope slides are
normally produced with these characteristics.

The thickness of the microscope slide is of
definite importance when high-power photo-
microgrephy is considerad because the high
riumerical aperture condensers necessary for
high NA objectives have shorter free-working
distance. Condensets are designed for use
with slides of specific thickness, within a
narrow range of wlerance. Unforiunately, the
specifications for slide thickness vary with
different microscope manufacturers. One
condenser, for example, may require a slide
thickness of 1.2 mm, whereas another may
specify 1.6 mm. The specification for slide
thickness is related to the numerical apertare
and working distance of the condenser. Slide
thickness is less critical for visual microscopy
or for photomicrography at lower power
when the top of the condenser is removed, In
this case, the condenser has a much longer
working distance and the actual slide thick-
ness 1s unimportant.

If a specimen is to be photographed at high
magnification, however, it may be necessary
to make a special preparation on a slide of the
correct thickness, as specified for the
condenser in use. In general, however, a slide
thickness of 1.0 mm is acceptable for mos:
subjects to be examined or photographed at
both low znd high magnifications.

The cover glass is usually a circle, square,
or rectangle of very thin optical glass. Various
sizes are available for the different shapes, but
if a 25 x 76 mm skide is used, the cover glass
should be of suitable size to fit the slide. The
most common size for a | x 3-inch slide is
22 mm, either round or square. Rectangular
cover glasses should be less than 25 mm wide.
Smaller sizes are used occasionaily for small
specimens. Plastic cover glasses should not be
used for photomicrography.

Tdeally, the apprepriate thickness of the
cover glasses (either 0.17 mm or .18 mm)
should be as specified by microscope mant-
facrurers. Cover glasses are available in
different thickness ranges as No. 0, No. 1, No.
1%, No. 2, and No. 3. Each mamber indicates
a narrow range of thicknesses, with No. 0
being the thinnest and No. 3 the thickest. The
complete range is from less than 0.1 mm to

25mm Imm

75 mm | SLIDE

COVER GLASS

D=22mm

QI7-01 8 mm

Fig. 2-1
DIMENSIONS OF SLIDES
AND COVER GLASS

slighily over 0.3 mm. A box of No. 1% cover
glasses includes the ideal range of 0.16 mm to
0.19. It is therefore best to prepare a micro-
slide with the No. 1% cover glass. The only
exception would be for preparation of some
whole mounts, where a thick cover glass (No.
2 or No. 3) would be of advantage. (For a
description of whole mounts, see page 22.)
When the right thickness of cover glass is




Fig, 2-2

COVER GLASS THICK-
NESS-—-In an actual analysis of the
thickness distribution of No. 1%
cover glasses in samples from fuwo
different manufacturers, the result
was as shown. The mean thickness
Sor batch A was 0170, ideal jor
contmental objectives. The mean for
sample B was 0.180, ideal for

«  American or British objectives.
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psed, the slide can be routinely examined
visually and will be cotrect for most photo-
micrography, particularly with a high, dry
objective. (See the previous discussion on
Selection of Cover Glass, page 16.)

Tissue Sections

Many of the specimens prepared for the
microscope are very thin transparent slices, or
secttons, of biological marterial, usually either
animal or plant tissue, Sections are cut on an
inscrument known as a microfome. A block of
tissue is held firmly in a clamp and passed
over the edge of a very sharp, stationary knife
blade to produce a thin slice of the material.
The thickness of the slice is controlled by a
setting on the microtome. Serial sections, one
after the other, of the same thickness can be
cut i, this way.

For larger pieces of tissue, a skding micro-
torme, where the block remains stationary and
the knife moves back and forth to cut thin
slices, is used. A very large and heavy version
of sliding microtome is the sledge microtome
with a massive bed which holds the specimen
stationary while the knife is pushed or puiled
pver the specimen in a planing action, This
microtome is essential for curting harder
specimens, such as wood.

Most tissue specimens, however, are not
hard enough to be placed in the microtome
and be cut without preliminary preparation.
The tissue must first be fixed and hardened
with a chemical reagent. Then it is dehy-
drated, cleared, and placed in a bath of
embedding matrix such as molten paraffin
wax where it is left long enough for the wax
o impregnate the tissue. The impregnated
tissue is then embedded in a larger block of
paraffin. This is accomplished by placing the
impregnated tissue in a box-like moid
containing melted paraffin. The mold is
cooled rapidly by immersing it in cold water
to harden the paraffin and to prevent crys-
tallizarion, The result is a block of wax
coutaining the tissue specimen. This block is
trirmmed 10 a convenient size and attached to a

holder that is inserted in the microtome
clamp.

Sections are cut on a microtome either indi-
vidually or as ribbons. A ribbon is a long
chain of sections that cling to each other at the
edges. Either one section or a short ribbon is
placed on 2 microscope slide that has been
treated with an adhesive material. The
embedding medium is then removed by
bathing the slide in a suitable solvent. The
sections fastened to the slide are usually
coloriess and practically transparent, unless
stained (see below) before embedding. Little
or no detail would be visible if they were
examined in an ordinary microscope. In order
to render the details visible, the sections can
be colored with a sfaimn; many different biolog-
ical stains are used for the purpose. Double
statnmg—that is, the use of rwo selective
stains—is common in order to differentiate
between specific parts of a specimen. For
example, with enimal tissue the nucleus of a
cell might become stained with one color and
a different stain might color the cytoplasm,
the area of the cell around the nucleus. The
Most cormmon stains used for animal rissue
sections are hematoxylin and eosin. These
stains appear as blue and light red, respec-
tively. (See Kodak Publication No. JJ-281,
EASTMAN Biological Stains and Related
Products.)

Many other colored stains are also used in
both plant and animal histology. Some tech-
niques utilize triple, quadruple, and even
quintuple staining. Single stains are used
rarely.

When tissue sections are to be prepared, it
would be best for photomicrography if they
were as thin and as well stained as possible.
Thick sections present a problem when
photomicrographs are to be made at medium-
to-high magnification. There are limits in the
preparation of thin specimens by the paraffin
technique. Sections thinner than 4 or 5 pm are
difficult to make. However, sections ag thin as

1 or 2 pm are needed for high-magnification

work, both visually and photographically.
To make ultrathin tissue sections, it is

necessary to prepare them differently and to
use an impregnating and embedding
substance other than paraffin. Commonly
employed in place of parzaffin are the metha-
crylate and epoxy resins. Sections are cat on
an ultramicrotome that has either a glass or a
diamond cutting edge. This rechnique is
commonly used in preparing sections for elec-
troi microscopes.

Another technique for sectioning tissue for
the light microscope involves quick freezing.
Tissues can be hardened sufficienty by
freezing so that the usual impregnating and
embedding techniques are eliminated. The
material to be sectioned is usually fresh and
may be either fixed or left unfixed. The prin-
cipal advantage is speed since the steps of
freezing and sectioning can be carried out in
minutes—compared with hours for the
paraftin technique. The disadvantages are
relatively thick sections, less clarity of detail,
and the inability to handle large pieces of
tissue because they do not freeze entirely
throughour. In pathology, however, the ability
to make stained, mounted specimens of
human dssue in a very short time is a definite
advantage.

No matter how a section is made, it 1
mounted on a microscope slide, stained,
topped with a drop of suitable mounting
medium, and covered with a cover glass. The
microslide is then ready for viewing or for
photography through the microscope,

Smears

Preparing certain types of specimens by
smearing is relatively simple compared with
making tissue sections, A sample of fluid
material—such as blood, a bacterial culture, or
an exudate—is spread in a thin layer on a clean
microscope slide. The smear is then dried and
fizxed. A mounting medium is epplied and the
specimen is covered with a cover glass.

The methods of smearing vary slightly for
different types of specimens. Blood smears are
the most commmon and are made routinely in
hermnatology laboratories. Tiwo methods of -




making biood smears are practiced. In the
first method, a drop of blood is placed ona
clean slide abour 1 to 2 cm from the end. A
second slide, held at abour 45° and in contact
with the first slide, is allowed to touch the
blood so that capillary action distributes the
blood along the traiting edge of the slide.
The slide is then pushed forward quickly to
produce a thin smear on the bottom slide.
The smear is allowed to dry in air and it is
then ready for figing.

The second method for blood smears
involves placing a drop on a clean square
cover glass. A second clean cover glass is
touched to the drop of blood on the first and
then dropped diagonaily across the first giass.
The bloed spreads quickly between the two
giasses. The two cover glasses are separated
immediately, by grasping two projecting
corners and puiling with a smooth motion.
Fach cover glass then contains & srmear that
can be dried in air, fixed, and mounted on a
clean slide. Wright’s stain, a combination of
methylene blue and eosin dissolved in methy]
alcohol, is commonly used for fixing smears
in the United States.

Preparation of bacterial smears and smears
from exudates is even simpler. A drop of
dilute liquid material is picked up with a
small wire loop. The drop is then smeared cn
a clean slide by moving the loop either back
and forth or int a circular motien, in contact
with the slide, The smear is then dried and
stained, and a mounting medium and cover
glass are applied.

Whole Mounts

“There are many specimens that are mounted
directly ento microscope slides in specific
media without resort to either sectioning or
smearing. These include small insects,
protozea, crustacea, pollen grains, and fibers.
The techniques of preparation and mounting
are quite diverse. The reader is therefore
directed 1o literature on microtechniques,
found in most scientific and biological
lbraries. Many types of whole mounts can
also be purchased as prepared slides from
supply firms.

Mounting Media

Microspecimens for a transmitted light
microscope are nearly always mounted in
some kind of medium, on a slide and unde_g a
cover glass. The purpose and characteristics
of the medium vary, depending on the type of
specimen. Mounting media basically are
divided into two classes—those suitable for

permanent mounts and those suitable for
FRmMpOrary mounts.

For stained tissue sections and smears, the
mounsant is usually permeanent; it protects
and preserves the specimen for future swdy
or photography. The medium must be reasoti-
ably colorless so as t produce a nentral back-
ground and not degrade the specimen colors.
A mounting medium should have & refractive
index fairly close to that of the specimen in
order 1o produce the highest degree of trans-
parency. It should not chemically affect the
slide glass or the specimen and should not
cause stains to fade. Also, it must adhere
to glass.

A permanent mounting mediam is usually
either a natural or synthetic resin. Canada
balsamn is probably the most well-known
example of a natural Tesin. It has been used as
a mounting medinm for over a hundred years,
and is still commercially available from many
sources. Slides prepared with this medivm,
however, tend to become yellowish with age if
the cover glass is not sealed at the edge 1o
prevent oxidation, Specimen slides may also
appear slightly yellow when an excess of the
medium is used. Some fading of certain stain
colors also ocenrs after a peried of time in
Canadz balsam that contains excess acid.

Syntketic media are employed quite exien-
sively and are available under a variety of
trade names. They are in some ways superior
to balsam and are often used as substitutes.
The table lists some of the common MOURtng
media.

(xccasionally, a permanent medium is
selected that has a higher refractive index
than either the glass or the specimen. The aim
is to make the specimen more visible since it
may be colorless (unstained) and practically
transparent. The greater the difference in '
refractive index between the medium and the
specimen, the higher will be the visual
contrast. This change of contrast with
difference of refractive index is called the wisi-
bility index. To caleulate the visibility index,
rake the numerical difference berween the
refractive index of the specimen and the
refractve index of the meounting medium and
multiply by 100. The resulting number can be
compared directly to any other visibility
index. For example, suppose a siliceous spec-
imen with a refractive index of 1.43 is
mounted in Capada balsam (n = 1.53);
its visibility index i5 1.53 - 1 43 = 0.10;

0.10 x 100 = 10. Now, if the same specimen
(n = 1.43) is mounted in, say, Aroclor resin
(n = 1.66), its visibiliry index will be 1.06
~1.43 = 0.23;0.23 ¢ 100 = 23, Comparing
10 to 23, you can see that the siliceous speci-
men will have much more contrast when

maunted in Aroclor resin then when mounted
in Capada balsam. One application is in fiber
microscopy, especially with animal hairs.

The surface texture of wool fibers, for
example, is much more visible in 2 medium of
high refractive index thap in one where the
index is close to that of the specimen. (Some
mediz containing polychlorinated biphenyis—
PCBs—-may no longer be available.)

When permanent meunts are prepared, a
quantity of medinm is placed on the specimen
and covered with a cover glass, Sufficient
pressure must be applied, either by a weighe
or by a spring-loaded press, o push the cover
into place. The cover-glass surface must be
parallel to the glass slide, and a minimum
amount of mounting medium should remain
between the cover and the specimen. The
slide must be kept uader pressure until the
mounting mediun: has hardened, After hard-
ening, the slide is ready to examine and
photograph.

Temporary mounting media are often used
with specific subjects for speed and conve-
nience. A slide made with a temporary mount
is often discarded after use. Temporary fluid
media include water, glycerin, certain oils,
corn syrup, and many organic liquids. One
precaurion that must be observed is that the
specimen should not be soluble in the
medium or be chemically attacked by it.

Chemical Crystals

The formation and photornicregraphy of
chemical crystals is fascinating, particularly
when vou use either a polarizing microscope
or a conventionat brightfield microscope
equipped with polarizing elements. Some
crystals are birefringent, or anisotrapic; and
appear brightly colored when viewed between
crossed polarizers. Very striking color photo-
micrographs can be made of crystals or
crystal patterns by using polarizing light.

The preparation of chemical crystals on a
microscope stide is relatively casy. The
simaplest method is by evaporation. Dissclve a
small amount of chemical in distilled water
{or other solvent) in a test tabe or small vial.
Place a drop of the solution on a clean micro-
scope slide and allow the solvent to evaporate,
Crystals will begin to form in a short time.
(Application of low heat, such as hoiding the
stide zbove the microscope illuminator, will
hasten crystallization.) The growth can then
be studied under a low-power microscope
with crossed polarizers. When all of th&
solvent has evaporated, crystals can be photo-
graphed dry, or 2 mounting medium can be
applied and a cover glass used. The mounting
medium can be a permanent type, but its




solvent should not attack the crystals. This

Common Mounting Media
might happen with some organic chemicals

#The Aroclor resins and Carmount 165 resin may now be difficult or impaossible to obtain because they conrain PCBs

(polychlorinated biphenyls),

Some Chemicals Usable for Making Crystal Patterns

Melting Evaporation

Mounting Refracti . i . i .

Nf;g;u?;b eh:l'scéxve Use bur is unlikely with inorganic materials.

o bl 153 Bicloical ) Fusion is another technique that produoces
Ganada ba Sam 2 10I0E1CA], gencra colorful crystal patterns under polarized light.
Caedax medium 1.58 General .

; . . . Place 2 very small amount of an organic

Diaphane {green) resin 1.54 Especially recommended for hematoxylin- , . X

stained specimens chemical on a IICToscope slide and place a

" Harlece Synthetic resin 1.52 General cover glass on top. Then apply hear to the

Permount resin 1.54 Biological, general bottom of the slide with an alcohol lamp or
Aroclor resins™ 1.63-1.66 High refractive index work kot plate. The chemical will melt and spread
Carmount 163 resin® 1.65 High refractive index work evenly under the cover glass. When the hear is
Castor O_ﬂ 1.47 Temporary mounss, general removed and the melt cools, cryswal growth
Cedar Dfl ) 1.52 Temporary mouns, general begins when the temperature drops below the
Immersion oil 151 Temporary mounts, general melting point. The crystals formed will fuse
Corn syrup 142 Sﬁﬁfgﬁgiﬁi??‘)m& uleraviolet together, very often producing beautifully

P BHapLY colored patterns. Sometimes it happens that
Water 1.33 Temporary moints, general e melt ed and Ligars
Glycerin 147 Temporary mounts, fluorescence work tae melt is supercooled and no crystatlizanon

takes place. In this case, add some of the solid
chemical to the edge of the cover glass to seed
the melt, causing crystal growth. Some chem-
icals erystallize quickly, and other crystallize
over several minutes or hours.

Culy a low-power microscope is necessary
for this photography; a 5X or 10X objective

Chemical Process Process Comments will usually suffice. Crystal patterns are often
Ascorbic acid {vitamin C} X Soluble in water; partly soluble in teo tl_uck for high.er power. Qne advantag(? of
alcohol. Recommend: rubbing a fusion preparation is that if you do not like
alcokol (70% ethyl). the particular pattern formed, you can remelt
Benzoic acid X Melting poiat: 121.7°C. the chemical and cbserve new patterns. The
- resulting colors between fully crossed
Bromo Seltzer X Soluble in water. polarizers arise from varying thicknesses and
Citric acid X NR* Melting point: 153°C; evaporarion different refracdve indices of the chemical
difficult crystals. One way of changing the colors is to
KODAX DEKTOL Developer X Tricky; sometimes helpful to make alrer the thickness of the preparation either by
sandwich by adding second glass using more or less of the chemical o, alterna-
after partial evaporation. . . .
WARNING+ tvely, by depressing the center or one edge of
- - - the cover glass (to form a wedge) while the
Dextrose (glucose) X NR* Melting poini: 146°C. preparation cools and crystallizes.
KODAK Developer D-76 X WARNINGt If polarizing elements or sheets are being
Fpsomite (epsom salts) X Crystals tend to be thick, so experi- added to a biomedical microscope for chem-
ment with concentration; also Ty - ical crystal photomicrographs, the polarizers
sandwich. should be selected for color. Some polarizing
Hydroguinone X Variable results; helpful not to material is decidedly green or amber or gray.
: dissolve entirely. The polarizers that are as nearly neutral gray
WARNINGT in color as possible will be the best ones for
Tartaric zeid X WARNING: Causes eye irritation color photomicrography. However, even off-
on contact. color polarizers can be corrected through the
Urea X X Melting point; 132.7°C. Both use of color compensating filters, which will
processes excellent. be discussed in detail later!
Vanillin X Soluble in 12 parts L0, 2 parts

glycerol, and 2 parts 95% aicohol.

*NR—not recommended (less effective)

TWARNING: Repeated contact may cause skin irritation and allergic skin reaction. Avoid breathing dust. May be
harmful if swallowed. If swallowed, induce vomiting. Call a physician at once. Keep our of the reach of children.
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How Microslides'
Are Illuminated

Correct illuminatien of the microspecimen is
the single most important aspect of critical
microscopy and photomicrography. Fully

80 percent of all photomicrographs sub-
mitted for contests and exhibitions are
rejected because of improper illumination.
Another 10 percent have improperly adjusted
aperture diaphragms, and since this adjust-
ment is intimately associated with correct
illumination, it would be correct to say that 90
percent of all rejections are due to improper
illumination and microscope alignment. The
same is true of many published photomicro-
graphs including, regrettably, those in many
published books of phetomicrographs and
scientific journals, This point cannot be
overemphasized. No matter how well the
specimen is prepared, without being properly
iltuminated the full detail and color of a spec-
imen cannot be realized visually or photo-
graphically. Unfortunately, most people have
the idea that all one needs is to get light up the
tabe so that the specimen can be seen and
focused upon. This reduces the compound
microscope 1o the level of a hand magnifier,
instead of realizing its potential as a critically
important scientific instrument. Time spent in
learning and practicing the proper method of
{llumination, as described in this section, will
be réwarded by consistent production of
successful photomicrographs.

A complete understanding of the principles
and practices of obtaining efficient illumina-
tion is just as important o the photomicrog-
rapher as knowing the capabilities and limi-
tations of the compound microscope. Correct
adjustment of the optical system of the micro-
scope is, in fact, dependent upon an efficient
systera of illumination. Ar: objective, for
example, cannot be used effectively unless the
substage condenser is properly adjusted.and
the substage diaphragm is set at the correct
apertre. These adjustments are made by
following the system known as Kohler illumi-
nation. Since the adjustments need to be opti-
. mized for each individual specimen, they
cannot be set at the factory or once-and-for-
all by the user.

The light source irself should provide suffi-
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cient intensity to allow reasonably short
photographic exposure times. The lamp
housing should be designed to allow easy
access to the light source and should contain
those elements necessary for proper adjust-
ment of the illumination furnished to the
microscope. Tt should alse be designed to
dissipate heat efficiently.

For color-film exposure, the light source
should conform to, or allow suitable fltration
to meet, the requirernents of the film. A
source with 4 continnous visible spectrum is
necessary. Most common light sources mect
this requirement. On¢ exception is the
mercury-vapor lamp, which emits Hine
spectra. This source, howeve, is of special
interest for ultraviolet and fluorescence
photomicrography. It can also be used for
regular black-and-white work.

Efficient illumination depends upon correct
adjustrments of the microscope and the illumi-
nator, But it is also very much dependent
upon correct alignment of all components of
the system—from the light seurce o the film
plane. Many effects of uneven illumination in
the image, especiatly color fringes and hot
spots, can be traced o improper alignment.
If centering devices are not provided for the
condenser and the light source, alignment
should already have been established by the
manufacturer. The microscope manual or the
manufacturer shouid be consulted if align-
ment problems persist,

Light Sources

A common light source in general photomi-
crography is the incandescent mngsten-fila-
merc lamp, avaitable in a wide selection of
volrages and warttages. Most microscepes with
buili-in iilumination use either a 6- or 12-volt
coil-filament lamp. Color emperanire varies
from less than 2700 K 1o 3200 K, depending
on lamnp design, lamp age, and electrical
conditions at the time of usage. This low-
voltage lamp operates through a transformer
that either has several settings at fixed volt-
ages or is contiruously variable. Provision is
made for overvolting (1.e., running at volages
greater than the nominal maximum value).
The highest setting is usually suggested when
color film is 1o be exposed, in order to provide

the highest color temperarure.* Even when
exposing color fiim balanced for mungsten iftu-
mination, it is ofien necessary o use appro-
priate light-balancing filters to adjust the illu-
mination to the correct color terhperafiire.
The filters required will vary with different
Jamps. Their proper use is described in the
section on light-balancing filters.

When a micrescope does not have built-in
illumination, an external illuminator must be
used. Separate illuminators are available from
microscope manufacturers or dealers. These
illuminators contain many Kinds of lamps
including 6- to 12-volt coil-filament lamps,
120-volt coil-filament lamps in wattages from
15 to 100, 120-velr or low-voltage tungsten-
halogen lamps, and the 6-volt, 18-ampere
ribbon-filament lamp. Here also the illamina-
tion must be adjusted with approgpriate filters
to suit the color film in use.

A problem with wngsten lamps is that the .
glass envelope becomes darkened with age.
The darkening is due to the deposit of mng-
sten resulting from vaporization of the fila-
ment. This causes a reduction in light inten-
sity and a drop-in cojor temperature. When 2
lamp has become visibly darkened, it should
no longer be used for photomicrography.

This problem is effectively eliminated with
the tungsten-halogen lamp. Although the
lamp has a tungsten coil-filament, a halogen
gas contained within the envelope inhibits
deposition of tungsten on the glass or quarﬁz
enveiope. The lamp retains its initial bright-
ness and color temperature (3200 K)
throughont its life, Near the end of lamp life
a slight darkening and drop of color terpera-
ture may be observed. Tungsten-halogen
laraps are available in housings from many
microscope manufzcturers. Microscopes with
built-in tungsten-halegen lamp illnmination
2re NOW CoInmon.

The tungsten-halogen lamp—available a1
present in a 12-velt, 60- or 100-watz
operating values—is an excellent light source
for photomicrography. It emits efficient high-
intensity illumination from a smail and
compact coil filament. Lamp life is nominally
50 hours. Be careful to replace a tungsten-
halogen lamp with one of equivalent coler o

#Nore: Overvolting materially shortens the life of the
lamp. Use this pesition sparingly.




temperature. (Seme tungsten-halogen famps
have a color temperature of 3400 K. These
gencrally have a shorter life and require
different light-balancing filration.) In
replacing any microscope lamp—but particu-
larly a ungsten-halogen lamp—be careful not
to handle the envelope directly because
fingerprints left on the Jamp become burned
into the glass, resulting in premarure failure.
The zenon arc is another light source for
photomicrography. This lamp produces illa-
minarcn of high intensity and of daylight
qualicy. The latrer fearure is especially impor-
tant because it allows the use of daylight-type
color films with little or no filtering. The arc
is produced across tungsten electrodes in a
clear envelope that contains highly pres-
surized genon gas. The emission of the xenon
arc is continuous not only in the visible spec-
trum but alse in the long-wave uluravioler and
infrared speciral regions, Xenon-arc lamps
operate from a special power supply. Care
must be used in handling high-pressure
lamps; safety eyeglasses are essential
The zirconium are is another excellent
light source. It is very small—zalmost a point
source. Its color temperature 1s 3200 K. The
light intensity of a zirconium arc is not as
high as that of tungsten-halogen or the xenon-
arc lamps, but is high enough for efficient
photomicrography. The 100-watt lamp is
usually suggested, although lower wattages
are also available. Like the xenon arc, it oper-
aies from 118 own special power supply.
Electronic flash is also used in photomi-
crography, specifically for photographing
moving organisms. The illumination is of
daylight qualiry. Since the flash is instanta-
neous, a continuously burning auxiliary fung-
sten lamp of low brighiness is necessary for
alignment, producing Kohier illumination,
focusing, composing the specimen image, and
general viewing of the specimen prior to
photography. The flash should be synchro-
nized with the operation of the camera shutrer.
Mercury-vapor lamps serve as excellent
menochromatic-light sources. With appro-
priate filters, the mercury green line at
546 nm, the blue line at 436 am, or the
365 nm Line in the ultravicler region can be
used for monochromatic black-and-white
photomicrography. A mercury-vapor lamp

should not be used in color photomicrography

with a brightfield microscope. Since its illu-
mination is difficient in many wavelengths,
particularly red, it will not give z true rendi-
tion of the subject.

The sources listed above are those most
commonly met with for general photomicrog-
raphy. There are, additionally, many kinds of
specialized light sources. One very important

consideration in selecting 2 light source is
whether motion-picture or cinemicrography
is conternplared. For cine work with cameras
whose framing rate can be varied {i.c., those
with built-in moters for slow-motion or high-
speed photography), there may be a problem
with alternating-current light sources. Tllurmi-
nation may be uneven or absent on successive
frames. For this work, a lamp with a direct-
current source such as the xenon arc should
be selecred.

Iluminators

Because complete contro! of illumination is
necessary, photomicrographic illuminators,
whether built-iti or separate, should contain
both a lens to project an image of the lamp
filament and a diaphragm to control the size
of the illuminared field in the microscope.
The lens is usually called a lamp condenser or
collector lens. Other names for the lens are
field condenser and lamp collector. The term
lamp condenser is used to distinguish this
condenser from the microscope substage
condenser, which s also used in setting up
correct illumination. The diaphragm in the
lamp is a variable iris diaphragm and is called
a field diaphragm, because it controls the size

CENTERING SCREWS LAMP

of the illuminated field of view in the micro-
scope. Other names for this diaphragm are
lamp diaphragm and radiant field stop. The
tertns field diaphragm and lamp diaphragm
are used to distinguish this diaphragm from
the microscope aperture digphragm located in
the substage condenser assembly. ]

Another refinement, not always included on
an illuminator, is a facility for centering the
light source with respect to the lamp
condenser fens. We often assume that a light
source in 2 lamphense is centered, but this is
rot always true. Lamps themselves vary in
regard to the position of the filament in the
envelope. A centering facility corrects any
discrepancy. Some microscopes have “precen-
tered” lamps; if these prove to be uncentered,
they can only be discarded.

Since filters are almost always used in
photomicrography, a filter holder should alse
be included on the lluminator. Filters are
often placed in fronat of the field diaphragm,
but care must be taken here to make sure that
any filter placed here is scrupulously clean.

If the filter holder is too close to the field
diaphragm any dirt on the filter will be
imaged slightly out of focus in the plane of
the specimen and will be photographed along
with the specimen. In actual fact, the best
locatien for filters is in a filter holder or
carrier below the substage condenser, This

FIELD DIAPHRAGM

CONDENSER
LENS

ILLUMINATOR

Fig. 3-1

MICROSCOPE ILLUMINA-
TOR—The essential elements of the
iluminator are the lgmp, a con-
denser lems, and a lamp, or field,
diaphragm. The lamp usually can
be mowved laterally in any direction
or rotated about its axis. The con-
denser lens can be focused, and the
diaphragm 1s adjustable.
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will eliminate the possibility of out-of-focus
dirt in the final image.

Some iluminators have provision for
placing filters near the filament or in front of
the lamp condenser. This is all right for glass
filters, but does not allow the versatility of
using gelatin filters because of hear from the
lamp. The placement of filters will be
discussed in grearer detail in the section on
filters. '

Familiarization with the
Illuminator

Scparate and built-in iluminators have some-
whart different means of focus and alignment.
Separate illuminators should have a focusing
condenser lens or lens system. Focusing is
usualiy accomplished by a knurled focusing
knob at the side of the illumipator or by a
knurled ring surrounding the illuminator. In
either case, adjustment of the control changes
the position of the filament with respect to the
lamyp condensing lens. In a few iluminarors
the lamp condenser lens is fixed and the lamp-
bulh holder is movable, the lamp or the lens,
as long as the distance berween the two can be
varied.

Larnp focus is best understood if the iliu-
minator is tarned on and a piece of paper is
held anywhere i front of the lamp, say at ¢.5
to | merre. Furn the lamp condenser focusing
knob until the filament is in focus (or slide the
tamp-bulb holder back and forth in its
nousing). Note the size and intensity of the
projected image. See how close you can bring
the screen (the piece of paper) to the lamp and
still focus the flament image. You will find
this distance to be about 6 10 12 centimetres.
The filament image wilt be relarively small
(8 to 10 mnt on a side for a flat-coiled fila-
ment) and very intense.

Now direct the filament image onto the
wall at the opposite end of the room. It will
not be in focus. Adjust the lamp condenser
focusing knob until the filament image on the
distant wall is in sharp focus. (There will be
less glare if the field diaphragm is stopped
down slight!y.) Note that the image is now
much larger (about 1 meter on a side), but
much reduced in intensity. You could do the
same thing projecting the filament image onto
a building across the street, for example,
where it would be still larger and dimmer.
Thus you can see that you have full and abso-
lute control over the location and size of the
filament image from very small, very bright,
and relatively close to the iliuminaror to very
large, very dim, and distant from the illurpi-
nator—all by adjusting the lamp condenser
focus {or filament-condenser lens distance).
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Bui of all the possible places you could locate
the filament image, it belongs 1n ong and only
one place, viz, the plans of the microscope aper-
ture (substage} diapfiragm.

As for the size of the filament image, it
must be just large enough to completely illu-
minate the aperture diaphragm, that is, the .
entrance pupil of the microscope substage
condenser. If the image is too small—say, one-
half the diameter of the aperwre diaphragm—
the microscope condenser will not be able o
iltuminate the specimen fully for high
numerical apermire objectives. This condition
occurs if the separate illaminator is placed 100
close to the microscepe. If the filament image
is too large, as when the illuminator is 100 far
from the microscope, the filament image
outside the condenser aperture diaphragm is
not utilized and light is lost unnecessariiy.

A good separate illuminator will also have
some means of aiigning the filament to the
optical axis of the condensing lens. This is
necessary because, with the exception of
special lamps that are made to have their fila-
ment in a specific place within the enveiope,
the fitament location varies from lamp to
larp. For alignment of the lamp filament with
the optical axis of the illuminaior, centering
screws are necessary. Additionally, the lamp
buzlb socket should be rotatable in its mount
and provided with a lock screw to hold the
socket in any position.

To align a lamp filament to the optical axis
of the illuminator, turn the lamp on and
project a fecused image of the filament on a
distant wall. (Projecting on a distant wali will

magnify any errors in the centering.) Now,

toosen the lamp-socket lock screw slightly
and rotate the entire Jamp socket in ifs mount.
Note what the filament image does when the
socket is rotated.

Ideally, the filament image should rotate in
one spot about its axis. If on rotating the
socket the filament image rmoves in a0 arc, the
flament is off-axis and it must be brought
on-axis by adjnsting the two mutually perpen-
dicular or coaxial centering screws. Note
where the center of rotation of the arc should
be and bring the filament image to that point
with the centering screws. Check the align-
ment by again rotating the enrire socket in its
mount. Continue adjustment of the cenzering
screws until the filament image rotates about
its own axis. Then mrn the lock screw e
secure the entire socket in its holder. The
filament is now aligned and on-agis with the
lamp condenser. This alignment needs to be
repeated only when the lamp is replaced.

The separate illuminator must also have an
adjustable iris diaphragm (the field
diaphragm). Ideaily, the adjustable field

Fig. 3-2

CENTERING LAMP—Deter-
mine if the lamp filament 1s centered
by rotafing the lamp socket while
observing the projected image of the
Filament. The image should rotate
about its omn axis and not move in

an are.

diaphragm should not change position when
the lamp condenser is adjusted; the condenser
tens should move internatly or the filament
should move with respect to the fized Hmp
condenser lens. The field diaphragm will be
focused in the piane of the specimen by
means of the microscope sibstage condenser.
If the fieid diaphragm moves every time the
lamp condenser is adjusted, the microscope
substage condenser will have to be readjusted.
Separate illuminators shonid atso be on
adjustable stands so that their height and
angle of tlt are fally vnder the photomicrog-

~ rapher’s control.

Amongst the best lamps for separate illumi-
nators are those with flat-coil filaments, Next
best are those with tightly wound helical coils.
The worst filaments are the loose coils that
are themselves coiled (“coiled coils”). These
have too much depth to be useful without a
ground giass in the ifluminator beam—which
you decidedty do not want because you




cannot then focus the filament.

In summary, the ideal separate illuminator
has

= A focusing condenser system,

s An adjustable field diaphragm that does -
not change position when the condenser
is focused,

s A mount to rotate the lamp socket, with a
locking screw or clamp,

e Lamp centering screws,

e A tighi, flat coil filament,

& Height and tilt adjustments.

Built-in luminators may have adjustable
lamp condenser focus by means of a focusing
lever that protrudes from the illuminator,
More commeonly, the lamp condenser lens is

fixed in the base and focusing is accomplished’

by moving the lamp socket in and out, .e.,
closer 10 and away from the fixed lamp
condenser leps. Built-in illuminators may also
be supplied with filament centering screws. If
they are not provided, centering of the fila-
ment is accomplished by rotating the entire
lamp socket in its mount unti! the filament is
centered and then locking it in place with the
lock ring or screw.

Microscopes with built-in illuminators
have their field diaphragms located in one of
two places, either vertically somewhere in the
base between the lamp and the 45° reflecting
mirror or, more commonly, horizontaliy in
the base just befow the microscope condenser.
Alignmenr of the filament to the opiical axis
of built-in 1fluminators is accomplished with
the aid of a piece of ground glass or translu-
cent plastic or a piece of paper placed on top
of the field diaphragm in the microscope base.
The filament can be femporarily broughs to
focus in the plane of the glass or paper by
moving the lamp in or out and then centering
the filament image with respect to the field
diaphragm, using the lamp centering screws.
Don't forget to refocus the filament image in
the plane of the apernire diaphragm.

Mastering ail the adjustments of the lumi-
nator and knowing the reasons for these
adjustrnents is necessary for a thorough
understanding of subsequent microscope iilu-
mination methods. If you do not understand
the paris and functions of the microscope
Hluminator, reread this secrion before
proceeding.

Methods
of [llumination

One can divide the methods of illuminaton
on the basis of specimen transparency or
opacity. If the specimen is very thick or even
opaque, reflected-light methods (incident

light, tep light, epi illnmination) must be
used. Metallography veilizes the reflected-
light method of illumination and is discussed
later in this book. The majority of subjects
encountered in general biomedical and indus-
trial photomicrography are transparent or can
be made transparent and are examined and
photographed by transmitted illumination.

In basic terms, this involves directing the
light from the lamp fifament to a plane mirror,
through the substage condenser, through the
subject and the field around it, and into the
microscope objective. If the Humination
system has not been properly adjusted, a
photomicregraph is likely to be disappointing.
This is true even if the highest quality optics
have been used, the image has been focused
critically, and the exposure of the film has
been correctly determined. The two essenrtial
requirements are (1) that the whole illumina-
tion system be centered, and (2) that the cone
of light from the illumination system
completely fills the aperture of the micro-
scope objective (see Fig. 3-3).

Historically, the first illumination methods
utilized daylight, candlelight, or the {ight
from oil lamps, with or without a bull’s-eye
condenser lens to concentrate the light on the
specimen, By the days of “brass and glass™
{latter half of the 19th century) the photomi-
crographer’s favorite scurce of iflumination

_ was a white cloud in the northern sky. Need-

less to say 2 white cloud in the northern sky
was not always available when the photomi-
crographer was ready to make a photograph.

Nelsonian (Critical)

- INlumination

Based upon principles demonstrated by Ernst
Abbe, the noted English microscopist Edward
Nelson devised a splendid form of illumina-
tion that was used successtully for many
years. Nelson’s method consisted of focusing
the side of the oil lamp flame in the plane of the
specimen to achieve the much desired self-
huminous specimen condition. The light was
pleasant and even because of the homogeneity
of the flame. This method of iflumination—
usually called eritical dlumination but more
properly termed Nelsonian (or sometimes
Abbe-Nelsonian) illumination—is seldom used
today. The reason is that today’s electric light
sources use coils of tungsten wire. If you were

“to focus the source in the plane of the spec-

imen you would see and phorograph the fila-
ment coils superimposed on the specimen—
not a very pleasant sight. This is a result of
the noenhomogeneity of a wire coil. The
closest source to Nelson’s homogeneous wick
available today is the ribbon filament lamp.

Fig. 3-3

CONE OF ILLUMINATION—
The substage condenser must be fo-
cused and the diaphragm adjusted
se that the come of illwmination
completely fills the sperture of the
microscope objective.
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Here instead of a coil of tungsten wire, a flat,
ribbon-like piece of tungsten metal forms a
nearly homogeneous sotirce, Hluminators that
use this 6-volt, 18 amp lamp can be used to
set up Nelsonian illumination because the flat
ribbor provides 2 uniformly lighted field of
view even when focused in the plan of the
specimer.

Actually, there are at least two instances
when the microscopist may wish to setup
Nelsonian illumination even with nonhomo-
geneous sources. One is for darkfield work
and the other is for fluorescence microscopy
of specimens with very weak primary
fluorescence.

The precise steps for sefring up this method
of illumination will be obvious after a discus-
sion of Kohler illumination and wiil involve
only a different adjustment of the lamp
condenser. (Remember from the previous
discussion of Familiarization with the Tiu-
minator that you have complete contrel over
the location of the filament image by adjust-
ment of the lamp condenser.)

Kéhier Illumination

Kéhler illumination is the most comron
system of transilluminating a microscope
specimen in photomicrography. It is the
method that results in the most successful
microscopy and photomicrography. It is used
for visual work as well as photomicrography
because it provides the highest intensity of
even Hlwmination from nonhomogeneous
sources. This section on optimum illumina-
tion—like lighting in all phases of photog-
raphy—is the most critical aspect of good
photomicrography and it must be learned and
practiced until mastered.

Kéhler illumination does not inherently
provide more intense illumination than the
Nelsonian system of focusing the light source
on the specimen; often the reverse is true. In
Kohler illumination, a central fraction of the
larnp condenser {z small relative aperture)
may be focused in the pane of the specimen.
Tor fluorescence work, Nelsonian illumina-
tion may be used to provide more illumina-
tion in the field. '

August Khler introduced his method of
illumination in 1893. Kohler devised his
systemn (o obtain uniform illumination from
nonhomogeneous sources such as the newly
introduced eleciric lamps. It still serves this
purpose today. Kéhler, himself, worked with
an optical bench setup. Modern application of
Kahler’s principles in integrated microscope
systems has become complex and even, in
some cases, compromised.

1n the simplest, original arrangement, the
light source {lamp filament} is focused in the
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Fig. 34

KOHLER ILLUMINATION—
This basic arrangement of micro-
scope elements provides uniform tl-
lumination from nonhomogeneous
sources. The illustration here is
adapted from an original drawing
in Dr. August Kdhler’s paper, “Ein
neues Belewchtungsverfahren fir
mikraphotographische Zwecke,”
published in 1893.

rear focal plane (entrance pupil) of the
substage condenser. With a given lamp
condenser and source size, the distance of the
lamp is such that the image of the source just
fills the aperiure of the substage condenser in
use. The required distance changes with
magnification and some other variables. In
practice, since the setup (lamp distance) is
rarely changed, the image of the source is
usually kept large enough to fill the whole
aperture of the condenser. This is photomezri-
cally inefficientt for lower magnifications.
The substage condenser is focused to bring
the image of the lamp condenser into the
piane of the specimen. This is because the
aperture plane of the lamp is unifermiy iflu-
minated by any source that is neither very
large nor has a variably shadowed shape
(biplane filaments). Putting a lens in the aper-
rure does ot change this. Ideally the field
dizphragm is against the lamp condenser.

Setting Up Kohler
[Hlumination

Basically, the principles of Kéhler illumina-
rion zpplied to the modern microscope can be
reduced to {1) focusing the image of the field
(lamp} diaphragm in the plane of the spec-
imen using the microscope substage
condenser, and {2) focusing the image of the
filament in the plane of the aperture
(substage) diaphragm using the lamp
condenser (collector lens). Refer to Figures 3-5
and 3-6 throughout the following discussion.

While two separate ray paths, the image-
forming beam and the illuminating beam, are
shown on individual diagrams (Fig. 3-5 and
3-6), they do not have any actual separate
existence. The separation is simply a graphic
device to assist visualizazion of the micro-
scope setup. The diagram showing the itlu-
minating-ray path (Fig. 3-5) demonstrates
that each point of the lamp filament is in focus
at the plane of the aperture diaphragm and at
the objecrive back focal plane. Furthermore,
each point of the lamp filament is shown to
contribure to full ilumination of the spec-
imen and hence to the subsequent film image.
Conversely, the image-forming ray diagram
(Fig. 3-6) shows that the lamp filament fully
lluminates the field diaphragm which in turn
is imaged in the plane of the specimen. The
uniformly illuminated specimen is focused by
the objective at the intermediate image plane.
"This real image is further magnified by the
eyepiece which renders the rays parallel for
subsequent imaging by the infinity-focused
lens of the eye or of & camera.




Fig. 3-5
ILLUMINATING RAY PATHS
are traced from one end of the lamp

Sfilament, Comjugate foct of lamp .

Sfilament are aperture diaphragm,
objective back Jocal plane, and eye-
point. A¥ the right, 15 the image that
would be szen at each conjugate.®

Fig. 3-6
IMAGE-FORMING RAY
PATHS are fraced from two ends of
lamp filament, Conjugate foci are
freld diaphragm, specimen plane,
tntermediate image plane (entrance
pupil of evepiece), and, with camera
1 place, the film plane. See text af
left for further explanation.™

*Note: While ray traces are schematically correct, optical componeits are represented by simple lenses

and element size and spatial relationship are not w scale.
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Center the .
Lamp Filament

To set up Kshler illumination, open all
diaphragms and follow these steps

(Using separate Lamip; start here.).

1. If you are using & s¢parate Iamp, ie., one
thatis not built in, start by centering the
filament 1o the opncal axis of the lamp
condenser as previously. described under’
Familiarization With the Tiuminator.
To repeat, briefly, you do this by tirning
the lamp oni and projecting an image of -
the filament on a distant wall or other.

. plane surface. T.oosen the bulb lock screw, Fig. 2.7
rotate the entire bulb holder, and observe '
the projected image. If the image of the
filament does not rotate about its owi axis,
adjust the bulb centering screws uptilit
does, and lock the rear assembly i place’
'Wlth the thuibscrew 1ock This siep will
nat be necessary if your tamp is factory

.precentered. After ensuring that the fila-
ment is on the ptical axis of the 1amp
condenser; ptace the illuminator low on its
stand and mmally about 15.cm in front of

the microscope mirror: Use the plane (fat)
side of the mirror. Direct the Hght to the
center of the mirror (this car be checked
by temperasily placing & plece of paper,” -
card, or ground glass on the MIFTOL, Fig.
3-7). Remove the paper of greund glass
ané tilt the mirror so that the lightis
directed up into the candenser, Fig. 3-8,
{(Hiot: If the microscope stide is moved
it the label is over the stage opening,
the spot of light projected on it will indi-
cate the best position for the mirror.)

 Fig. 3-8

(Usmv buili-in ilhumination; start heve.}

1a. TF the microscopé has tilt-in illumina-’
tion, center the filament by placing a piece
of paper, translucent plastic, frosted glass,
or an accessory-centering atd on 10D «of the
opening in the stand where the light comes
out, Fig: 3-9(on some MICToscopes, this
may also be where the field diaphragm is
locased). If the opening is not evenly itlu- :
rminated, use the céntering sCrews or rotate Fig. 3-9
the lamp in its holder to obtain a centezed
Light source, Fig. 3-10-
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E"ﬁcus the '
Specnnen_- o

Move r_he specxmen on. the stage into the

light paih and lower t' 1e Objecnve (IOX to
start with), whﬂe watehmc from the szde, v

until it iy close 10 the cover g}ass, F1g
3-11; and then while looking 1 intc the.

eyepleces, focus up (moving the ob]ecuve-' i

and specimen apart) until the specimenis .
in focus. Itis bad practice to focus down-
ward (movmg ob] ective and’ specu'nen
together) whlle iookinginfo the: TDICTD-
scope eyepleces because'the specimen .
plane is. easﬂy evershot, resuinng in;

posmbie damage io bothr the’ objecnve.aﬁ.d' v

the Spet:]men. If yeu miss, rhe COTTECE

focus, start Gver by Iowermg ‘the ob1ect1ve o

while watching the operation from the
side, and agam focusing upward. {Hmt If
the rmcrose0pe is eqmpped with a rotating
stage, usé one:hand to rotate the stage | back
and forrh ina short arc whife the other
hand fecuses up slowly with the codrse
focus ad}ustment Ttis easier o spot the
correct plané of focus when the Targer has
some motion across the field of view. A,
built-in or ‘atrachable mechamcal Stage can
be used in the same way, 1. e., makmg the

i speamen move left to right'or ¥ip'and-;
down with oneé hand while the other hanci
adjusts the coarse fo{:us )

3 Wlﬂ’l the spec:men in focus and illumina-
“tion adequate, if as yet unrefined, center

. '_ objectives that are in centerable nosepiece

1 ‘Taounts. This. step.is for microséopes Wlth
rotating stages;. mleroscopes with fiked -
. sta ges do notrequire the ad;ustment

" 4. Tf you are using a binbcular cr trmocular

head, ad;us_t the binoeutar rbes for i ifiter-
pupillary separation‘and diopter correc- :
tion, Fig. 3-12. First adjust the separation
berween the two- mbes {as'you would a
pair of binpculars) until-the Separation:,
berween them matches your interpupillary

: dxstance, which is mdu:ated on the dial or

'-_scale, 50 that YO gan reset it if more than
one person uses the rmcroscope (The

average mterpup:llary distance i is 65 mm.)
] Ncw, if ope of the eyep1eces has a seale :

orerdss halrs of. ether gratlcule, rotate the -

~eve lens of that eyeplece (ta.ke care that the o

~ whole. eyeplece does aot forn) untll the

" scileis mperfectfocus, Fig. 3-13.:

Note whether your; bmocular head has:
onelor two chopter adjustment colla:sﬂ- i
“most have.one. The diopter: adjustment
callar i used to’ make up for-differerices.

: between your o eyes It yout, binocutar -

N -head has one dlopter ad)ustment coilar,
'proceed as follows! Use a file cardror .

something similar ro eover the eyepiece
that has the dzopter ad;ustmem {Donot

jisst shut the one eye; strain will eventuailyk

resuit) Look for some tiny detail or speck

L of dust i in the specimes, plane Eh.rouﬂh the

other eyepiece and fotus on it carefully
,thh the mlcrescepe fine ad;ustment Now
cover the eye you. have 1ust been usmg and
focus on thesame ﬁne detail or speck-of’

" dust with the-other eye by using the

chopter adlustment coliar, Fig. 3- 14 Do _
‘nof usethe fine adjustment. Remove the
*card and the, binocular head wﬂl he

.. -adjusted correctly for both eyes.

lnc1dentaﬂy, the! Imcroscope will méi(e

: --Zup forr farsxghtedness and’ nearSJghtedness,_

50 thit eyeglasses for these condmons do :

.. . 'dot have to be worn Wwhen usmg the.’
S mu:rcscope. The rmc:roscope canriot be - _
i _'adjusted for ast}crmansm, and if :he astig-. " ©

"'matism is severe, correcnve eyeglasses
- Faiist be wotn When usmg the rmcroscope

Fig. 312

Fig. 3-13
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Adjust the Field
Diaphragm
5. With the objectives centered and the
binocular head properly adjusted for both
eyes, you are ready o start the most crit-

ical steps in achieving Kéhler ithimination.

Close the field (lamp) diaphragm,
Fig. 3-15 or Fig. 3-16, until you can see
all of it within the field of view, Fig. 3-17.
It is likely that the image of this
diaphragm will be neither centered-nor
well-defined. Tilt the mirror uniil the out-
of-focus image of the field diaphragm is
centered in the feld of view. With built-in
{lluminators, adjust the substage
condenser centering screws to gera
centered image, or adjust the sliding
centering device in the base—whichever is
provided.

Fig. 3-18

&

Fig. 3-21




Focus the

; Field Diaphragm

6. Focus the now-cenrered field (lamp)
diaphragm by adjusting the substage

::' condenser up or down. This can be done
with the rack-and-pinion focus adjust-
ment, Fig. 3-18, or by loosening the lock
screw and sliding the condenser up or
down by hand. After the field diaphragm
is brought into sharp focus, Fig, 3-19,
open the diaphragm unil it is just outside
the field of view, Fig. 3-20 and Fig. 3-21.
{Lock the condenser in place if a lock is
provided for the focusing mechanism.)

Fig. 3-25

Tocus the
Lamp Filament

E 7. Focus the lamp filament in the plane of the
substage diaphragm by using the lamp
condenser focus adjnstment, and center
the filament image, Fig. 3-22 and Fig.
3-23, This step will be impossible when
substage components intervene or if the
diaphragm is between the condenser
lenses. However, since the specimen is
focused and the subsiage condeniser is
focused to image the field diaphragm,
there is a conjugate focal plane of the
substage diaphragm that can be used
instead. This is located at the objectve
back focal plane. This is most easily seen
by stmply taking the eyepiece out and .
looking down the tube toward the back of
the objective. {Alternatively, one can insert
the Bertrand lens of a polarizing micro-
scope, insert a phase telescope in place of
the eyepiece, employ a built-in phase tele-
scope, insert a pinhole evecap in place'of
the eyepicce, use a Klein lupe over the
evepiece, or view the exit pupil of the
eyepiece with a magnifier.) At the objec-
tive back focal plane, you should see the
filament and the aperture (substage)
diaphragm, but initially you probably will
not. Open the substage aperture
] diaphragm if you have not already done
E | this, If the filament is not in focus when
vou look down into the body mbe at the
back focal plane, Fig. 3-25, adjust the
lamp condenser focus (on a separate illu-
minator} unti! the filament is in focus at
the back focal plane, Fig. 3-26. If the fila-
ment is not centered, dlt the entire Jamp
assembly up or down or rotate it aboutr a
verrical axis until the filament is centered,
Fig. 3-27 and Fig. 3-28. Do not fouch the
filament centering screwus; these were used fo
align the filament to the optical axis of the
ihpminator.

Fig. 3-26

TENEE e

Fig. 3-27

Fig. 3-24

Fig. 3-28 33




Fig. 3-29

Fig. 3-30
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If the illumination is built in, loosen the
lamp lock screw and move the bulb in and
out of its holder and, at the same time,
rotate it until a position is found where the
filament is centered and focused. Lock the
bulb in place. Many microscopes made
today with built-in illumination incorpo-
rate somewhere in the light path a
diffzsing efement of either frosted or
opalized glass or with an erange peel or
lemon peel surface. ‘These may be sepdrate
pieces of glass or the peel may be chemi-
cally etched directly to one strface of the
famp condenser lens. In any case, a sharp
image of the lamp filament will not be
possible. In this event, while looking down
the body nube at the objective back focal
plane, move the bulb back and forth in its
socket or rotate it and watch for the most
intense, even illumination of the back
focal plane, Fig. 3-29 and Fig. 3-30. Lock
the bulb in: place. Focusing of the lamp
filament may also be necessary to elimi-
nate bright or dark spots.

There may be some question as {0
whetber Kahler illumination is possible if
a diffuser is in the system. Externally
mounted light sources of the better manu-
facturers are interfaced to the microscope
via a connecting tube containing relay
optics. These relay optics form an inter-
medtiate image of the filament exactly at
the location of a low scartering diffusion
disk. The diffuser thus becomes the source
and can be treated just as a filament would.
In this way, precise Kohler conditions arg
maintained. Bur indiscriminate placement
of a diffuser makes strict Kéhler condi-
tions impossible. To repeat, if a diffuser is
in the system, a sharp image of the fila-
rent will not be seen, but you can adjust
the lamp focus for a fully and evenly illu-
minated back focal plane. Some micro-
scopes illuminators are provided with a
swing-in/swing-out diffuser so the photo~
micrographer has a choice; in such cases,
the diffuser is used for low-power work
only.

Adjust the Aperture
Diaphragm
8. Now, after the objective back focal plane

is fully illuminated with a centered,
focused filament image, close down the
substage aperture diaphragm while
viewing the back focal plane, until the
diaphragm just comes into the field of
view, Fig. 3-31 and Fig. 3-32. The image:
of this diaphragm may n:ot be sharp for
two reasons. (1) The specimen itself may
be diffusing the filament image. Move the

Fig. 3-32




microslide te a location where the spec-
imen is thir or at the edge of the field of
view. (2) If a Bertrand lens or phase tele-
scope is used and it is not focusable, the
image of the diaphragm will not be sharp.
The use of 2 pinhole cap will sharpen up
the image. If a commercial pinhole eyecap
is not available, simply punch a hole in 2
piece of paper with a dissecting needle and
place the paper with the pinhole directiy
on the body mube with the eyepiece
removed. Place your eve very close to the
hole for viewing the back focal plane.

You may aiso notice at this time that the
aperture diaphragm is not exactly centered

. with respect to the back focal plane. On

early microscopes, the aperture diaphragm
is rotatable and adjustable sideways viaa
rack-and-pinion gear, and exact centering
1S very easy to accomplish. In the absence
of this feanire, one only has recourse w0
appeal to the manufacturer for more
precise centration. {(Generally there are
three tiny screws helding the aperture
diaphragm onto the condenser. Adjusting
these three screws will center the
diaphragm. This need only be done once.)

The adjustment of the aperture
diaphragm is of the utmost importance in
careful microscopy as it controls the
numerical aperture of the system and
therefore the nitimate resolving power,
depth of field, and character of the image.
The exact working apertare of this _
diaphragm is frequently recomsnended in
restrictive terms, such as two-thirds, four-
fifths, or nine-tenths of the diameter of the
fully illuminated back focal plane.* Actu-
ally, the serring should vary with the
correction of the objective and the nature
of the specimen. Remember that the spec-
imen becomes part of, and alters, the
optical system of the microscope. The
apermure diaphragm raust be adjusted
differently to accommodate the optical
characteristics of each inividual specimen.
The photomicrographer must critically
evaluate the specimen image while
adjusting the aperture diaphragm until the
optimun compremise position is found
berween depth of field and resolution.
There will be one best position. (One
well-known microscopist used to advise
starting with a wide open diaphragm and
closing down slowly until the image
suddenly acquired “oomph.”) Leave the
diaphragm open too much and the image
lacks contrast and depth of field, Fig.
3-33a; close it down too much and diffrac-
tion lines surround the now too-conirasty

*See Diffraction Theory and Resolution, page 9.

image, Fig. 3-33b. The best compromise
setting must be found, Fig. 3-33¢. The
tendency on the part of beginning photo-
micrographers is to close the diaphragm
excessively. The critical photomicrog-
rapher is constantly adjusting the aperiure
-diaphragm for optimum position, NEVER
use the aperture diaphragm merely to
conitral brightness of the llumination. Do
this with neutral density fitters for color
photomicrography. Fer viseal work and
black-and-white photomicrography, you
may turn down the ansformer rheostat.
9. Put the eyepiece back in the body tube and
cbserve the image. The image should now
be brightly and evenly illuminated with
good depth of field and resolving power. If
the lamp was moved during Step 7, you
will again want to close the field
diaphragm until it comes into the field of
view to check its centration. If it is not
centered, tilt the mirror or adjust the
condenser centering screws. The micro-
scope and illumination have now been
properly prepared for photomicrography.
As objectives are changed, the adjustment
of the two diaphragms must be alzered. If the
objective NA is incréased, which generally
happens when magnification is increased, the
light-gathering ability of the objective is
increased. The objective requires a larger itlu-
minating cone, so the substage aperture
diaphragm must be opened to allow a wider
illaminating cone of light. At the same time,
the field size within the spectmen plane 18
decreased because of the increase in magnifi-
cation. The field diaphragrh must be closed

_down until it is again in the field of view and

then opened until it is just outside. The opera-
tion and effect of the adjustment of both
diaphragms are best seen in practice by acru-
ally changing objectives (such as 10X to 40X).
In photomicrography, the field diaphragm
is adjusted until the diameter of its image is
equal to, or just larger than, the diagonal of
the film format. The image can be seen and
adjusted in size while looking either through a
side telescope or at the film plane of the
camera (as on a ground glass). But be careful
when making this adjustment with reference
to the film format graticule as seen in the side
telescope of photomicrographic cameras
because these format indicators are frequentdy
undersized. Initfally it is better to open the

- photomicrographic camera back, place'a

ground glass at the film plane, and locate an
image of the field diaphragm by closing it
down until it just enters the field of view.
Then look through the side telescope to see
where the image of the field diaphragm lies
with respect to the format-indicating lines.




Test Yourself on Kohler HHlumination

. Fig.3-34 -

CFig 3-35
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Serting up Kahler illumination is the basis

" of careful photomicrography. To reinforce the

steps taken in setting up this kind of illnmina-
tion and the reasons for each, take this quiz,
performing each demonsr_ranon in turn for
yourself. :

Q. Where does the first real image of the ~

field (lamp) diaphragm appear?

A Inthe plane of the specunen (see Fig.3-5

and 3-6.). .

Q How do you get the field dxaphragrn in

focus in the plane of t_he specmﬂen? -

A By ad]ustmg the position of the substace

condenser (see Step 6).

Q. How can you show that the'_ﬁeld' . _
diaphragm is really in the plane of the -

specimen?

A. Place-a piece of paper directly cn topof .
the specimen slide and observe the disk of
light {nof by looking through the micro-
scope, bur by looking from the side at the

paper directly, Fig, 3-34). Open and close - §
-the ficld diaphragm ‘and observe how the -

diameter of the spot of hght chanoes

(Remove the piece of paper from ox top of
" the specimen microslide.) . '

' 'Q Where is the second place the reai

irnage of the field diaphragm occurs?
A. At the intermediate image place, along. .

with the specimen (see Fig. 3-5 and 3-6). .
Q. Where is this intermediate irage °.

‘plane located; and how can you show

. that the specimen and field d;aphragm

‘image are located there?

"A. The intermediate image plane i§ located .-
about one centimeter (about ¥ mch) below - |.

the top of the whe where the eyepiece is
fitted. Remove the eyepxecc and place the
- pieceof paper over the opening of the:

body tbe.{or, more properiy, bend the end

- of a narrow strip of paper into an Lushape

and introduce it down the body tube about' .
one centimeter, Fig. 3- 35) You will see an

image of the specimen on the piece of
paper (specimen focus may have 16 be
changed skightly and the light intensity
increased somewhat). Agair open and
close the field diaphragr. The field

diaphragm will be seen to open and close.

.- right over the’ specxrnen lrhage:

' Q. Good. Now where is the third p]ace .

you can locate the image of the ﬁeld
' dlaphragm and specnnen°

“-A. On the retina if you are using the mieTo- - -
.+ 'scope visually, or on the flin. piane if you'! ‘

-are making 4 photonuc_ra_}g_r_aph .

Q. How can you show this?

A. Replace the eyepiece and hoid a piece of
paper about 15 centimeters (about &
inches) above the eyepiece (it helps to
subdue the room hghts) You will see the

_spetimen projected on the paper, Fxg 3-36
(touch up the focus ard intensizy. if neces-
sary}. As Before, open'and close the field.

" diaphragm. You have just waced the conjir-

.. gate foci of the field diaphragm 2nd

o demonstrated each position as shown i

- Fig. 3-5 and 3+ 6.

Q If the ﬁe]d dlaphragm had not been in

sharp focus at the mtermedlate 1mage
plane or at the pro]ected plane above
the eyepiece, what wonld this’ indicate?

A. An out-of-focus field diaphragm anywhere -
indicates that the substage condenser focus
is not correct. (Remember, it is always the:
substage conderniser that controls the focus
of the field diaphragm.}

Q. Where does the first real i 1mage of the
filament oecur?’

| A. The first real image of the ﬁiament should

- appear in the plane of the apesture (sub- :
-stags) d1aphragm (see Fig.3-5 and 3- 6)

Q. How.can you show that the filament

image is at the apertute diaphragm? .

- A, With some mieroscopes,just look up

“under the condenser If the aperture
' .'daaphracrm islocated outs&de the condenser
system, the filament can be seen pro;ected
. on it. If the diaphragm is between the
. lenises, ‘place a piece of paper as hwh up
unider the:condenser as possxble and the’
ﬁlament ill be'seei ani it slightly out of_ %
~focus (ir's in'sharp focus in the acrual plane
" of the diaphragm). If the micioscopehasz -
separate illuminator, one can frequ'entiy '
: 1ust look ar the reflection in the subsiage .
- ~mirror. to seethe filamient on the leave:> of
the aperture dlaphragm, Flg 337,

Q If the Blatnent is not in sharp focus in

-the piane of the aperture dlaphragm,
- what is eut-of adjustment? L
A. The iamp ¢ondenser (coﬂector) 15 ot -
focused pmperly (see Step 7). '

Q. Where is the secorid piane (con;ugate
" . foctis) after the aperture diaphragm

that you see the image of the filament?

' 'A. Ty the objective back focai piane (see Fig. ':

- 35 and 3-6). i N

Q How can you show that the ﬁlament 1,5 .
focuséd in the ob]ectlve back focal '
plane° :




< Fig. 3-37

A. The simplest way is to remove the

eyepiece and look down the mbe. Do this.
Tt may help ro make a crude pinhole eye
cap. With the eyepiece removed, place the
piece of paper with a pinhole right down
on the top of the opening in the body rube.
Place your eye close to the pinhole and you
will get a very clear view of the abjective -

back focal plane (you may have o turn the -

light intensity- down).

- Q. While you are viewing the ob'j.ect.ive &
back focal plane, what else should you

see here besides the filament 1mage"
© A. The image.of the aperture (substage)

diaphragm. While viewing the filamentat

. the objective back focal plane with the
pmhole eye cap or accessery telescope,:

~ open and close the aperture dmphracm
You will'seg it open and close over-the

- filament image. Both of these images may

not be sharp if there is roo. much spec1men -

in the field of view, Remember, the fila-.-

" ment and apersitre dlaphragm images must '
~ pass threugh the specimen plane to getto "

the ob;ectlve back focal piane. -
Q ‘Where is the next location (con]ugate

. focus) of the lamp filament image (and :

aperture diaphragm)?

A. Atthe Ramsden dzsk—-the ey epomt (see

Fig. 3-5 and 3-6).-

- Q. How can you show that the ﬁlament

“and aperture dlaphragm n‘nages are:

" located at the eyepmni?
‘A First, locate the- eyepoint. Hold aplece
" " ‘of paper directly on top of the eyepiece:
You will seea round spot of light Slowly, ©

‘raise the paper and observe the diameter
of the spot of light. The'spot of lightat
. first gets smaller in diamerer an_d' then;:
-.after reaching a minimun, it gets larger.

Hold the paper.at the minimuan damerer, |

" Fig. 3:38. That is the Raméden disk {the

eyepoint, the exit pupit). It is this tiny spot - '

- where the lens of your eye is placed when
the microscope is used visually, or where
‘the shutter, auxiliary projection lens; or "
beam splitter goes when photomlcrof
graph is made: The distance.of this

- eyepoint above the top of the eyepiece is -

* known as the-eye relief; Tt varies from just
a couple of millimeters-to about 23 mm f or

" high-¢yepoint eyepieces. Now, while. - |

helding the piece of paper carefully &t the

Ramsden disk with oné hand, operi and

close the aperture (substage) diaphragm .
with the other hand, You will see the spot
‘diameter change, The filament image will

be too small to see, but o see an enlarged
tmage of the eyepoint, remove the paper
and focus on the spot with 2 pocket magni-
fier of 3X ro 10X (or use a positive
eyepiece turned upside down). You will
. have o focus carefully and keep your head
steady, but if you do this correctly you will
.be seeing an image of the objective back
- focal plane with its filament and apertare
diaphragm. _

Q. What is out of adiustin_ent if, in these-
demonstrations, the filament is not in
-sharp focus? '

A If the filament is not in sharp focus, the
lamp condenser{collector) is not properly
adjusted (see Step 7). Remembey, the lamp
condenser focus setting determmes the

. locarion of the filament image. You have

- now completed tracing the image of the .

‘flament through the lllmmnatmg ray parh -

' - /(Fig. 3-5).

- You sheuld repeat the steps in semng up - :
: Koh]er Tlumination until they become- ﬁrmly L
: fixed in your mind and become second nature .

If you Have'followed the steps carefully, you

. : have ad]usted the microscopeand the ﬂluzm- .

nation for the best possible visuzl image. The '
microscope is now ready for attachment af
thc camera. - S
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Difficulties in

Kohler
[lumination

High-Power Objectives

One difficulty in setting up Kébler illumina-
tion may occur when a high-magnification,
high-NA cbjective is being used, The
problem that may be encountered is that an
image of the field diaphragm will not be
obtained. This is due to the inability of some
field diaphragms to close down sufficiently far
o to the inability of the substage condenser 10
produce a sufficiently small field diaphragm
image. In this case, two methods of resolving
the difficalty are possible. Center the field
diaphragm with a lower magnification objec-
tive first and then close the diaphragm as
much as possible when the high-power obiec-
sive is used. Ot temporarily decenter the
substage condenser {or tilt the mirror) undi an
edge of the field diaphragm can be seen and
use this on which o base the focus adjustment
of the substage condenser.

Another problem may be the mability to
get a sharp image of the field diaphragm with
high-numerical-aperture condensers. This
will be due to the use of slides that are too
thick. -

Low-Power Objectives

Problems will also occur when very low
magnification objectives (1% to 4X) are used.
With such low-power objectives, Kohler iltu-
mination no longer applies. There are several
ways of dealing with this. With some micro-
scopes, you Can remove the top lens of the
condenser (by unscrewing it, by fiipping it
out, or by lifting it off); this has the effect of
reducing the NA of the condenser and
increasing the diameter of the illaminating
cone. Some microscope condensers havea
slide-in auxiliary lens to change the effective
focal length of the condenser ot a flip-in
diffuser element, In still other microscopes,
the entire copdenser must be replaced. In the
case of microscopes with separate illumina-
tors, you can remove the condenser entirely
and use the concave side of the mirror for
illomination. Leave the aperture diaphragm
wide open, and the field diaphragm will actas
an aperture diaphragm. Consult the micro-
scope manufacturer’s recommendation
regarding the use of very low magnification
objectives, as this differs with the design.
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Image Brightness

Very often when the microscope and the illu-
mination-are correctly adjusted, the image in
the mictoscope will be extremely bright—too
bright, in fact, for comfortable visual observa-
tion. The brighiness of the image can be
reduced by placing a neutral density filterin -
the light beam, Trial and error will indicate
how dense the neutral filter should be in order
o provide a comfortable level of brighmess.
Many built-in illumination systems incorpo-
cate neutral density filters for this purpose.

When using a separate Microscope illumi-
nator, have a neutral density filter avaijable ©©
reduce imnage brightness for visual work. In
this case, place the filter ina filter holder on
the front of the illuminator or under the
substage condenser. Remove it when making
2 photomicrograph.

Although closing the aperture diaphragm
decreases image brightness, image quality
suffers for both visual and photographic
purposes. Never use the aperture (substage)
diaphragm to control light intensity.

Nentral filters of several densities are act-
ally used in photomicrography to control
exposure time so that it will be within the
range of available shutter speeds.

A varizble transformer can reduce Image
brightness with tungsten filament lamps. This
provides a comfortable tevel of illumination
for visual use or intensity when black-and-
white films are used. Lamp life will be consid-
erably prolonged also. For consistent color
photograpity, use the lamp at the normal rated
voltage. Tungsten-halogen lamps must not be
used more than 30 percent below their rated
voltage, or the mNgsen recycling reaction
will not occur.




Chapter Four

B FETYTS A £ E
JA Y }%’%;’% Gd f»-%, %) é 4
Z % Z % %
T S B W WS WA TN I |
o T W m B oy
7 z i 2 2 g%/,, Z 4 2
Nt OB EWILE LW

Fig. 4-1

MOUNTING THE CAMERA
on the microscope and making pho-
tographs can be a simple and routine
operation. Netther the microscope
nor the camera needs to be elaborate
or excessively expensive. The major
concern is achieving correct focus at
the film plane. In this case, a parfo-
cal side telescope enables the mu-
croscopist to focus and to determine
the field to be vecorded.

A correctly-prepared microscope, used to best
advantage with properly controlled illumina-
tion, is the image-forming part of a photomi-
crographic system. The camera is the means
for recording on film the image formed by the
microscope. Only when the quality of the
image produced in the microscope is the
highest attainable can the camera recerd an
excellent photomicrograph. If it is not there,
then no film, camera, or camera refinement
can improve the image quality in the photo-
micrograph. It is important, however, that the
image should not be degraded in the camera or
by any photographic rechnique.

Although almost any camera can be used to
record the image, 2 camera specifically
designed for photomicrography offers many
advantages. The selection of 2 camera is most
often governed, however, by cost and
convenience,

OF course, in the strictest sense, a camera is
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not even needed to make a photomicrograph.
A right-angle prism can be placed directly on
top of the eyepiece and the image projected
and focused on a nearby wall. Then, in the
dark, a photographic film can be taped or
otherwise attached to the wall where the
projected image was focused and the micro-
scope lamp turned on for the exposure. The
obvious disadvantage to this method of
making photomicrographs is the inconve-
nience of working in the dark for much of the
time. However, it does illustrate the fact that a
conventional camera is not abselutely neces-
sary, and the method has the advantage of
reducing the cost to that of the film or paper.
A step up from no camera would be to
make one’s own photomicrographic camera.
Such homemade devices have been made
from soft-drink cans, coffee cans, and, at least
one highly reputable scientific work has been
published whose photomicrographs were
made with a shoe-box photomicrographic
camera. After all, once the critical image has
been formed in the microscope, it only
remains to support the film in a plane upon
which a focused image can be projected. Such
homemade devices are fun to design and
consiruct, and one is shown in the illustra-
tions, Most photomicrographers will already
have a conventional camera with which to
make photomicrographs or a photomicro-
graphic camera made especially for
photography through the microscope.

Fig. 4-2

SIMPLEST MICROSCOPE
CAMERA may be no camera at all.
With a soft aluninum beverage can,
the top of a shaving cream dispensey,
seraps of fiberboard and aluminum,
rubber bands, and a 126-size film
carrridge, John Delly construcred this
“fibm holder” to mount on the micro-
scope tube. After empiving the can,
John removed the top and made a
careful cutout in the botiom of the can
1o fir tightly over the microscope tibe.
He selected the dispenser top because 1t
it ower the can o form a lightlock and
because it also was easy to cut and
ghue. Glued-up fiberboard pieces and .
an alumimem dark skide complered the -
Jilm cartridge holder. Black paint on
all interior surfaces reduced flare.
Exposures can be made in a darkened
room simply by withdrawing the dark
slide and using an opaqgue card 1o
shutier the light beam.
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Cameras with
Integral Lenses

The simplest way to make a photomicrograph
is to use a conventional camera over the
microscope. Tt might be an inexpensive fixed-
focus camera or an expensive 35 mm camers,
but it s usually one designed for regular
photography of people and places. The lens is
an integral past of the camera and often
cannot easily be removed. A fixed-focus
camera is the simplest, having only one
shutter speed and usuaily only one lens aper-
fure. The more expensive type of camera
offers a range of shutter speeds, various
distance settings, and a variety of aperture
settings. This type, obvieusly, offers more
versatility, particularly in exposure control.

When you focus a microscepe visually with
a normal, relaxed eye, the image may be
considered to be at infinity. (Actual studies
made with beam splitters used to determine
the focat length of the microscopist eye while
the microscope is in tse have shown that
accommodation varies the focal length over a
wide range, and thus the actual image focus.)
Therefore, the distance setting on the camera
should be set at infinity. If the camera is
placed over the microscope in the correct
position, the image will be in focus on the
film plane. The correct position of the camera
fens is with the front surface of the lens at the
eyepoint. Many persons can relax their eyes
by staring at a very distant object just prior to
focusing the microscope. Spectacles for
aiding distant vision or astigmatism should be
left on. Tf photographs are unsharp, you may
be focusing your eye az some other virtual
distance such as 3 or 4 metres {or 15 or 20
feet). To determine if this is the case, make a
series of photographs that run the gamut of
focus semings on the camera. The sharpest
record will indicate the virtual distance at
which you are most likely to focus the micro-
scope. Those who cannot focus the micro-
scope consistently will have to adopt a camera
with a ground glass and, preferably, with a
detachable lens.

The lens-aperture setiings (f-numbers) on
the camera do not control exposure as they do
in regular photography. They have no effect
on image brighmess. The largest aperture
setting should be used, The effect of using
smaller apertures will be to vignetre the
image, that is, to reduce the illumination at
the edge of the field because of the restrictive
action of the aperture. A stopped-down
diaphragm cuis into the image field and
reduces field size, so only a small, circular
image is recorded on the film, Actually, with
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Fig, 4-3
CAMERA POSITION for a
comera with integral lens is with the
camera lens at the evepoint of the

* gyepiece.

most camera lenses, even at the widest aper-
ture there will be some vignetiing. Long-
focal-lengih: lenses will eliminate the
problem, but one may have to go as high as
200 mm before the vignetring is completely
eliminated. On the other hand, many people
consider the circular image more realistic for
the microscope and de not find it
ohjectionable,

The camera shoutd be positioned over the
micrescope so that the eyepoint of the
eyepiece is at, or very near, the front surface
of the camera lens, as shown in Figure 4-3.
This minimizes vignetting since it places the
entrance pupil of the camera at the exit pupil
of the eyepiece. The position of the eyepoint
can be determined by holding a piece of white
paper right on top of the eyepiece, then slowly
raising it. A bright circle will appear on the
paper. This circle becomes smalter and then
larger. The position at which the circle is the
smallest is the eyepoint. The distance of the
eyepoint above the eyepiece will vary with
different cyepieces. If the eyepiece {s changed,
therefore, the eyepoint may appear in a
different position. The distance may only be a
few millimeters or it may be almost 20

millimetres.

"The camera can be held in place over the
microscope by any available means. You can
construct a vertical stand out of wood or
metal, use a laboratory ring stand, attach the
camera to the upright member of a small
enlarger (with the enlarger head removed), or
use a camera tripod. An elevator riped with
the elevator portion inverted is useful. In any
case, the support should hold the camera
frmly in the correct position. You should still
be able to move the camera up out of the way
or swing it o one side to look into the micro-
scope and adjust image focus. The rule is:
Focus the microscope; do not change the
distance setting on the camera.

A piece of black cloth or tape or front-to-
front maring (different size) sun shades can be
used 10 exclude light between the eyepiece
and camera lens, Place one shade on the
camera and the other on the microscope.

When the image appears sharp, the camera
can be replaced in position and the camera
shutter actuated to make an exposure. An
arrangement must be made  bring the
camera back to the correct position. Some
kind of positioning stop on the stand should




be devised.

Exposure becornes a problem with simple,
fived-focus cameras because usually only one
or two shutter speeds are availabie. This
means that you must have a very bright image
in the microscope and, of course, a very
bright Light source. The exposure time, or
shutter speed, is usually very short and will be
gbout 1/30 or 1/40 second.

Magnification With a Simple
Camera

By convention, the magnifying power of
optical components is based upon the normal
close-focusing distance of the eye—250 mm
(10 inches). When an image is formed ouiside
the microscope, the magnification, as seen in
the microscope (objective power times
eyepiece power), is reproduced only if the
image is 250 mm (10 inches) from the
eyepoint. An integral camera lens always has
a focal length shorzer than 250 mm. Image
(lens-to-film) distance becomes the deter-
mining factor for magnification of the photo-
graphed image. A camera with a 50 mm lens
will record an image only about one-afth the
size of the image seen in the microscope.
Magniﬁéation on film can then be determined
by the ratio between the camera-lens focal
length and 250 mm, multiplied by the visual
magnification of the microscope. Camera
lenses, except those on inexpensive cameras,
usually have their focal lengths engraved on
their mountings. Fixed-focus cameras
normally have no designation for either focal
length or lens aperture,

To determine the actual magnification
recorded on film, you can place a stage
micrometer slide on: the mictoscope stage.
Focus sharply on the lines of the slide and
record the image. When the film is processed,
you can measure the separation of the
recorded lines and compare the measurement
with the actual separation of the lines of the
micrometer slide. For example, if two lines on
the slide were 0.01 mm apart and the same
recorded lines were 0.5 mm apart, the
recorded magnification would be 50 x (0.5
divided by 0.01).

There are some disadvantages to using a
camera with an integral lens in photomicrog-
raphy. One is that the entire microscope field
may be smaller than the Alm frame. The out-
of-focus, peripheral area of the microscope
field is then recorded. This condition can be
alleviated to some exient by using high-
magnification eyepieces so that only the
central, best-corrected part of the microscope
field will be photographed.

Complex camera lenses will sometimes

create inrernal reflections due to multiple-
elemeni construction. These reflections
reduce Image contrast in photomicrography.
Because simple, inexpensive cameras have
fewer lens surfaces to reflect light, they will
often produce better photomicrographs than
expensive, comnplex cameras. Of course, a
simple camera must be used correctly.

Some camera firms make microscope
adapters that can be used to place a camera
with an integral lens in correct position over a
microscope. Such adapters are often made,
however, for adjustable-focus cameras, not for
the fixed-focus type. Camera manufacturers
should be consulted for availabiliry of this
accessory for their cameras,

Cameras Without
Integral Lenses

Reflex Cameras

A single-lens-reflex (SLR) camera can be
adapted for use over a microscope. Many
firms that manufacmire reflex cameras also
offer microscope adapters. Normally, when a
reflex camera is o be used over a microscope,
the lens is removed from the camera and one
or more extension tubes are piaced on the
camera in the lens position. A microscope
adapter ring, containing the microscope
eyepiece, is then fastened in the front exten-
sion tube. The whole assembly of camera,
mbes, and adapter can then be placed on the
micrescope, fitting the microscope eyepiece
and the adapter ring directly into the draw-
fube of the microscope. This assembly, in
some designs, can be attached 1o a rigid stand
that is supported independerly of the
microscope.

The micre-image is usually focused by
adjusting the focus kneb on the microscope
while viewing the image in the camera’s view-
finder. A better way is by adjusting the eye
lens of a photographic eyepiece or by
changing the mechanical tube length. With
these methods, you can aveid changing the
objective focus position with the focus kneb
after the microscope has been focused
visually. Focusing on a ground glass within
the viewfinder is all right for lower magnifi-

. cation, but beyond about 80X critical focus

cannot be obrained on the ground screen.
Critical focus of fine detail is difficult ro
achieve on a ground glass because of the
coarseness of the ground surface. If a clear
area is present on the ground glass near the
center, this disadvantage can be overcome; but
a simple clear area in a ground glass screen
can lead to out-of-focus photomicrography

Fig. 4-4

RAISING THE EYEPIECE
allows focus of the image at the film
plane of an attachment camera
without lens.
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because there is no reference point. Bestis a
ground glass with a clear cenrer spot and cross
hairs. Cross hairs will prevent focusing the
aerial image in a plane cther than the glass
and allow parallax focusing. For paraliax
focusing, there should be no apparent motion
of focus structure with respect to the cross
hairs when the eye is moved slightly from
side to side. Cameras with interchangeable
viewing screens are most easily adeptable for
photomicrography.

Bellows Extension Camera

Some firms that manufacture reflex cameras
also offer an adjustable bellows, which is
normally used in close-up photography. This
bellows (with no lens attached) can be used on
2 reflex camera over a microscope and has the
advantage of adjustabiliry, so that magaifica-
tion: and the amount of recorded field can be
varied for control of image composition,
When the cammera is used in this manner, it 15
advisable to attach the bottom plate on the
bellows rack to a rigid vertical stand.

With a reflex camera, magnification can be
continuously varied, a wide range of shutter
speeds is available (usually | second to
171000 second) for exposure control, and the
entire film frame in the camera can be filled.
Also many modern refiex cameras include a
behind-the-lens metering system for moni-
toring the image brighimess in exposure deter-
mination. There are enly two drawbacks, or
factors, that can affect recorded image qualiry,
One, already mentioned, is the difficulty of
crirically focusing the image on a ground
glass. The other is the possibility of creating
vibration when a focal-plane shuiter is
acmated. This can be minimized by using a
shock mounting pad under the microscope.
(See also Camera Vibration, page 46.) A
card in the light beam can be used as an
alternate shutrer to minimize vibration. With
the card in the light beam, {1} open the
camera shutter, {2) remove the card, (3} time
the exposure, (4) replace the card, and
{5) close the camera shutter. Long exposure
rimes (several seconds or more) also reduce
the effect of vibration, but they do nor elimi-
nate vibration irself.

Photomicrographic
Cameras

There are severai commercizally made
cameras designed specifically for photomi-
crography. The most popular are these called
eyepiece camergs ot photonucrographic attach-
ment cameras, Or micro aftachment cameras, A
feature generally common to cameras in this
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s
Fig. 4-5 4
ATTACHMENT CAMERAS
usually have a velay lens for focus ai
the film plane, a beam splitter, and a :
stde telescope which Is parfocal with i

the film plane,

group is a beam-splitier eyepiece. The image
formed in the microscope can be viewed,
focused, end composed by means of this
auxiliary telescopic eyepiece. A cenral,
rectangular area is often shown in the center
of the field to indicare the portion of the field
that will be recorded on film (Figure 4-3).
Sometimes several fields of view are indicated
by the reticle or graticule when the artachable
photemicrographic unit is supplied with
interchangeable tubes of different lengths
containing different auxiliary projection
lenses. In one case the largest format of three
seen indicates the microscope magnification
multiplied by 0.32 (z 1/3 magnification or a
3X reduction). The middle format indicares
0.5X and the smallest indicared format repre-
sents a | X position (total microscope magnifi-
cation, without reduction). The 1/3X adapter
records on film most of the eyepiece field of
view, the 1/2X adapter records the center
portion, and the 1X adapter records only a
small center section.

35 mm Eyepiece
Cameras

Cameras of this type usually accommodare
33 mm film magazines, although some use
sheer films (or plates). Some with more versa-
tility are designed for use with either roil or
sheet film.

The film plane in a 35 mm eyepiece camera
is in 3 fixed position, usually far enough from
the microscope eyepiece so that only the
central area of the field is recorded. This
fearure avolds the out-of-focus peripheral
area caused by curvature of field, which is
inherent in many microscope objectives and
which would be recorded in a camera with
integral lens. The distance from eyepoint to
film may vary shightly for 35 mm eyepiece
cameras of different manufacture, but is
usually about 100 to 125 mm. Since the
distance is less than 250 mm, however, a
simple correcting lens is incorporated so that
the image seen sharply focused in the viewing




evepiece will also be in sharp focus in the film
plane of the camera. The use of this
correcting lens also allows the microscope to
be used at the correct optical-tube length.

Tocusing this eyeplece camera requires
care. The reticle (or cross hairs) in the tele-
scopic eyepiece must be in sharp focus when
the specimen is in focus, Younger persons
(usually under 40 years) may accommodate a
focus difference without realizing it. The best
method is to focus the reticle or graticule first,
Do this with the focusable eye lens of the side
telescope. The eye lens of the side telescope is
adjustable and graduated, Look through: the
side telescope with the eye relaxed. Try to
look through the graticule rather than at it.
Start with the eye lens in the fully out posi-
tion, turn the lens until the reticle is in focus,
and then leave the lens in that position. If
more than one person uses the same micro-
attachment camera, record your setting of the
focusing eye lens so that you can reset it
guickly. Now focus the specimen either with
the micrascope fine adjustment or by moving
the microscope eyepiece (changing the
mechanical tube length) until both graticule
and specimen are seen in sharp focus.

Focusing of the microscops for phoromi-
crography is actually more critical with low
power objectives. On page 16, the table shows
variation of image depth with objective
magnification. As the table demonstrates,
slight errors in focusing with low power
objectives can lead to out of focus photomi-
crographs. The problem arises with accom-
madadon of the eye and failure to get the
reticle and specimen in the same plane of
focus. Slight errors in focus are effectively
masked at higher magnifications by the
greater depth of focus available.

A method for overcoming such focusing
error has been suggested by several authors.
The method simply involves use of a low
power {abeut 3X) auxiliary telescope to aid in
focusing. To use the telescope, first, focus it
on a distant object. Place the focused tele-
scope at the adjustable evepiece of the micro-
scope and focus the eye lens until the reticle is
in focus. Then focus the specimen using the
coarse focus of the microscope. (Do this
without hesitation since accommodation of
the eye may oceur if focusing is done slowly

. with the fine focus.)

Figure 4-6 shows a typical micro-attach-
ment camera with side telescope. The slitin.
the lowest attachment clamp allows focusing
of eyepiece graticules when it is desired to
record a scale, for example, superimposed on
the specimen, On this atzachment, shutter
speeds are set manually, based on light-meter
readings taken through rhe side telescope.

Readings can also be mken with the camera’s
own built-in metering system, Frequently,
adapters are made available so that a variety
of different camera models can be used with
the same photomicrographic body.

Eyepiece cameras are convenient and
economical, especially to provide 35 mm
slides for projection purposes. This type of
camera can be used with most microscopes. It
requires little storage space when not in use
and can be set up quickly when needed. Any
efficient visual microscope setup can be used
for photomicrography with an eyepiece
camera. This great convenience has made the
eyepiece camera very popular and useful for
photomicrography.

Roll-film cameras, including 35 mx
cameras, do have some limitaticns and disad-
vamiages. For example, 35 mm film provides
enly a small-size negarive. For prints,
enlargement is necessary. In enlargement, the
optical condirion of emp#y magnification can
occur. See page 14,

The beam splitter must also be considered.
In some photomicrographic units the beam
splitter can be swung out of the way just
before the shutter is released. This increases
the amount of light rransmitted to the film by
removing an unnecessary optical component
(about 25 1o 30 percent of the light goes 1o the
side telescope when the prism is left in). On
the cther hand, if moving objects such as
microorganisms must be recorded at a partic-
ular instant with electronic flash, or contin-
uously on motion-picture film, it is essential
t0 have a beam splitter that remains in place.
The most versatile photomicrographic
cameras offer both options for use at the
photomicrographer’s discretion.

Today, these simple, and generally very
reliable, photomicrographic attachment
cameras are offered with built-in automatic
exposure devices and frequently with an auto-
matic film advance as well. Figure 4-7 shows
2 fypical automatic-exposure photomicro-
graphic camera and moterized camerz back,
rogether with the necessary electronic

controls.
Notice the dark slide in the film transport

back in Figure 4-7. Narurally this dark slide
must be pulled out to the open position before
a photomicrographic is made. Be carefull Itis
a common error 1o forget to pull the dark
stide out. One photomicrographer suggests
hanging the end flap of the film carton on the
dark slide handle via a Christmas tree orna-
ment hook whenever the dark slide is closed.
The bright film-carton end then serves to
remind the photomicrographer to pull the
dark slide out before resuming photography.
{Tr is also a reminder of the type of film in the

Fig. 4-6
PHOTOMICROGRAPHIC
ATTACHMENT CAMERA.
Photo courtesy Nikon, Inc.

Fig. 4-7

AUTOMATIC ATTACH-
MENT CAMERA and controls.
Phote courtesy of Nikon, Inc.
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camera.) The advantage of the dark slide is
that the back alone can be removed without
exposing film. This allows removal of a short
length or exposed film in the darkroom or
replacement of one back with another back
containing a different film.

Sheet-Film Eyepiece
Cameras

Sheet-film cameras of the eyepiece type often
reproduce visual microscope magnification,
since the eyepiece-to-film distance can be
fixed at 250 mm (10 inches). In addition 1o an
observing eyepiece, these cameras often have
a ground-glass back to facilitate both
composing and focusing of the image to be
recorded. Film size is usually 4 by 5 inches.
The same field can be easily exposed on
several different emulsions and then indi-
vidual sheets can be developed appropriately.
Adapter backs are available to convert sheet
film cameras to the use of roll film or for
instant print materials. These larger format
cameras spread the same light used for 35 mm
photography over a much larger image ares;
therefore, exposure times must be longer.

Fig. 4-8

TRINOCULAR ATTACH-
MENT CAMERA. This arrange-
ment allozws flexibility in substity-
tion of components.
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Trinocular Attachment
Cameras

Another type of photomicrographic camera is
shown in Figure 4-8, This type Is especially
designed by some manufacturers for use on
their trinocular microscopes. A trinocular
microscope has a binocular arrangement for
visual work and a third nabe for photomicrog-
raphy. The visual and the photomicrographic
optical systerns are parfocal, that is, the image
seen visnally in the microscope will also be in
focus in the camera. A 35 mm back and a
sheet-film back are interchangeable. Also, a
special field of view eyepiece is supplied,
containing a focusable eye lens and a grati-
cule to indicate the area of field that wiil be
recorded.

Although this is an excellent system for
photomicrography, it may have cne disadvan-
tage, depending on the design. It may not
allow simultaneous viewing and photography.
A prism is used to change thelight path from
the visual system to the photographic, so it is
impossible to see the field while a photograph
is being made. If only stationary subjects are
to be photographed, there is no problem. The
eyepiece camera, on the other hand, can be
used to photograph both stationary and
meoving subjects while viewing the ficld.

In other designs, however, there are several -

prism positions, including a bears splitter
arrangement just as in the eyepiece camera.
This permits both stationary and moving
subjects to be photographed. These trinocular
arrangements allow for amrachment of both
large format cameras and manual or auto-
matic 35 mm cameras. Examples of automatic
35 mm cameras without side telescopes
meunted on trinocular microscope bodies are
illustrated in Figure 4-9.

Fig, 4-9

TRINOCULAR MOUNTING
af 35 wmm cameras without side
telescope. (2) Photo courtesy of
Carl Zeiss, Inc. (h) Photo courtesy
of E. Leitz, Inc,




Cameras With Adjustable
Bellows

A camera that has an adjustable bellows and
accepts a large film size is considered best for
high-quality photomicrography by many
microscopists. Such a camera usually contains
a shutter capable of a wide range of exposure
times, a light-locking device to exclude all
light from the film except that from the
microscope, and a ground-glass screen for
focusing and composition. Ne lens is used or
needed in this camera, although a special
photographic eyepiece for the microscope is
recommended. This type of eyepiece will
have an adjustable eye lens that may be
graduated with the projection distance. In use,
the distance beiween the eyepoint {Ramsden
disc) and the film plane is measured, and the
mleasurement is set on the adjustable eve lens
opposite the reference mark. Sheet films or
plates in appropriate holders are normally
used, but the camers will often accommodate
roll film or instant-print adapter backs. Film
size is commonly 4 x 5 inches or larger to
allow highest magnifications and greatest field
sizes.

A camera with adjustable beliows is
capable of a complete and conzinuous range
of magnification, since eyepiece-to-flm
distance is adjustable. Remember that micro-
scope visual magnification is reproduced at a
259 mm (10-inch) distance.

Commercially made bellows cameras are
usually mounted vertically on a rigid stand
{Figure 4-10). A heavy, rigid stand is neces-
sary in order to avoid vibration and conse-
quent unsharpness in the image. In addition,
use of a separate means of absorbing vibrarion
and shock, such as a vibration isolation table,
provides further stability, particularly when
long exposure times are indicared.

A precaution that should be observed with
a separarely-mounted bellows camera is
correct positioning of the shutter. Tdeally, the

“shutter should have a reasonably large
cpening and small, light, fast-moving blades.
It should be positioned so that the blades are
ar, or very near, the eyepoint of the micro-
scope eyepiece. If the blades are too far above
the eyepoint and short exposure times are
used, a faint silhoverte-image of the shurter
blades, called shutter shadow, may be
recorded.

One of the versatile fearures of many 4x 5
bellows-camera systems Is that the lower part
of the bellows can be raised away from the
trinocular tube so that a 35 mm eyepiece
camerz can be quickly attached when 35 mm
slides are required.

Fig. 4-18

RIGID STAND 15 part of ihis
commercially infegrated bellows
camera. Photo courtesy E. Leitz,
Inc.

CAMERA LENS

LENS SHADE
LENS SHADE 2

EYEPIECE
IN TUBE

LENS SHADE
ATTAGHED TO
TUBE { TAPE
SHOWN HERE)

Fig. 4-11

NESTING LENS HOODS serve
as light lock befween a separate
camera adapted for photomicrog-
raphy and the microscope eyepiece.

Flare, Focus, and
Vibration
Light Lock

Comrmercial photomicrographic cameras of
the adjustable-bellows type usually contain an
efficient system for excluding extraneous light
from the camera. This is the light lock—the
connection between microscope and camera.
When an available view camera or an enlarger
is adapred for this work, a light-lock must be-
devised. A very efficient and convenient light
lock can be made by using two different-size
lens hoods—the smaller one is attached to the
camera or shutter, and the larger, to the wbe
of the microscope. The two hoods will nest
together to exclude all light from the camera
except that coming through the microscope.
The hoods and any adapter rings should be
thoroughly blackened.

In practice, the camera is usually moved
out of position so that the microscope can be
used visually to locate an appropriate field.
The camera is then moved into position so
that its lens hood fits into the lens hood on the
microscope. The camera, of course, should be
centered with respect to the microscope so
that there 18 no physical contact between the
two lens hoods. Enough space exists to allow
movement of the microscope barrel for crit-
ical focusing of the image on the ground
glass.

The Ground Glass

Frequently in photomicrography the image to
be recorded consists of extremely fine detail.
The surface structure of a ground-glass

screen, however, is often so coarse that it

interferes with this detail; crideal focus of the
image is difficuls, if not impossible. Some
manufacturers of photomicrographic equip-
ment provide screens with clear centers for
critical focus of the image on the plane of the
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ground surface. A ground-glass screen with
clear center can also be prepared in the
following manner.

With a soft pencil, or better, Indlia ink pen,
draw a cross or two diagonals on the ground-
glass surface that will be facing the micro-
scope. Place a small drop of warm Canada
balsam (or other mounting medium} where
these diagonals cross. Drop a small, round,
micro cover glass onto the balsam and press it
inio place gently. Allow the balsam to ser, A
permanent transparent center on the ground
glass will result. This procedure provides
cross hairs for parallex focusing.

For photomicregraphy, place a mounted
hand magnifier of at least 5X over the clear
center of the screen. Put your eye to the
magnifier and adjust it for sharp focus of the
ruled cross lines. Then focus the specimen
and glance slowly back and forth over the
crossed lines. When the image is critically
focused in the plane of the lines, there will be
no movement of the image in: relation to the
crossed lines.

Camera Vibration

Vibration in a camera setup can result from
microscope manipulation, from drawing and
replacing dark slides in film and plateholders,
from setring the mechanical shutter, and from
transmission through the stand. It is always
good practice 1o wait a few seconds for vibra-
tion 1o cease before making the actmal expo-
sure. Even then, If the shutter is actuated
manually, additional vibration cap occur and
may cause some unsharpness in the recorded
image. If the shutter is part of the camera, use
a suitable cable release to avoid vibration
from this source. A self-timer also provides a
means of automaric delay before the shutter is
operated.

Some cameras contain focal-plane shutrers;
others have leaf-type, or befween-the-lens,
shutters. It is generally believed that the latter
type 1s much more satisfactory for photomi-
crography since a focal-plane shutter may
impart a certain amount of vibration when an
exposure is made, Actually, this belief
assumes shutiers of comparable make and
quality. Vibration is caused by the abrupt start
and stop of the focal-plane shutter curtain as
the shutter opens and closes. This shock can
be alleviated by using longer exposure times

e minimize the vibration effect caused by the

shutter or by using special absorbing pads or
an antivibration table under the microscope.
These will dampen the vibrations; tests will
determine their efficacy. Such units are avail-
able from scientific equipment supply firms.
There is at least one setup in whicl: the
photomicrographer has the choice of leaf or
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Fig. 4-12
PHOTOMICROSCOPES in-
clude integrated camera and auto-
matic exposure calibration. The
complex internal light path of the
microscope pictures (a) 15 shown in
the drazuing (b) Photos courtesy of
Carl Zeiss, Inc,




focal-plane shutrer. In this particular case, the
focal-plane shutter is of much higheér quality
than the leaf shutter, and phoromicrographs of
test specimens made with it are sharper than
those made with the leaf shutter. Actual tests
should always be made when a choice of
shutter type and location is available.

In general, heavy shutters and focal-plane
shutters on the camera should not be used for
timing the exposures. It is better to set them
to the “open” position just pricr to making the
exposure and then to time the exposure with
an auxiliary shutter placed in the light beam
between the lamp and the condenser, But be
careful to keep the shutter as near as possible
to the microscope condenser because if ir is
near to the field dizphragm, it will be imaged
in the field of view. Control of light with a
supplementary shutter in the light path and
the camera shutter open is awkward, but it
does result in vibration-free
photomicrographs.

Photomicroscopes

There are commercially available instruments
that are made specifically for photomicrog-
raphy or for microscopical work that requires
frequent photomicrographic documentation.
These instruments are photomicroscopes or
photographic microscopes in which the
photomicrographic apparatus is built in rather ~
than attached as an accessory. Figure 4-12a
shows the Zeiss photomicroscope I1I with
automatic dara-recording unit. The 35 mm
film is held in the cylinder device with the
round cover at the rear of the body, and all
photographic controls are built in. Figure
4-12b shows the light path through the photo-
microscope. Afier the light passes through the
specimen and objective, it encounters a beam
splitter where most of the light passes through
to the film. The remaining, deflected light
encounters another beam splitter that directs a
portion of the light t the built-in photomul-
tiplier tube, and the remainder to the
evepleces.

The inveried camera microscope shown in
Figure 4-13 conrzins both fully auromatic
4 ¥ 5-inch and 35 mm camera systems.

Choice of Camera

We have seen: that photomicrographs can be
made with no camera at all, with simple
cameras that have fixed lenses, with more
complex cameras that have removable lenses,
with attachment 35 mm and large-format
eyepiece and bellows cameras, and with
microscopes having built-in photomicro-
graphic capabilities. Costs range from that of
filmr alone to many thousands of dollars. The
choice of a specific method and type of equip-
ment must be made by each individual photo-
micrographer, taking into consideration such
things as anticipated phore work load, variety
of microscopical tasks, cost, personal prefer-
ence, and experience. The principles for
producing the best visual image are the same
{or all microscopes; the means of recording
the image is optional. The simple camera,
attachable photomicrographic unit, and built-
in pheto systern all are capable of producing
high quality photomicrographs.

Fig. 4-13

INVERTED CAMERA MIi-
CROSCOPE provides for 35 mm
or 4 x 5 inch camera modes. Photo
courtesy of Carl Zeiss, Inc.
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The ultimate function of the microscope and
its illumination is to produce the best possible -
image of the specimen. If the specimen is
colored, as with biological stains, then the
image will also be colored; and it can be
recorded te best advantage on a color film,
Tilters are almost always necessary when a
color film is to be exposed through the micro-
scope, principaily for contzol of color balance.

A working knowledge of color film charac-
teristics, as well as of the action of specific
filters, is essential in color photomicrography
if the microscope image is to be recorded
effectively.

Color Films

There are two general types of color films for
exposure in a camera. They are rewersal color
films and negative color films. The reversal
films yield direct-positive color fransparencies
after reversal processing; the resulrant colors
are comparable 1o those seen in the original
subject. Color ransparencies are viewed
either by projection or on a suitable illumi-
nator. The negative films yield color negatives
after processing; the colors in the recorded
image are complementary 1o the corresponding
colors in the subject. Color negatives must be
printed onte a color priat material to obtain a
reproduction of the original subject colors.
Color films are further identified by the
wind of illumination for which they are
balanced in manufacture. This is either artif-
cial light produced by tungsten lamps, or
daylight. The designations Type A, angsten,
or Type B, indicate that the ungsten light
source for which the film was balanced had a
colot temperature of 3400 K (Type A}or
3200 K (mungsten and Type B). A film speci-
fied as daylight type is balanced for average
surlight or electronic flash at 5500 K. Kodak
professional films are designated either Type
1 or Type S. Type L {for long exposure) film
is balanced for tungsten light at 3200 K and
Tor long exposure times (1/10 second o 60
seconds), Type S (for short exposure) film is
balanced for daylight illumination and for
short exposure times of 1/10 second or less.
When a particular il is to be exposed in
photomicrography and the illumination
differs from that for which the film was
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balanced, specific filters must be placed in the
light beam o adjust the llumination.
KODAK Light Balancing Filters were made
for this purpose. Failure to make this adjust-
ment may resuit in incorrect color balance in
the recorded image.

All color films are rated according to their
speeds, or sensitiviry to light, Film speeds arc
sssigned by a standard rating system as
numbers that are directly proportional 0
sensitivity—the larger the numbex, the higher
the sensitvity. A film with an arithmetic
speed vatue of 160 is twice as fast in its reac-
tion 1o Light as another film rated at 80, four
rimes as fast as 2 film rated at 40. The speed
number commenly given is the ASA speed or,
more recently, ISO speect.

Selection of Color Films

The primary characteristics to consider in
selecting a color film for photomicrography
are film format, film speed, and the ability of
the film to record specimen colors as accu-
rately as possible. Orther facrors are contrast,
resolving power, grannlarity, illumination,
and color balance. (The appendises contain
more information on film selection. J

The film size, of course, is governed by the
camera to be used. Most photomicrographic
cammeras accommodare 33 mm film to produce
a 24 x 36 mm frame size. Others accommo-
date sheet filrns of specific size, A wide selec-
tion of color flms is available in 35 mm and
sheet-film sizes.

In photomicrography, 35 mm reversal color
films are most often used. These films yield
color slides commonly used in 2 x 2-inch slide
projectors. When these films are processed,
the individual frames are usually mounted
either in cardboard or plastic or bound in
glass mounts for direct insertion in the
projecter. For handling, filing, and trans-
porting, the convenience of 35 mm slides is
unquestioned.

The use of a high-speed film may be of
advantage when a specimer: is in motion or
possibly, when the illomination intensity is
very low as in fluorescence photomicrog-
raphy. However, microscope subjects
normally are stationary, and film speed is not
of primary impertance becalise exposure time
can be controlled aver a wide range.

Fither daylight or tangsten-balanced films
can be used successfully in photomicrography

if the iHurmination is property adjusted with
light-balancing flters. Normally, however, if
tungsten illumination is used with the micro-
scope, a color film balanced for angsten
should be used. Daylight-type films are used
when the light source has daylight qualiry;
such sources include genon arc or ¢lectronic
fash. Cotor films balanced for daylight can
also be used with tungsten sources if the Hlu-
mination is correctly adjusted. Introduction of
conversion filters reduces light intensity and
therefore increases required exposure time.
The use of daylight fibms extends the selection
of fiims available when one is looking for a
flm that will record and reproduce specimen
colors most accurately, The rendition of spec-
imen color is related to the sensitivity and
spectral response of the celor film. (See
Figure 5-1, page 56.)

Tnstant color materials provide immediate
results when working at the miczoscope.
Microscope manufacrurers provide for use of
instant print materizls with adaprers for their
microscopes. KODAK Instant Color Film can
be used with any microscope equipped with '
the appropriate manufacturer-supplied
adapter or with a KODAK Instant Film Back
fitted via & 4 x 5-inch Graflok® back. The
KODAE Instant Film Back is motorized and
offers an optional 110-volt power source.
KODAE Instant Color Film is daylight
halanced and has sufficient speed to allow for
any required filtration of the light source. (See
Fig. 5-2 and Fig. 5-3, page 56.) .

Rendition of Stain Color

“The many biotogical stains used in specimen
preparation, such as tissue sections and
smears, represent ali of the colors that can be
seen. Different color films show some
differences in sensitivity and response
various colors. For this reason, the color of
one stain may record better on one color film
than another. It depends on what that color is
and haw sensitive the particnlar color film is
to that precise color. The rendition of & stain
color also depends on the dyes formed In the
emulsion layers of the film; different color
filmns utilize different dye systems. So, in
photemicrography, specimen dye colors are
recorded on a color film containing different
dyes. Unformanarely, the results are not always
as expected.

Although a comprehensive survey has not




been made on the rendition of all biological-
stain colors on the different color films, there
are some commen stains whose color rendi-
tion is known. Probably the most common
stain is eosiz. This reddish stain is widely used
with tissue sections in animal histology in
combination with kematoxylin, and in combi-
nation with metfiylene blue stain for blood
smears (Wright’s stain). The use of a didy-
mewm glass filter enhances the color rendition
of these stains with cerrain films.* Newer
ERKTACHROME Films (Process E-6)
display enhanced response with the didymium
filter and some histological stains. Filtering
can often yield an improvement in the repre-
sentation of many other stains.

Processing Color Films

After color films have been exposed in a
camera, they must be properly processed,
either by the user or by a commercial
processing laboratory. Many commercial
laboratories are equipped to process and print
Kodak color films. Some of these processing
laboratories offer specialized services, such as
push-precessing of films for higher film speed
and contrast. )

Some Kodak color films can be processed
by the user. They include KODAK Photomi-
crography Color Film 2483 (Process E-4),1
KODAK EXTACHROME Films (Process
E-6), KODACOLOR Films {Process C-41),
and KODAK VERICOLOR Professional
Films (Process C-41). Chemicals are available
in kit form for each color process. Complete
information is given in data sheets about
mixing chemicals, processing times, agitation,
and temperature.

RODACHROME Films cannot be
processed by the user. They must be
processed by a facility that has the elaborate
equipment required for this purpose.

Increasing Color-Film Speed
It 1s possible to use KODAK
EXTACHROME Films {Process E-6) at
film-speed ratings higher than normal by
increasing the first-developer time a specific
amount. These films can be processed with
Process E-6 chemicals. Increasing film speed
by altering processing is not recommended
for other Kodak color films.

Best color quality will be obtained when
color films are processed normally, However,
with many photomicrographic subjects,
increasing film speed of KODAK
EKTACHROME 30 Professional Film
*Kodak does not supply didymium filters. They are

available from microscope suppliers. A typical filier is

the Schott didyminm multiband glass filter BG20 in
the 1 or 1.5-mm thickness.

(Tungsten) one stop and increasing processing
time gives no apparent diminution of quality,
and the resuiting contrast increase is valuable
in the rendition of many subjects {see Fig.
5-4, page 56).

Processing for increased speed can easily be
accemplished when users develop their own
color films. If film is usually sentto a
commercial lzboratory, users shouid check
with the laboratory to find out if this service is
available.

Filters

The ultimate function of both the microscope
and the Nurmination 18 10 produce the best
possible image of a specimen. A photomicro-
graph is a record of this image on a phote-
graphic material. If the specimen is celored,
as with biclogical stains, then the image will
also be coiored and will be recorded most
successfully on a color film. If a colered
image is to be recorded on a black-and-whire
material, the colors must be reproduced as
tones of gray that satisfactorily represent the
color brightnesses in the specimen. It is
usually necessary to use specific light filters
either to provide correct rendition of colors
on color film or to record the celors as appro-
priate gray tones with suitable contrast on &
regular fiim or plate.

Light Balancing Filters

These filters are intended for the adjustment
of illumination when it differs from thar for
which a color film is balanced. Tllamination
color quality is usually expressed as color
femperature in Kelvin (K}, KODACHROME
40 Film 5070 {Type A) is balanced in manu-
facure for 2 light source having a color

 remperature of 3400 K. Tf the light source to

be used in exposure of this fiim has a color
temperature Jower than 3400 K, its illumina-
tion can be adjusted with one or more
KODAK Light Balancing Filters of the 82
series to approximate a 3400 K color temper-
ature. There are four filters in this series: No.
82,82A, 82B, and 82C. Each will effectively
raise color temperature by definite incre-
ments. Of course, these filters don’t acinally
change the color temperanure of the light
source, but they do modify the illumination o
simulate a higher color temperature. The No.
82 filter will effectively increase the color
temiperature by 100 K; the No. 824, by 200
K the No. 82B, by 300 X; and the No. 82C,
by 400 K. If the light source had a color

TAvailability of processing services for Process E-4 is
now limited. : '

temperature of 3000 K, therefore, its illumi-
natien could be adjusted to 3400 K with a No.
§2C filter. The above filters can be used in
cembination to adjust illumination by greater
amounts than 400 K. For example, if the light
source were 2800 K, its illurnination could be
adjusted to 3400 K with a No. 82C plus a No,
82A filter. All of the 82 series filters are light
blue in color. Since virmally every micro-
scope illuminater that is nor xenon or elec-
tronic flash has a color temperatmire less than
3400 K—usually 2700 K-3200 K—filters of
the 82 series are almost always used in the
light path of the microscope.

Another group of KODAK Light
Balancing Filters applies when color tempera-
ture is too high for a film. This is the No. 81
series, which includes No. 81, 814, 818, 81C,
81D and 81EF. These filters are yellowish in
color and will effectively decrease color
temperature by 100 K, 200 K, 300 K, 400 K,
500 K, and 600 K. These figures are only
approximate since the actual amount depends
upon the initial color temperamre. The No.
81 series filters are not often used in photomi-
crography since too high a color temperature
seldom occurs. However, a common use of
the 81 series is to slightly lower the color
temperature of electronic flash.

An important fact to be considered is that
the actual color temperature of light source is
usually unknown. Also, the illumination
quality at the film plane may be different from
that emitied from the source because of
optical absorptions within the microscope and
the illumination system. Most buile-in illurni-
nztion systems, for example, contain a diffuse
surface, which wil! effectively decrease color
temperanre by about 200 K. So, even if the
source were known 1o have a specific color
temperature, the iflumination color-quality
supplied o the film might be different. Most
often, it is Jozver in effective color temperature
than is indicated by the source.

Tungsten-filament lamps are often used in
photomicrography, particularly in the buili-in
illumination systerns where 6-volz and 12-volt
coil-filament lamps are common. These
lamps, manufactured by several firms, differ
in color temperature through a range of about
2800 K 1o 3200 X, even when used at the
specified voltage. A lamp in one microscope
systern may differ in color temperature from
the lamp in another system. It is difficult to
say which light balancing filter, or filters,
should be used. Tungsten-halogen lamps, on
the other hand, are quite consistent in their
output with a nominal 3200 X color
temperature.

The most praciical method for determining
the correct filters is to make color-balance
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KODAK Filters for KODAK Color Films

Tungsten, Type B or Type A Daylight-Type
Light Source Type L Film (3200 K) Film (34060 K) Film
Filter No. Filter No. Filter Ne.

6-Volt Ribbon-Filament
(abour 3000 K) 824 82C 80A + 82A
6-Volt Coil-Filament :
{about 2900 K) 82B 32D 80A + 82B
100-Wart Coil-Filament
(gbout 3100 K) 82 82B 80A + 82
300- to 750-\Wart Coil-
Filament (3200 K) None 824 80A
Tungsten Halogen (3200 K) None 82A 80A
Zirconium Arc (3200 K)* Nonet 82A 80A
Photoflood Larmp (3400 K) 81A None . 80B
Carbon Arc (3700 K)* 81D 81B 80C
Xenon Arc (5500 K)* - 85B 83 None*

[E—
*The suggested filters give approximare color-teraperature compensation, Color test eXposures are necessary to obrain

best color balance.

1A No. 2B filter is often used to absorb unwanted utrravioler from are illumination. This is not necessary with many
Eodak color reversal films intended for daylight exposure since these films have a UV-absorbing overceat. Color
flms intended for tungsten exposure and black-and-white films do have UV response.

tests, using different filters or combinations of
fitters. The 82 series of light balancing filters
usually applies with ungsten illumination
since the color temperatare is almost invari-
ably o0 low for an artificial-light fitm. I the
initial color temperature of the source is
unknowi, make a series of exposures on a
reversal color film balanced for rungsten illu-
mination using, first, no fiiter, then the No. 82,
824, 82B, 82C, 82C + 82,and 82C + 82A
filters (see table for exposure adjustments}.
After the color film is processed, examine the
different exposures on a suitable illuminator
to determine which one shows the most
pleasing rendition of specimen colors and a
clean, almost-white background. (A graphic
arts iHluminator of 5000 K is good for this.)
The filter or fitters used to make that exposure
would then be correct for future exposures. If
a transformer was used to provide the 6 volts
to the lamp, the same setring should always
apply for making future photomicrographs.
Several voltage settings are often available on
a transformer. The highast setting shonid
pormally be that recommended as normal by
the bulb manofacturer. It is not necessary o
overvolt a Jamp and shorten its life.

If the color temperature of the source is
known, even approximately, the color-balance
test series can be much shorter. Very often
only about two filters or combinations need to
be tried. : :

Light balancing filters should be placed
between the iiluminator and the condenser of
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the microscope. Separate illuminazors usually
contain fiter receptacles for the purpose, but
this frequently places the filters too close 10
the field diaphragm. In this position, any dirt
or flaws in the fileer will be imaged in the
piane of the specimen. It is best to put the
fitters closer to the condenser. Avoid purting
them close to the lamp as excessive heat will
damage gelatin filters,

The table above contains typical filter
recommendations for different lighr sources
and various color films. These recommenda-
fions are approximare, because of the variance
in the color temperature of light sources at the
time of exposure. Voltage regulators are
necessary for critical work.

All daylight-type color films can he used in
photomicrography, regardless of the type of
illumination, if the correct filters are placed in
the tight beam to adjust the iilumination w©
daytight quality. These films can also be used,
of course, with light sources of daylight
quality {such as the xenon arc or electronic
flash) and probably withour any light
balancing filters. With tungsten lamps and the
zirconium arc, however, the use of specific
light balancing filters is necessary.

A blue KODAK WRATTEN Gelatin
Filter No. 80A will adjust illumination color-
quality from 3200 K to daylight. If color
temperature is below 3200 K, as it often is,
one or mare bluish fitters of the 82 series will
also be needed. In order to establish which
filter of the 82 series should be used with the

No. 80A filter, make a color test-¢xposure
series. Five cxposures will probably suffice:
one with the No. 80A filter alone and four
with the combinations of No. 80A + No. 82,
No. 80A + No. 824, No, 80A + 82B, and
No. 80A + No. 82C. One of the resultant
exposures will show the best color balance.
The correct combination should be used in
subsequent photomicrography when a
daylight-type film is exposed.

Color Compensating Filters

Undesirable color effects are caused by
several factors In color photomicrography ia
addition to the one already mentioned
(exposing a color film to illumination other
than that for which the film was designed).
These color effects can usually be corrected
with KODAK Color Compensating Filters,
available in various densities in red, green,
blue, cyan, magenta, and yellow. These filters
are commonly called CC filters, and they are
supplied as gelatin film squares.

The various general effects that can be
corrected with CC filters are discussed in
Factors Affecting Color Balance, page 52.
Pale color compensating filters can sometimes
be used w enhance the rendition of cerrain
stains. However, the benefits gained by use of
a filter of the approximare color of the stain
must be balanced against a possible degrada-
tion of complementary stain color. A selection
of CC filters is most useful for the critical
photomicrographer. In practical erms, itwill
pay to have all six colors in densities of 0.5,
0.10, ard 0.28. These can be combined to get
values of 0.15, 0.23, 0,30, and 0.35 as well.
{See Figure 5-5, page 57.)

While gelatin or glass filters will provide
the highest eptical quality and edge-to-edge
uniformity, many microscopists have found
that less expensive substitutes are acceptable
when they are used in the illuminating beanl.

One of these is the KODAK Color Print
Viewing Filter Kit designed for visual evalua-
tion of color prints. The kit has a card
conaining three 40 x 75 mm viewing filters
with density values of 0.10,0.20, and 0.40 for
each of the six colors: red, green, blue, cyan,
magenta, and yellow, These viewing filters are
not manufactured to the same critical toler-
ances as KODAK CC or CP Filters and some
unevenness of density may occur across the
filter. Mevertheless, the kit filters can be useful
for making experimental ring-arounds and
test exposures. :

Another approach is the use of acetate color
printing filters in the ifluminating beam. An
inexpensive set of acetate filrers is the
KODAX Color Printing Filter Set (Acetate)-




Conversion and Light Balancing Filters*

Blue Conversion Filters

Exposure Mired
Filter Increase Conversion Shift
Number in Stopst in Kelvin Yalue
80A 2 3200 1o 3300 —131
30B 1% 3400 to 5500 —112
80C 1 3800 to 5500 —81
80D 14 4200 to 5500 —56
Bluish Light Balancing Filters
Exposure To obtain Te obtain Mired
Filter Increase 200K 3400 X Shift
Number in Stopst from: from: Value
82C + 8z2C 1% 2490 K 2610K -89
82C + 82B 1A 2570 K 2700 K 77
82C + 824 1 2650 K 2780 K —65
82C + 82 1 2720 K 2870K —55
82C % 2800 K . 2950 K —45
82B % 2000 K 3060 K -32
82A 15 3000 K 3180 K =21
82 % 3100 K 3290K -10
Amber Conversion Filters
Exposure Mired
Filter Increase Conversion Shift
Number in Stopst in Kelvin Value
85C E%] 5500 to 3800 81
85 % 5500 1o 3400 112
85N3 1% 5500 ro 3400 112
85N6 2% 5500 to 3400 112
85N09 3% 5500 to 3400 112
85B | % 5500 to 3200 131
85BN3 1% 5500 to 3200 131
85BN6 2% 5500 o 3200 131
Yellowish Light Balancing Filters
Expesure To obtain To obtain Mired
Filter Increase 3200 K 3400 K Shift
Number in Stopst from: from: Value
&1 Y 3300 K 3510K 9
81A 14 3400 K 3630 K 18
81B ] 3500 K 3740 K 27
81C ! 3600 K 3850 K 35
81D % 3700 K 3970K 42
8iEF % 3850 K 4140 KX 52

:‘KODAK WRATTEN Gelatin Filrers and KODAK Light Balancing Filters
T These values are approxirmate. For critical work, they should be checked by practical west, especially if more than one

filter is used.

Density—Percent Transmittance Table

Percent Percent
Density Transmittance Density Transmittance
0.10 80.0 0.80 16.0
0.20 63.0 .90 13.0
0.30 50.0 1.00 10.0
0.40 400 2.00 1.0
0.50 32.0 3.00 0.10
0.60 25.0 4.00 0.010
0.70 20.0

Available in 75 x 75 mm squares, the filter set
contains 17 filters—one each of the CP05,
CFP10, CP26, and CP40 values of magenta,
yellow, cyan-2, and red plus a CP2B ulmra-
violet absorber.

Neutral Density Filters

Neutral density filters can be used in photo-
micrography to reduce image brightness as a
means of controlling exposure time. A neutral
filter will absorb a specific amount of light,
depending on its density, without affecting the
color quality of the Hlumination. The prin-
cipal application of such filzers is in the expo-
sure of color films. They can also be used
with black-and-white films to prevent
OVETeXposure,

If a very intense light source is nsed to
provide illumination, the correct exposure
time (as determined by a test-exposure series
or by light measurement) may be shorter than
the fastest available shutter speed. A neutrai
density filter can be placed in the light beam
to reduce image brighmess so that the expo-
sure time will be within the shutter speed
range.

The absorpricn of light by a neutral fiiter is
directly proportional to the filter’s density.
The greater the density, the greater the
amount of light absorbed. Also, the greater
the densiry, the less the amount of light trans-
mitted. * The table (below left) includes
various filter densities available and their
corresponding transmittances.

The neutral density fifters most often used
in photography to contro! exposure time have
densities of 0.30, 0.60, and 0.90. As shown in
the table, these filters have transmittances of
50, 25, and 13 percent. Since a density of 0.30
has a transmittance of 50 percent, it can be
used to reduce brightness by a factor of 2.

A density of 0.60 has a transmittance of 25
percent and a reduction factor of 4. These
densities can be used in combination because
the total density equals the sum of the indi-

vidual densities.

*Density is defined g5 the common logarithm of the
opacity. Opacity is the reciprocal of the rransmittance;
transmittance, in tarn, is that fraction of light incident
on a material that passes through the material. Thus,

Trensmitrance = Aransmirted light
" Incident light

Opacirt . S

P = amsmitance

X . 1
Density = logyg Opacity = logjo =

- 210 Dpacity 810 Transmittance
When considering transmission of lighy, ir is
appropriate to use density rather than opacity or
transmittance values, because the eye judges brightness
differences on a logarithmic scale,
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Here is a sample exposure calculation
involving neutral density fllters: Suppose that
a light source provides very brighr i{lumina-
tion, and that a reasonable fast film is in the
camera. The correct exposure time is 1/125
second, but the fastest available shutter speed
is only 1/60 second. This shutter speed would
cause overexposure. A-density of 0.30 in the
light beam reduces image brighmmess by
50 percent; 1/60 second would then be the
correct exposure. If a density of 0.60 were
placed in the light beam, the correct exposure
setting would then be 1/30 sccond.

Because reversal color films have a very
short exposure latitude, the best exposure
might be between rwo shutter speeds. For
example, 1760 second may be too short,
causing slight underexposure; but 1/30
second may be too long, causing slight
overexposure. In this case, a neutral density
&iter of either 0.10 or 0.20 could be used with
a shutrer speed of 1/30 second to reduce the
light level by 1/3 or 2/3 of a stop.
{Remember that a densiry of 0.30 reduces
Iight intensity by 50 percent or one full stop.)
The routine tse of 0.10 znd 0.20 neutral
filters is ap excellent way of getting 1/3 stop
differences in successive exposures for critical
photomicrographs.

Neutral density filters are also useful for
reducing visual image brightness. Place a very
dense filter in the ligh path when image
brightness is too high for comfortable
viewing. A density of 1.00 or more will
usually suffice for this purpose, but it should
be removed for photography because it may
prolong exposure tme 0o much. Avoid loag
exposures when possible because of reci-
procity effects with color films and the result-
ant possibility of color shift and decreased
film speed.

Some neutral filters normally used to
reduce brighmess may have a slight vellowish
color, either inherently or asa result of aging.
This vellowish color can be neutralized with a
paie blue color compensating fiiter such as a .
CCO5B or a CC10B. The effect generally isn't
very great and can often be ignored.
Evaporated metal on glass is one of the best
forms of neutral density filter,

‘Factors Affecting
Color Balance

At one time or another probably everyone
who has made color photomicregraphs has
encountered undesirable color effects. Some-
rimes the reason is immediately obvious or
can be easily determined by reviewing the
conditions that affect exposure. Occasionally,
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however, the cause of erroneous color balance
baffles even the most careful photomicrog-
rapher. When the cause is known, suitable
correction can often be made in subsequert
exposures. If it remains in doubt, 8 complete
review of possible causes is necessary. Here
are some siggestions.

Many undesirabie effects can be neutralized
by placing appropriate KODAX Color
Compensating (CC) Filters in the microscope
light beam. Some effects on color balance,
however, are due either to incorrect 1se of
optics or to problems related o film stozage
and film processing. Usually, these effects
canmot be compensated for with filters. The
onty remedy is to follow recommended
procedures.

The most common reasons for a color-
balance shifi are listed in this section. Some
are peculiar to photomicrography, but many
can be encountered in any type of photog-
raphy in which color filin is used. Only color
reversal films are considered here, since color
negatives may not show a color change until
they are printed. When color negatives e
slightly off-balance, the effects can usuaily be
corrected in printing if they are not tod
pronounced.

Color-Temperature Variance

Variation in illuminant color temperature is
probably the most common reasoen for unex-
pected celor shiffs in color photomicrography.
Whenever the illumination differs from that
for which a particular film is balanced, the
photomicrograph will have shifted color, If
the color temperature of the light source is 100
high, an overzll cold, bluish effect will be
noticed in the photomictograph. 1f the color
temperature is too fow, the photomicrograph
will be 100 warm and will be either yellowish
or reddish yellow in appearance. The degree
of color shift will vary according to the
amount of color-temperature difference
berween the actual light source and that for
which the film was bafanced. An example of a
large color shiftisa micrograph made on
daylight color film with uncorrected tIngsten
{llumination. (See Figure 5-1, page 56.)
Color-temperature variance can be corrected
by placing appropriae KODAK Light
Balancing Filters in the illumination beam.
These mismatches between film colos
temperature and illuminator color tempera-
ture usually lead to large erTors in color
balance. There are two other sources of color-
temperature varjances that are more subtle
and seldom expected, and that lead 1o small to
moderate color shifts, One source of color-
temperature variance is line-veoltage fluctua-

tion. It is very instructive 1o connect a volt-
meter to the line and observe it throughout 2
day. Variations of 15 percent or grealer are
common. Most variations are random, but
some are predictable, as when a large piece of
machinery is urned on. In some cases, the
variation correlates with daytime factory shift
changes and the like. Brownouts, the supply of
a continuous lower voltage for extended
times, may occur. To eliminate these color
shifts, the critical color photomicrographer
should install a constant-voltage transformer
in the line berween the wall cutlet and the
microscope iliuminator. Such a constani-
voltage ransformer can take variations up to
15 percent in input voltage and still maintain
a constant output voltage. Such a rransformer
is & necessary investment for critical color
photomicrography; but for best results the
output of the transformer must match the load
of the microscope illumination system.

Ancther, more subtle source of color-
temperature variation is the microscope ilfu-
minator’s own transformer. If it is of the
contintously variable type it will actually be
very difficutt o ser and reset the varizble
voltage adiustment knob © the identical spot
each time, even if there is an integral meter.
Try using a footswitch to tura the illuminator
on and off, leaving the adjustment knob
setting (bulb manufacrurer’s recommended
operating veltage} alone during the color-
balance test rells.

Heat-Absorbing Filters

Many light sources—such as high-wattage
tungsten lamps and xenon arcs—emit a
considerable amount of infrared radiation in
their illunsination. The infrared is evidenced
as heat and should be removed by an appro-
priate heat-absorbing filter to protect the
microscope optics, the specimen, and any
filters in the light beam, Some microscope
{Huminators have heat-absorbing glass filters
built in. Unfortanately, the owner of such an
illuminator may be unaware of the presence
of the filter, which is vsually green or blue-
green. This coloration can affect the color
balance of a photomicrogréph. The transpar-
ency may appear t00 green or blue-green, an
effect that can be corrected in subsequent
exposures by placing a peutralizing KODAK
Color Compensating Filrer in the light beam.
A CC filter of a complementary color is
necessary. If the heat Hlter is greenish, a pale
magenta CC filter will absorb the green and
produce a neurral effect. If the filter is blue-
green, a pale red CC filrer is indicated.
Heat-absorbing glass filters vary In their
degree of coloration; itis not possible, there-




fore, to assign one specific CC filter for
correction. The correct filter must nsually be
determined by test exposures. If the heat filter
can be removed from the lamp temporarily,
place it on a good 5000 K transparency illu-
minator and view it through CC filters of
complementary colors until one is found
which best neutralizes the heat-filter color, Of
course, permanent removzl of the heat filter
also solves the problem, but this may nat be
wise, since permanent damage to the optics,
filrers, and specimen may result. These
problems can be overcome today by the use of
interference filters of the dichroic type w
reflect infrared. Unfortunately they are
expensive, but they are more efficient and do
not crack or break due to toc much heat
absorption,

Ultraviolet Radiation

Some color films are very sensitive to ultravi-
olet radiation, which can be recorded as blue
by the blue-sensitive emulsion layer. If ultra-
violet is present, as in xenon-arc illumination,
it may cause a color photomicrograph to
appear too blue. An ultraviolet-absorbing
filter, such as the KODAK WRATTEN Filter
No, 2B, should be used. The No, 2B Filter
will absorb ultraviolet radiation but will
transmit all visible colors, The bluish efect of
ultraviclet radiation on celor film is often
encountered in the photomicrography of
metals. Most electronic flashtubes also emit
uitraviolet radiation. If a light source that
emits ultraviolet is employed in photomicrog-
raphy with color films, use a UV-absorbing
filter such as a KODAK WRATTEN Filter
No. 2B or No. 2E. Many Kodak color
reversal films intended for daylight exposure
have an uitraviolet-absorbing overcoat so that
use of a filter is not necessary with these films.

Biological Stains

The stains used in coloring a section or smear
to produce contrast between the elements of
the specimen have individual properties of
absorption and transmittance, Some stain
colors reproduce very well when recorded on
a specific color film, but others often appear
quite different on film than when seen in the
microscepe. Eosin and fuchsin, for example,
may not record well on some films. Their
rendition, however, can be noticeably
enhanced when 2 glass didymium filter is
placed in the iHlumination beam. The thick-
ness of the didymium filter should not be
greater than 2 mm.* X it is greater, a back-
ground color may appear or other stain colors

*Sec footnote, page 49,

may be degraded. Remember, because of the
inherent deficiencies of the dyes used in color
film, it may be impossible to record accurately
all colors of the specimen.

Stained Backgrounds
Occasionally when a micrascope slide is
prepared by staining the specimen, the back-
ground becomes colored. This background
color is recorded on color film, in some cases
giving an undesizable effect. The effect can be
neutralized by using a pale color compen-
sating filter in the light beam. The filter color
should be complementary to the background
color. .

For example, this may happen with smears
of bone marrow. The thick medinm i which
the blood cells are dispersed may absorb the
eosin stain included in Wright's stain for
blood smears, The background of the smear
becomes slightly pink. If this color is objec-
tionatle, it can be neurralized in a photomi-
crograph by placing either a pale green (for
magenta stains) or cyan (for reddish stains)
color compensating filter in the illumination
beam. The exact color density of the CC filter
used will depend on the intensity of the pink
background color. The filter should not have
too dense a color, or the color rendition of the
bloed cells will be degraded. Usually abous a
CCO5G or CC10G filter will suffice.

Mounting Media
After a specimen has been stained, z, drop of
mounting medium is placed over iz and a
cover glass pressed into position. The
mounting medium may be colored or it may
become colored with age. In either case, an
effect on color balance will be produced in the
recorded image. This effect can be neutralized
with a pale CC filter of complementary color.
Canada balsam, for example, tends o
become yellow with age through oxidation.
The degree of yellowing depends on the
thickness of the mounting medium and on its
age. A blue CC filter will compensate for this
yellow color. However, when a considerable
amourt of Canada balsam has been used, such
as with some whole mounts, and when it has
become deeply colored from age, it may be
impossible to neurralize the yellow color and
still obrain good color balance for the spec-
imen itself. If a specimen slide is placed on a
piece of white paper, the presence of a colored
mounting medium can be detected before the
specimen is photographed. Some mounting
media remain colorless and these should be
used if possibie. The table cn page 23
includes a general list of mounting mediz. .
If an existing photomicrograph has

improper overall color because the mounting
medium was colored and it is impossible or
impractical to reshoot it, a pale CC filter of
complementary color can be mounted with
the photomicrograph for projection. This
technique is practical i the discoloration is
0T [00 great,

Chromatic Aberration

A very pronounced undesirable color effect
that many peopie might have difficulry in
tracing is a color variance introduced by chro-
miatic aberration in the substage condenser.
Both the Abbe and the aplaratic condensers
have no correcticn for chromatic aberration.
Even if they are properly edjusted according
w0 the technique of Kohler illurnination, an
undesirable color effec: can be introduced.

When an Abbe condenser has been adjusted
correctly to obtain a sharp image of the field
diaphragm, that image wil? usually appear
blue at the edge of the diaphragm blades. If
the image is not sharp, it will be red, orange,
or yellow. Overall coloration may occur also
in the specimen image and upset the color
balance of the whele photomicrograph. I is
therefore necessary not only to focus the
image of the field diaphragm sharply with the
substage condenser focus but alse to gauge
this focus by consistently choosing the same
color for the slight but inevitable color fringe
at the edge of the blades. The aberration
effects from these settings and many other
factors can be accommodated by suitable
filtering. The important thing to do is adopt
onie or the other color fringe all of the time in
order To minimize and fix the aberration
factor. Anether method is to adjust the
substage condenser so that a ring of red is
formed just inside the image of the diaphragm
blades and a ring of blue is just cutside the
blades. This will splic the difference and help
compenszte for each color to produce a more
neuvtral balance,

When the edge is blue in one sector but
another color in an opposite sector, the lamp
filament has not been aligned precisely
enough or the condenser is tilted. The steps
on pages 30-33 shonld be repeated carefully,
(See Figure 5-7, page 57.)

Even charging microscope slides may
affect the focus of the condenser if the new
stide has a different thickness. Each time the
slide is changed, the opening in the field
diaphragm should be decreased and its image
examined in the microscope.

Since the deleterious color effects of exces-
sive chromatic aberration may be unpredict-
able, no suitable filter compensation can be
applied. The only suitable compensation is
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readjustment of the substage condenser to the
correct position. To adjust a condenscr prop-
erly, move it up or down slowly until an
image of the field dizphragm, as well as of the
specimen image, is visible in the mMICroscope.
The edge of field diaphragm image should be
sharp and the color adjusted as described
ghove.

The problem of chromatic zberration is
minimized wher an achromatic condenser is
used because. it has correction for both chro-
matic and spherical aberrations. An achro-
matic condenser is therefore highly recorn-
mended for color photomicrography,
particularly if apochromatic objectives are
used. For best image quality, however, even
an achromatic condenser should be focused
critically.

Film-Emulsion
Variance

The manufacturing of color film invelves the
coating of light-sensitive emulsions, plus
other matetials, on a base. The thickness of
each erulsion layer, measured in microm-
erres, must be carefuily controiled. If the
thickness of any one layer varies from its aim
point, an effect on color batance will result.
Coler-balance variation permitted in manu-
factare is equivalent to the effect that a CC10
filser would produce on a film of normal
balance. Experience has shown that this
amount of variation is acceptable 1o most
viewers. However, for critical use, CC filters
may be required o produce a desired color
balance, A CCIO filter effect is the acceptable
tolerance. The direction of variance could be
in any one of the six colors: red, green, bhue,
cyan, yellow, or magenra.

When a photomicrographer changes from
one flm emulsion number o another, the
resulting phoromicrograph may show an
undesirable background color. The back-
ground should be white or very light gray. If
it is not, this can be corrected in subsequent
exposures by placing a CC10 filker of 2
complementary color in the light beam.

When many rolls of 2 particutar color film
will be used over an extended period of time,
several rolls of film with the same emulsion
number can be purchased and stored in a
refrigerator or freezer, If a deviation from
normal color occurs in a film due to manufac-
turing difference, the amount of deviation can
be determined by a filter-balance test with ene
roll. The test consists of making an exposurs
with no color compensating filter and an
exposure theough each of the CCI0R,
CC10G, CC10B, CC10Y, CC10G, and
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CC10M filters. When ali seven photomicro-
graphs are placed on & 5000 K illuminator, it
is likely that one of them will show a clean
white or very light gray backgreund. In this
way, the correct compensating filter can be
determined and used with all subsequent rolls
of the same emulsion.

Reciprocity Effect
Reversal color films of daylight type are

- normally designed for brief exposure times—

such as 1/30 second, 1760 second, and 1/125
second. When the exposing iilumnination is
correct, one of these brief exposure times will
usually produce normal color balance in the
photomicrograph. Whenever the exposure
time for a color reversal film is | second or
longer, however, an undesirable color effect
may be noticeable in the color photomicre-
graph. With certain color films, even an expo-
sure of 1/8 or 1/4 second may produce a
noticeable effect on color balance.

If the light intensity is very low, a long
expostre time is often necessary, resulting in a
color shift. This color shift is due to the reci-
procity effect. To explain: Under normal
conditions totzl exposnre equals illuminance
multiptied by exposure time (E = I8}, As the
umination level increases, exposure time must
decrease and vice versa, in a reciprocal rela-
tionskip. Throughout a normal range of light
levels and exposure times, this relationship
holds true, but in very low or extremely high
light levels, with very short o long exposure
times, it may not. The photographic effect
wiil vary with changes in illuminance (I) and
time (£). This is especially true for long expo-
sures, which are guite common in
photomicrography.

Reciprocity effect is usnally apparentasa
decrease in emulsion speed at very low light
levels. Since a color film contains three enrul-
sion layers, 2 change in color balance occurs
unless all three layers change alike. All three
layers, however, may exhibit different reci-
procity effects, Color balance can be seriously
in error when a very long exposure rme is
necessary. L.ong exposure times are often
necessary in fluorescence photomicrography,
as well as in photomicrography at high
magnification with pelarized light, or with an
interference microscope. .

Color shift due to reciprocity effect can
often be corrected by placing a single CC10
filter in the light beam before exposure. At
very long exposures, greater filter values may
be necessary to compensate {or color variance.

Recommendations for exposure compensa-
tion and for filters to correct color imbalances
due to reciprocity effects are usnally included

in the instruction sheets for photographic
films. They are summarized for Kodak films
in pamphlets E-1, Reciprocity Data: KODAK
Color Films, and O-2, Reciprocity Data:
KODAK Professional Black-and-White
Films. {See appendixes of this book.}

Miscellaneous Factors

Several reasons for poor color balance are
attribuzable to improper handling of color
film, not to any specific photographic expo-
sure technigue or condition. In some cases,
the effect is permanent and no filter compen-
sation can be applied. If 2 photomicrograph
shows an undesirable color effect that is not

. due 1o any of the factors mentioned previ-

ously, one of the following conditions may be
the cause.

Improper Filn Stovage. All photographic
fiims are perishable products that are
damaged by high temperatare and high rela-
tive humidity. Cotor films are more seriously
affected than black-and-white films because
heat and moisture usually affect the three
emulsion layers 1o different degrees. For color
film, a change in color balance may be accom-
panied by a change in overall film speed and
contrast. None of these effects is entirely
predictable. Proper storage of color fitm is
necessary both before and after exposure for
consistent color balance. Of course, greater

. care is necessary under hot and humid condi-

fions. To avoid these effects, follow the manu-
facturer’s recommended storage conditions.

Chemical Fog. Color films not sealed in foil
envelopes or snap-top cans should be kept
away from any fumes (as from formaldehyde
or paraformaldehyde) as well as from any
other harmful gases or vapors. Such gases can
influence color balance, speed,-and contrast;
their effects on color film are erratic and
unpredictable and may be uncorrectable.
Color balance can vary in'any direction. Film
speed may increase, but conirast will usuaily
decrease—especially with extended exposure
to a particular gas—because maximum density
is reduced.

Light Fog. Celor films should be processed
sither in toral darkness or in lighttight tanks.
If a color film has received even a very short
exposure to a darkroom light-leak or toa
safelight, coler balance will be affected. For
example, a dark green safe}ight; which may be
used briefly with panchromatic black-and-
white films, will cause a green: fog on color
reversal films.

A loose camera back may allow some light
to leak into the camera, The extent of fogin
this case depends upon how long the condi-
O eXists.




Outdated Film. When possible, color film
should be used before the expiration date
stamped on the box because a change in color
balance is more Likely after this date. The
magnitude of change depends upon storage |
conditions during the usable life of that film.
If a film has been properly stored under
recommended conditions, the rate of change
is decreased but not eliminated.

When a quantity of film is stored in sealed
containers in a freezer at low temperature
(-18 to ~23° or  to - 10°F), the rate of
change is greatly decreased. In this case, film
can be used beyond the expiration date with
reasonable expectation that excessive changes
have not occurred. The sealed container of
film: stored in this way should not be opened
for use for at least 2 to 3 hours after removal
from the freezer; otherwise, condensation
might occur on the emulsion when the cold
film is subjected to room temperature.

Radjation Exposure. Whenever a celor film
has received exposure from a source such as
R~rays, radium, cobalt 60, or other radioactive
materials, a change n color balance can occur.
Such exposure can happen in hospitals, indus-
trial plants, or research laboratories where
either radiography or radiotherapy is prac-
ticed. If coler films are stored or used in areas
adjacent to a room where such radiation is
present, suitable protection should be
provided in the form of lead or concrete
shielding of adequate thickness.

Processing Errors. Some changes in color
balance in KODAK EKXTACHROME Films
can be traced directly 1o a departure from
recommended processing conditions. An
. adequately controlled process should not

produce color shifts which amount to more
than the eguivalent of CC 10 in any direction.
The color change can be toward magenta,
green, green-yellow, or blue, The causes of
such changes can be uneven or insufficient
agitation, one or mere exhausted solutions,
contamination of solutions, improper mixing
of chemicals, or incorrect time or tempera-
ture. The resulting changes in color balance
cannot be compensated adequately. The only
remedy is correct processing, as recom-
mended in instructions furnished with
processing chemicals.

Viewing Conditions. The conditions under
which a transparency is viewed also may have
a noticeable effect on its apparent color

_quality, For critical use, ransparencies
intended for projecrion should be judged by
projection. If a transparency is to be viewed
on an illuminator, such as in an exhibit or
other display, the transparency should be
judged on an illuminator similar to the one
thaz will be used.

These are very important points and cannot
be overemphasized. The practice of holding
transparencies up o a window or room light
is a haphazard method. The simple transpar-
ency viewers that use a 40 W or 60 W light
bulb are just as bad. If ransparencies are to be
viewed on an illuminator, it should be of the

_graphic arts type, with 5000 K illuminarion,

Projectors with full and reduced {Hlumination
options controlled by =z selector switch will
show two different colors at the two positions,
Usually, any two projectors will produce light
of different colors unless they are matched by
lamp selection or by using CC filters. Beaded

screens that are old tend 1o be yellow because
the glue cementing the glass beads to the
screen substrate oxidizes. Heat absorbers in
projectors may cause small color shifts.
Photomicrographic exhibits are often set up
in schools, hotels, or public buildings where
vast differences in illumination (candle-like
light bulbs, firorescent lighting, or spot
lighting) can create tremendous problems in
viewing conditions. All of these major and
manor sources of color shifts must be raken
into account and corrected by the critical
photocmicrographer.

Color-Balance Corrections

Appearance of

Photomicrograph Possible Cause Remedy
Slightly Yellow L. Emulsion variance Use CC10B filter.
2. Colored mounting medium  Use blue CC filter

- {CCI0B or more}.

3. Low color temperature

of light source

4. Drop in line voltage.

Use light-balancing filrer
of 82 Series.

Use constant-voltage transformer.

Slightly Magenta Emulsien variance Use CC10G filter.
(reddish blue)
Slightly Cyan 1. Emulsion variance Use CCI0R fiiter.
(bluish green) 2. Heat-absorbing filter in Use CCI0R, or possibly
light beam CC20R, filrer.
Slightly Blue 1. Emulsion variance Use CCI0Y filter.

2. Abbe condenser not
focused correctly

Adjust condenser for Kishler
illumination.

Definitely Blue

1. Ultraviolet radiation present
during exposure with arc -
lamp

Use No. 2B filter to remove
ulrraviolet radiation.

2. High color temperarure of Use appropriate light-
light source balancing filter of 81 series,
Slightly Green 1. Emuision variance Use CC10M filter.
2. Heat-absorbing filter Use CC10M, or possibly
in light beam CC20M, filter.
3. Plane-polarized light Use CCO5M, CCL0M, or
{one polarizing element) CC20M filter.
Slightly Red 1. Emulsion variance Use CCI0C filter.

2. Abbe condenser not
focused correctly

Adjust focus of condenser
tor Kéhler illumination.

Slighty Yellow-Red

Low color temperature of
light source

. Use light-balancing filrer

of 82 series.

Definitely Reddish-
Yellow

Daylight film with mungsten
SOUrce—no Correction

Use No. 80A filter, plus
light-balancing filter of
82 series.
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Fig. 5-1:
COLOR BALANCE-Usz of ap-
propriate filters may be required to
achicve correct color balance with
color films. In the right photo, day-
Light film was exposed using unfii-
tered tungsten illumination. The
correct filter was inserfed into the
illuminating beam for the far
right photo.

INSTANT FILM BACK—4 mo-
torized KODAK Instant Film
Back mounted on the microscope
provides rapid access 1o 1mages.
Photo courtesy of American Opti-
cal Corp.

CONTRAST INCREASE-
For many microscope subjects, the
increase in contrast obtained
by exposing KODAK
EKTAGHROME 30 Professional
Film (Tungsten) with an EI of 160

Fig. 5-3

INSTANT PRINTS-—These
photos (smaller than actual size) are
reproduced directly from prinis
made with KODAK Instant Color
Film. {a) Cat cerebellum stained
wwith Iuxol fast blue counterstained
with cresyl violet. (b) Tongue stained
awith hemaioxylin and eosin. (¢) Cat
brain stem stained with Davenport’s
silver for nerve fibers.

and extending development 30% is
very useful. (a) EI 50, normal de-
velopment. (B) EI 100, 30% increase
i development.




Fig, 5-5

FILTER RING-ARQUND--
Thas comparison of transparencies
made with KODAK Color Com-
pensating Filters over the illumin-
ating beam shows the color control
available with this method. Nor-
mally only a CC5 or CC10 would
be meeded; CC20 wvariations are
shown here so that the differences
will be obovious in the reproductions.

DIDYMIUM FILTER - Use of a
didymium filter can enhance rendi-
tion of certain stains with color
Jfilms. Here eosin stain is rendered on
KODAK EKTACHROME 50
Professional Film (Tungsten) with-
out the didywiim filter (@) and with
the didymaum filter (5).

Fig. 5-7

CHROMATIC ABERRA-
TION—Incorrect condenser adjust-
ment or misaligned lamp filament
can cause color balance evrovs. Here
the biue fringing at one side of the
field diaphragm image indicates
that the lamp 1s not aligned or that
the condenser is tipped.
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PHOTOMICROGRAPHY

3lack-and-white photographic materials are
»ften used in photomicrography for a variety
sf reasons. [lustrations in scientific books,
ournals, and reports are usually in black-and-
white because of the additional expense
avalved in printing color. Although color
night be more desirable, 2 gocd photomicro-
zraph in black-and-white is always accept-
ible. Black-and-white materials have the
sdvantages over color of better contrast
sontrol, better UV response, less critical
sxposure, and quick resuls.

Black-and-White
Films

A black-and-white photomicrograph is almost
always recorded as a negative, which must be
printed onto a suitable print materizl.
Reversal materials are seldom used. The
selection of & negative material, usnally a
film, requires knowledge of photographic
characteristics such as color sensitivity,
contrast, granularicy, resolving power, speed,
and exposure and development latimde. ( The
appendixes contain more imformation on Film
selection.)

Coler sensitivity is an inherent charac-
teristic related to the response of a film to
colors of the spectrum. A black-and-white
film may be blue-sensitive, orthochromatic,
panchromatic ot infrared-sensitive. Blue-sensi-
tive materials respond only to blue light, and
to ultraviolet radiation; orthochromatic mate-
rials have sensitivity extended into the green;
and panchromatic materials are sensitive 1o atl
visible colors. Infrared films record all the
visible light plus infrared radiation. Panchro-
matic films {or plates) are most often used in
black-and-white photomicrography, since
stained, colored specimens are COmMmon.
Color sensirivity is a fixed property of photo-
graphic material; it is not subject to change
by alteration in processing as are other
characteristics.

Generally, a film with very fine grain, high
resolving power, and moderate contrast is best
for black-and-white photomicrography. Film
speed is of less importance unless dhe subject
is in motion and a film of kigh photographic
speed is needed. In this case, some sacrifice
in graininess, contrast, or resolving power
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may be necessary in order to record a satis-
factory image.

In selecting a suitable material, consider the
specimen to be photographed. If the image
exhibits relatively low contrast, a high-
contrast film may be needed. Conversely, if
the image has high contrast, a low- to
medinm-contrast film may give best rendition
of detail. ¥f the negative must be enlarged, a
film thar has extremely fine grain can be an
advantage.

Most films are classified gs having low,
medium, or high contrast, While this property
can be altered to some egtent by changing
development time in a given developer or by
changing the developer itself, the best practice
is to follow the manufacrurer’s recommenda-
tion as to developer and development time.
Deviation from an established procedure may
have a pronounced effect on graininess,
resolving power, or speed. When the experi-
enced photomicrographer does make a
change, the change is usually in the direction
of extending the development o increase film
contrast. An increase of 20, 30, or even 50
percent in development may be necessary 10
achieve the necessary contrast increase. A
versatile black and white film that can be
processed in different developers o a wide

range of contrasts is KODAK Technical Pan

Film (see Appendix).

Resolving Power and
Graininess

Resoluing power refers to the abiliry of a
photegraphic material to record fine details
distinguishabiy. I is expressed as the number
of line pairs per miilimetre that are recogniz-
able as separate lines and spaces in a photo-
graph. Resolviag power is determined fora
particular film by photographing—at greatly
reduced size—a parallel-line test chart with a
high-quality lens. The image is then exam-
ined through a microscope to determine the
aumber of lines that can be resolved. Deter-
mipation of resolution depends on the test-
abject contrast; comparison of different films
is made only with test objects of equal
contrast.

Graininess is related not only to the size of
silver grains produced in a film after develop-
ment but also to the irregular distribution of
silver grains in the emulsion. The degree of

graininess will vary, depending on the type of
developer used and, scmewhat, on develop-
ment time. A fine-grain: developer may
produce less graininess, bur speed and
contrast will be reduced. Generally, fast films
have coarser grain than slow films.

The graininess designation for a photo-
graphic material is usually an indication of
inherent resolving power. A film with very
fine grain is thus capable of high resolution.
Remember, however, that resolution in photo-
micrography is not dependent on the
resolving power or on the graininess of a
photographic material. High resolution in the
image can be achieved only by a quality
microscope used efficienty. You should not
1ry to substitute photographic enhancement
for goed microscope technigue. While it bas
been argued that very high-contrast film tech-
niques can effectively alter the constant in the
resolution equation, these technigues have
limited use and cannot substitute for adequate
preparation of the microscope image for
photomicregraphy.

Detail may be made more visible by photo-
graphic enlargement from a negative,
however, if the recorded detail in the micro-
scope image was greater than that visible 10
the eye (about 10 lines per millimetre). In this
case, the deail or resclution of defail that the
eye can sce is improved but certainly not over

what was in the microscope image. For
instance at 50X, 2000 lines per millimetre in
the specimen becomes 40 lines per millimetre
ar the microscope eyepiece. Since the eye can
resolve omly about 10 lines per millimetre,
4% enlargement will show greater deiail on
the print than was visuaily evident but still
not more than was already resolved by the
microscope.

Ti is a common misconception that a film
with very fine grain is necessary o achieve
high resolution in photomicrography. The
real advantage of vsing a film with very fine
grain is the probability of good image quality.
Tven though the recorded image cannot be
better than the microscope image, the photo-
graphic material should not degrade image
quality, A film with high resolving power will
show an image more effectively than one of
coarse grain or one with low resolving power.
For example, a microscopic specimen
contains fine details, whose separation i8
equivalent to about 2000 lines per miltimetre.
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The microscope optics in use may resolve
details at a magnification of 500. The separa-
tion of details in the image is now equivalent
0 2008/500, or only four lines per millimefre.
Any film is capable of such low resolving
_power, but a fine-grain film will demonstrate
actual microscope resolution more clearly.

Selection of a fine-grain film will also allow
some photographic enlargement without
lowering image quality. Too much enlarge-
ment, however, may result in empty magnifi-
cation; that is, although the image is larger, no
more details are resolved. This possibility
must be considered when small-size films,
such as 35 mun, are used in photomicrog-
raphy. When an image is recorded on a small
film area, further enlargement is necessary in
order to distinguish details in a print,
However, if maximum usable magnification
has been achieved in the microscope and
recorded on the film, no further enlargement
is possible without degrading image quality.
When enlargement is contemplated, the final
viewing magnification should be considered
to determine the required resclution on the
film. .

As an example, suppose that an image is
recorded on film at 500X but that the micro-
scope optics in use are capable of 1000, The
recorded image could still be enlarged 2X
without causing empty magnification. If the
same image were recorded at only 250X, then
adX photo graphic enlargement would be
acceptable. If the image were recorded at
1000X, however, litzle further enlargement
should be dore. These facts are of particuiar
interest and importance when photomicro-
graphs are made for publication.

Since the magnification in the microscope
is computed for the virtual image at 250 mm
{10 inches), the above comparisens apply (0 a
glossy print viewed at 230 mm (10 inches).
Were the negative enlarged twice, the same
detail would be chservable at 20 inches, but
ne new detail would be apparent at 10 inches.
Another factor governing the initial magnifi-
cation is the NA of the system—a suitable
objective for resolving the structures must be
chosen and magnification at the film plane
controlled with a good eyepiece.

Exposure Latitude

Exposure latitude Is the range of exposures
from underexposure to overexposure that will
produce accepteble results. With negarive
films, more latinxde is usnally possible toward
overexposure. When In doubt as to correct
exposure, ther, it'is safer 1o overexpose a
negative film slightly. The amount of accept-
able overexposure, however, is limited by

increased graininess and difficulty in printing.
Ideally, of course, the optimum exposure will
produce the best negative. With transparency
films, there is usually slightly more exposare
latitude on the underexposure side.

Generally, high-contrast films provide the
Jeast exposure latirude, and low-contrast
films, the most. Also, latimade will vary, within
limits, according to selection of developer and
development time. As development time
increases, exposure latitude as seen in the
processed negative decreases because of the
increase in contrast.

Development Latitude

A negative film (or plate) capable of a wide
range of contrasts—by manipulation of devel-
oper or development time--is highly desirable
in photomicrography. Such a material can be
used in a great number of applications. Very
few materials, however, have this capabiliry.
& film designated as low in contrast can
seldom be used to produce high contrast; one
designated as high contrast should be used
caatiously for low-contrast results. In both
cases, undesirable effects on graininess, speed,
and tonal rendition may result. A film of
medium or moderate contrast will usually be
capable of the widest development latitude; 2
notable exception is KODAK Technical Pan
Film 2415 which has mherent high contrast
but which can be processed to intermedtate or
normal contrast.

Film Speed

Film speed is expressed by an 18O number,
which shows film speeds both arithmetically
(same as ASA) and logarithmically (same as
DIN). For example, the ISO designation for
KODAK EKTACHROME 100 Professional
Tilm is 100/21°, which reflects ASA 100/DIN
21°. The number to the left of the siash always
stands for the ASA number which exposure
meters in the Unised States are usually de-
signed to use. In the U.S. the full 1SO
designation is often abbreviated to inciude
only the ASA rating. Thus IS0 100/21°
becomes SO 10,

The number assigned to a film is directly
related to its sensitivity. Using the arithmetic
ASA designation, a high-speed film of 150
400 is twice as fast as one rated ar [SO 200.
Speed ratings are given on instruction sheets
supplied with the films and apply to daylight
or tungsten illumination as indicated.

The rated speed for a film given in the
instruction sheet only appties when the film is
developed according to recommendations.
Deviation from the recommended develop-
ment procedure may have a pronounced

effect on speed and contrast. In such cases,
the microscopist must experiment to estab-
lish a usefis] exposure index.

Filters in
Black-and-White
Photomicrography

In black-and-white photomicrography, filters
are used primarily for control of image
contrast, An increase in corntrast is often
desired in order to make a specimen stand out
against the background or to differentiate

- berween colored elements, which may appear

to have equal brightness on black-and-white
film. In the latter case, a filter might be
employed to absorb one color more than the
other, Otherwise, the colors could record as
equal gray tones, particilarly if the panchro-
matic film used bad equal sensitivity to both
colors.

When a specimen color is a very pale one
against a bright background, it may record as
a pale gray against a white background, A
filter thar absorbs this specimen color effi-
ciently will render it as a darker gray;
increased image contrast will result,
Maxirmm contrast occurs when the spec-
imen color is completely absorbed; interme-
diate contrast, when it is partially absorbed;
and minimum conirast, when the filter color is
the same as, or similar to, the color in the
specimen. {See Figure 6-1, page 62.)

KODAK WRATTEN Filters

KODAK WRATTEN Filters are thin

(0.1 mm) films of gelatin mixed with dyes.
For durability, they are overcoated with a thin
lacquer layer. Gelatin film squares can be cut
with scissors to fit specific equipment. Plain
gelarin filters are appropriate for experimental
or temporary use. Such filters, however, are
subject to abrasion, accumulate grease and
dirt in handling, and collect dust from the air.
For permanence they may be mounted in
glass in the appropriate size for insertion in a
microscope light beam. In either form they
should be protected from heat with a heat-
absorbing filrer, Continued use without
protection may cause fading. Glass filters can
be clezned easily, in the same way lenses are
cleaned. Gelatin filters are not easily cleaned.
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TRANSMITTANCE

Fig. 6-2

TRANSMITTANCE CURVE -
KODAK WRATTEN Gelatin
Lilter No. 58 (green).

Fig. 6-3

BAR CHART-Simplified trans-
mittance data (above 10 percent
shomn as clear area} for a KODAK
WRATTEN Gelatin Filter No. 58

(green).

Filter Transmittance Curves

Both the absorption and transmission charac-
teristics of all KODAK WRATTEN Filters
are given in KODAK Filters for Scientific and
Technical Uses, KODAK Publication No. B-3.
A typical curve for one filter, the Ne. 58
{green), is shown in Figure 6-2. The white
area indicates the visible light transmitted by
the filter; the colored area shows what regions
of the visible spectrum are absorbed by the
filter. The numerical values of the exact
percentage of {ransmitrance at specific wave-
lengths are given in the data book. The domi-
nant wavelengths are also given to indicate
maximum transmittance for a variety of
sources. :

For practical purposes, the visible spectrum
can be divided into three primary color
regions. The range from 400 to 500 nm
appears visually as blue, from 500 to 600 as
green, and from 600 to 700 as red. A filter that
transmits all or most of one region will appear
to have the indicated color. The No. 29 filzer,
for example, transmits all of the red region
and appears red. Most of the light transmitted
bya No. 61 filter is between 500 and 600 nm.
This is a green filter. The No. 47 filrer trans-
mits most of the region between 400 and 500
nm, and is biue. Other filters transmit greater
or less portions of these regions. The color of
a particular filter is usually due to the greater
part of the visual spectrom transmitted by i,
Some filters will transmir all or most of two -
spectral regions and absorb the third. A No.
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12 filter, for example, is yellow but will
trapsmit both the green and red ranges from
500 to 700 nm. Since this filter absorbs all of
the blue region, it is often called minus blue.
A No. 32 magenta filter is often called minus
green, since it absorbs green but wansmits red
and blue quite freely. A No. 64 deep blue-
green (cyan) filter wansmits most of the blue
and green regions and absorbs all red.

A simplified method of showing transmit-
tance and absorption areas of the spectrum is
to make a bar chart. Such a chart will provide
a simple index to the ability of a p;articular
filter, or combination of filters, to do a certain
job of color transmiitance or absorption. A
bar chart for a filter is constructed from its
transmittance curve, {An example is shown in
Figure 6-3.) The white area shows transmit-
tance greater than 10 percent.

Bar charts for several filters and filter
combinations are shown in Figure 6-5. In
these charts the transmittance of 10 percent or
more is shown.

It is not always possible to recommend a
specific filrer, even when stain colors or other
specimen colors are known. Visual inspection
of a specimen threugh different filters is
usually the best guide when selecting 2 filter

for photomicrography. Experienced photorni- .

crographers can examine a specimen and
often select the best filter with little trouble,
since they are usually familiar with stains and
filters and with their effects in a
photomicrograph.

ABSCRPTION (RELATIVE)

600 iy

50¢

WAVELENGTH (nancmetres)

Fig. 6-4

ABSORPTION CURVE-Sa-
Jranin O. Absorption range (above
10 percent) is 470-530 nm.

Biological Stains

The elements of a microscopic specimen,
whether a tissue section or a smear, usually
have little natural color; nor do they absorb
light to ary great extent. In order to make
such elements visible, they are often colozed
with biological stains or dyes. Two or more
such stains are sometimes used to color
specific elements differently, producing a
color contrast between them. The nucleus of a
cell, for example, may be stained one color,
and the cytoplasm, another. A single element
may be stained to produce conrrast between it
and the background. In a brighrfield micro-
scope the background normally appears white
or very light gray, so a stained object will
appear colored against a very light
background.

The colors of stains used for this purpose
vary considerably. In the range of biological
stains commonly used, all colors are repre-
sented. Although many stains appear to have a
similar color, their absorptien bands occur in
slightdy different portions of the spectrum.
Many stains, for example, have a reddish
color and may appear idenrical visually. The
difference between them is only evident by
anelysis of the wavelengths absorbed by each.
This analysis can be done with a spectropho-
tometer, which produces an absorption curve.
Such curves have been published for many
common biological stains. The absorpticn
curve for a given stain indicates the position
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Fig. 6~1

EFFECT OF FILTERS- - Com-
pare the separation of tones of the blug
and green siains (@) when rendered in
black-and-white through KODAK
WRATTEN Gelatin_ Filters, (b)
No. 58 (green}, (c) No. 25 fred),
(d) No. 478 ( biue).

Fig. 6-7
TONE RENDERING —Selection
of filter influences tone and contrast
of black-and-dhite rendering. The
predominant yellozy of silver im-
pregrated nerve cells (a) required
the use of a KODAK WRATTEN
Gelatin Filter No. 11 (Tight yelloz-
green) fo lightan the background
and show detail in cells.




Fig. 7-1

EXPOSURE SERIES-In an
exposure series on 35 mm color
transparency film, exposure was
varied over a range of 4 stops (16X)
at % stop intervals. The Y-stop
change between frames was made by
ustng 0.1 and 0.2 newtral density
Sfilters to reduce intensity of this
tiluminating beam between the full
stop changes provided by change of
exposure fime (shitter speeds).
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be a blocking of dark areas and a loss of fine
detail. The use of high-contrast film is not
necessary if sufficient visual contrast is
obtained through the filter.

Since stain colors and their absorptions
vary considerably, final filter choice will
depend upon the specimer. For example, a
blue-appearing stain, such as aniline blue,
may teansmit some red as well as blue, A red
filter would not completely absorb this color,
but would show some transmittance. The
color of methylene blue, on the other hand,
is completely absorbed by a red filter suchasa
No. 25. It would be obvious from either the
absorption curve or a bar chart for aniline
blue that a red filter would not do a complete
iob of absorption if a panchromatic film were
used to record the image. A deep green filter
would be better. Try a combination of a No.
32 and a No. 58 filter. Check the resulting
change in contrast by visual inspection in the
MIiCTOSCOPE.

Panchromatic materials differ somewhat in
their response to red, green, and blue light. In
general, with tungsten illumination a
yellowish green filter, such as a KODAK
WRATTEN Gelatin Filter No. 11, should be
used for correct gray-tone rendering of multi-
colored specimens. If the illumination isof
daylight quality (Such as with a xenon arc),
use a vellow filter, such as a No. 8 filter,
because of the higher proportion of blue in
daylight illumination. If 2 film bas a red sensi-
tivity that is higher than normal, &y a No. 13
Riter for tungsten illumination and a No. 11
flter for illumination of daylight quality.

It is possible that in some instances none of
the above filter recommendations will
produce adequate contrast between elements
of a specimen and the background. For
instance, two cotors having similar brightness
values may be either transmitted freely or
absorbed equally by either the No. 11 or Ne.
13 filter. In this case, a filter must be found
that will absorb one color fairly weil and
partially absorb the other, 50 that both will
stand out against the background when
photographed.

O\-OR FILTER C]RC -

Deep Yelloy,

_ Filter Factors
for most
KODAK Penchromatic Films.
If negatives are thin,
increase the filter factor; if
negatives are dense,
O decrease the filter
factor.

their visual brightnesses.

Note: If conditions require

long time expasures, corrections
for reciprocity effect in addition 1o
the corrections for the filter factor
may be necessary.

Fig. 6-8
COLOR FILTER CIRCLE




Chapter Seven

DETERMINING

As in other forms of photography, exposure in
photomicrography is the resuit of light acting
upon a sensitized film. Exposure is influenced
by light intensity {image brightness) and by
exposure time. In order to record an image of
& particular brightness, a specific exposure

. time is necessary, depending upon the film
speed.

Exposure ime can be determined either by
making an exposure test scries or by using a
sensitive exposure meter. Becanse image
brightness in photomicrography can be quite
low, particularly at high magnification, an
exposure meter should be sensitive 1o very
low light levels. When making an exposure
iest series, be sure to place any necessary
filters in the light beam, whether exposing a
color film or a black-and-white film.

Re_ciproéity Effect

All photographic emulsions are subject to an
effect described as reciprocity-law failure.
The reciprocity law states that the product
of the intensity of the illumination falling
on a film and the exposure time equals the
amount of exposure (E = It). This law does-
apply to most black-and-white fiims for
exposure times of about 1/5 to 1/1000
second and e color films over a somewhat
narrower range. In other words, an exposure
of 1/60 second at /11 is equivalent to an
exposure of 1/30 second at f7 16.

For times ourside the normal range, the
effect of reciprocity-law failure can be secen
as underexposure or a chenge in comtrast in
black-and-white films and vnderexposure or
a change in color in celor films. The word
failure, in this connection, does not imply a
shortcoming of the film, but merely that the
reciprocity law does not hold for very short
or very long exposure times.

In.other words, the effective sensitivity of
a film emnlsion varies linearly with illumi-
nation level and exposure time over a
normal range of values. Each emulsion has
its greatest response within a particular
range of illumination values. On cither side
of this range the response decreases. Extra
exposure 1s needed to obtain normal density
and contrast in black-and-white films. Since
color films have three color-sensitive layers,
each of which may be affected differently by
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the reciprocity effect, both expesure and
color-balance correction may be necessary.

Low-Intensity Reciprocity
Effect

In photomicrography, it is more likely that
relatively low intensity of illumination will
oceur and long exposures will be required.
This can lead 1o the low-intensity reciprocity
effect.

In black-and-white films, the normally
calculated exposure for low intensities will
result in negatives that lack shadow detail. If,
in order to correct for this, the exposure time
is lengthened still more, the density in the
highlight areas becomes disproportionately
greater than that in the shadows, resulting in
an increase in effective contrast. The reci-
procity effect is greater in areas of the spec-
imen where the llumination is relatively low.
This can be compensated for by decreasing
the amount of development.

Coler films will usnally be underexposed
and show a color shift with long exposure
times. Since each color film reacts somewhat

differently, corrections cannot be generalized.

The information is included in film instruc-
tion sheets or pamphlets either as a suggested
exposure adjustment or as an effective film
speed along with a recommended color
correction filter,

Exposure Tests
Roll Film

When exposing a 35 mm color transparency
film or other size of roll color film, test by
exposing several frames, each for a different
length of time. Keep image brightness
constant, of course, Process the exposed film
and examine the individual frames on a stan-
dard 5000 K illuminator to determine which
one received the correct exposure. The best
transparency is the one that exhibits detail
throughout, in both shadows and highlight.
(See Figure 7-1, page 63.)

A convenient series includes alt of the
exposure rimes avaitable with the camera
shutter. These may range from | second to
1/125 second or 17250 second. If the shurter
has a fime {T) setting, a few long exposures

EXPOSURE

can also be made (2, 4, and 8§ seconds, for
example). Out of this wide range of exposure
times, one should be correct for the particuiar
film and the existing image brighmess.

An exposure series can be done by
changing the intensity of the illumination, but
this should not be done by changing the
voltage supplied to the lamp since this will
change the color quality of the illumination.
Rather, the lamp voltage should be held
constant and neutral density filters introduced
in the illuminating beam with each successive
exposure. Introduction of 0.1 density in the
light beam represents reduction of the inten-
sity by 1/3 stop. A density of 0.3 will reduce
the intensity by a full stop (to 50 percent of
the original value). For an initial trial then,
reduce intensity by introducing 0.3, 0.6, 0.9,
... densities for 2 whole-stop exposure series.

Even when using color film, it may be
convenient to make the exposure series by
substituting a roll of black-and-white film,
processing ir, and evalueting the negatives.
Correlate the film speed of the black-and-
white film with any other film that mighs be
used. As an example, suppose the test film has
a speed of ASA 32 and a new film has a speed
of ASA 125. Suppose also that the exposure
test with the ASA 32 film indicates 1/30
second to be the correct exposure time. Since
the ASA 125 film has about four times the
speed of the ASA 32 film, it will require only
one-fourth the exposure time, or 1/125
second.

Sheet Film

When a camera accepts sheet films, a series of
test exposures can be made on one film sheet
by the following procedure:

. Pull out the dark slide of the film helder
until the entire sheet is uncovered in the
camera. Make an exposure for one unit of
tme—for example, 1 second, 1/2 second,
1/125 second, or whatever isutial time may
be indicated by the image brightmness level,

. Push in the slide about an inch and repeat
the exposure for the same unit of time.

3. Push in the slide another inch and give an

exposure for two units of time.

4. Continue to push in the slide to cover
approximately i-inch steps, exposing each
step for twice as long as the previous one.
The successive 'steps will then have

[
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received exposures of 1, 2, 4, and 8 times

the initial time unit.

Develop, fix, and wash the film as recom-
mended in the instruction sheet. Examine the
resulting negative to select the step that shows
the best reproduction of the subject. (See
Figure 7-2.)

Exposure
Calculation

Once the correct exposure fime has been
found for a particular set of optical condi-
tions, the correct imes for new conditions
swith the same microscope and illumination
can be calculared. The factors that affect
image brightness are changes in magnifica-
tion er in numerical aperture. Magnifica-
tion, of course, will change if a different
eyepiece, a different objective, or a new
eyepiece-to-film distance is involved. Also,
if the objective is changed to-one of higher
or lower magnifying power, the numerical
aperture will be different.

If the optical conditions for which the
exposure time was originally determined by
test are called standard, they can be
compared mathematically with the ez
conditions to calculate the nez exposure
time, according 1o the following equation:

New Magnification
Standard Magnification

New Exposure Time Standard N.A.}*

Standard Time New N.A.

The application of this equation is ilustrated
by the following example: The correct expo-
sure for KODAK EKTACHROME 64 Film
was determined to be 1/125 second (0.008
second). Suppese that a 10X eyepiece and a
20X objective (NA = 0.50) were used.
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Fig. 7-2

STEPPED EXPOSURES-The
test exposures on sheet film were
stepped off in a series (as described in
the text) representing 1, 2, 4, and 8
trmes the basic exposure value.

Magnificatior is 200X. These are the standard
conditions. With the same film, a new expo-
sure will be made at 430X, using the same
10X eyepiece and a 43X objective of

NA = 0.65, What is the new exposure time
under these conditions?

New Hxposure 0.50%* 430
0.008 T \0.65 200

New Exposure = 0.022 secend or about 1/45 second

In this way exposure time can be calculared
when any of the optical exposure factors are
changed. It is even possible to set up a table to
include all exposure times for a color film




used under différent conditions. This would
require, of course, that the microscope and the
illomination be correctly adjusted for each
condition.

In black-and-white photomicrography,
specific light filters are often used for contrast
control, When different filters are used, as
they often are, their filter factors must be
considered in working out exposure determi-
nations unless you use an integral exposure
meter.

When films of different speed are used,
similar correcrion calculations can be made by
applying the following equation:

New Exposure Time _ Swandard Exposure Index
Standard Time New Exposure Index

"The application of this equation is illustrated
by the following example: The correct EXpO-
sure for KODAK PANATOMIC-X Film
with a speed of ASA 32 s 1/10 second (0.1
second). What will be the exposure time

for KODAK EKTACHROME 160 Film
{Tungsten) with a speed of ASA 1607

New Exposure _ 32
0.1 160

New Exposure = 0.016 second = 1/60 second

In this way, exposure time can be calcnlated
when any filmn speed is changed for another.

Judging Exposures

A good photomicrographic exposure should
always show the subject to best advantage,
whether the image is on a reversal color film
or on a negative material. It is easier,
however, to judge correct €Xposure on a
reversal material since this type of film has
Very narrow exposure latitude. If an expo-
sure time is not right, the fact is immedi-
ately dpparent. Overexposure will wash out
the light areas, with a loss of Aighlight derail.
Underexposure will canse a darkened
appearance overall, with loss of detail in the
darkest, or shadoe, areas. A good exposure
om a reversal film will usually show detail in
all areas where detail was evidenr in the
specimen. A well exposed transparency has
some very slight (0.1} density in highiight

areas.

Negarive materials, both color and black-
and-white, exhibit much more exposure
latiide than do reversal color films, There-
fore, judgment of the best exposure time 1§
more difficult. In geperal, exposure should
be controlled to provide best rendition of

_derailin the darker areas of the shbject.

These areas will be represented on 2 nega-
tive by light areas. If the film is underex-
posed, very little detail will be evident in
these areas of the negarive. When such a
negative is printed, the background and
highlight areas may print very well, but the
darker areas will be too dark, with few, if
any, details. With negative materials, more
overexposure than underexposure can be
tolerated. However, considerable Oversxpe-
sure of a negative may cause loss of derail in
both the highlight areas and the darkest
areas. .

Filter Factors

When a colored filter is placed in the illumi-
nation beam in black-and-white photomi-
crography, it will absord a certain amount of
fight. The amount of light absorbed depends
upon the particular filter. One may absorh
more, or less, than another, If the exposure
time for a black-and-white fili is deter-
mined with white lght (without any filter),
it must be adjusted (increzased) when a filter
is used since the image brightness wil} be
decreased. The amount of increase in expo-
sure time is known as the filter factor. The
exposure time without the filter is multi-
plied by the filter factor to determine the
exposure with the filter in place, Filter
factors for Kodak black-and-white Alms are
published in the instruction sheets packaged
with the films. Depending upen the filter
and whether or ot you want to drop out a
color, you may want to use a smaller filter
factor, or none at all.

When exposure time is determined for a
black-and-white film by making exposure
tests, the filter can be in position. Correct

exposure will then be achieved without

resorting to the filter factor. If a new expo-
sure of a different subject is to be made, ard
a different filter is necessary, the new expo-
sure must consider the change in filter
factors, For example, suppose that an expo-
sure was made on a black-and-whize film
with 2 filter having a factor of 4. The new
exposure requires a different filrer whose
factor is only 2. The new exposure time wiil
be one-half the previous one. O, if the new
tacror were 8, the new exposure time would
be tevice the original exposure.

If exposure is determined with an expo-
sure meter, only white light (unfiltered)
should be used for black-and-white films.
The photocell in an exposure meter dees not
have a uniform response to all spectral
colors, so measurement of exposure with the

" filter in place could be etroncons. Thus, the

best practice is 10 measure the exposure time
for white light and then apply the filrer
factor for finding the correct exposure.

If color films are to be exposed, filter
factors do not apply with through-the-lens
meters. Light balancing filters should
already be in place for any exposure deter-
minations; ses the film instruction sheet for
required alteration in film speed.

Determining Filter Factors
Because of the difference in spectral response
of various photographic materials and the
difference in color quality of different types of
lumination, pubiished filier factors can oaly
oe considered as approximate. If an exact
filter factor is necessary for specific condi-
tions, it must be determined experimentally.
This can be accomplished by mzking a step-
exposure series on the film to be used, with
the illumination to be used, and, of course,
with white light. It is not pecessary to have &
specimen in place on the microscope stage for
the exposure series—the background bri ght-

“ness will suffice. The exact series of exposures

will be governed by the actual brightness
level. ¥ the level is low, a power of 2 series—
suchas 1/2,1,2,4,8, and 16 seconds—could
be used. Shorter exposure times would apply
for a high brightness level. Microscope
adjustments must not be changed during the
test.

I a corresponding step-exposure series
were then made with a filcer in place, both
series could be compared to determine which
steps matched for density. If no two steps
matiched, either another series with closer
steps could be made or the filter factor could
be determined by interpolating a value
between the two density steps. This requires a
knowledge of densitometry, but is the most
exact technigue.

Suppose, for example, that 2 seconds of
exposure produced a medium density in a
series made with white light, When the filter
was placed in the light beam and another
eXposure series was made, it ook 8 seconds to
produce a density equal 1o the 2-second eXpo-
sure in the first series. The filter factor would
then be 8 divided by 2, or 4,

Experimental determination of filter facror
is especially useful when filters are used in
combihatien, since factors are seldom
published for combinations. Once the combi-
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nation filter factor has been determined, it can
then be applied in all future exposures,
provided that the same film and illumination
are used.

Exposure Meters

Some types of exposure meters are made
specifically for photomicrography and are
sensitive enough to respond to light through a
wide range, {rom very low to very high
brightness, A meter scale may be precali-
brated by the mamufacturer 1o give a direct
reading of exposure time, with various
serrings for film speed. Obviously this is the
maost convenient type of meter. Other meters
may be very sensitive to light but have
readings in terms of units of Hurninance, such
as footcandles. In this case, the manufaciurer
often provides a simple calculator, table; or
graph so that brightness readings can be
converted to exposure times.

If 2 meter reads brightness but no device is
provided for correlating brightmess and expo-
sure time, the meter must be calibrazed. This
can be done by making a brightness reading
of the image at low magnification (about
100X). The brighmess reading is recorded, as
indicated on the meter scale, for later refer-
ence. Then a series of exposures is made at
various shutter speeds on a reversal color
film. After the film is processed, the correct
exposure time is selected, A table {or a graph)
can then be made that includes the brightness
reading, the correct exposure time for that
reading, and the speed of the color film
exposed. If another reading were made at a
different magnification, one could use the
existing data ro find the correct exposure time.,
For example, if the new reading at lower
power indicates twice the brightness, then the
new exposure time will be one-kalf the
previous one; if a new reading at higher
power is only cne-half the first one, the new
exposure time will be tawice as much. Expo-
sure time for a given film will vary mwversely
as the brightriess of the image increases.

This system could be used for any light
meter not calibrated in terms of exposure time
or film speed, including meters normally
intended for conventional photography
outdoors and indoors.

Probe Meter

One type of meter is equipped with a probe
containing a photocell. The probe is placed in
the microscope eyepiece tube, with the
eyepiece removed, in order to read image
brightness, When a probe type of meter is
used in this way, the same eyepiece should
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always be used in the microscope for photog-
raphy. Otherwise, the meter readings wiil not
always be valid. This method is seldom neces-
sary today.

When an eyepiece camerza with a beam
splitter is used over the microscope, light
readings can be made from the light emitted
from the eyepiece of the beam splitter.
However, image brighmess here will often be
Jess than that seen by the film because the
division of light varies with different beam
splirters. In some systems, 90 percent of the
light goes to the camera and only 10 percent is
seen visually through the observation
eyepiece. The actual division, however, may
he 80-20, 70-30, or even 50-30, depending on
the specific eyepiece camera in use. Hencs,
the amount of light division will influence the
calibration of a light meter. Actually, it does
not matter what the division of lightisasa
resuit of the beam splitrer, as long as the light
is read in the same place and in the same way
as in the initial test roll.

Some of the probes today are quite small,
and at least one type can be used on the screen
of a removable ground-glass viewfinder of an
attachable 35 mm single-lens-refiex camera in
the same way that a larger probe would be
used to take readings from a large-format
ground glass.

Making Exposure Readings

Exposure readings can be made in various
positions—at the film plane of the camera,
anywhere between the eyepoint of the ocular
and the film plane, in the eyepiece tube of the
microscope with the eyepiece removed, or
from the observation eyepiece of a beam
splitter. The best position, of course, is at the
film plane since the image brightness there is
the same as would be recorded on thefilm.
This position, however, is not always access-
ible because the camera must be closed during
photography. The ground-glass screen of a
sheet-film camera allows this type of reading
before insertion of the film holder. For test
purposes, use a siide that has an average
amount of material in the beam—not exces-
sively light or dark.

If the exposure reading is made at some
position above the microscope eyepiece, the
image brightmess is likely to be different from
that at the film plane. This fact musz be
considered in calibrating an exposure meier.
But again it does not really matter as long as
light readings are takern at the same place and
in the same way as in the test roll. Also, the
light reading should always be made at the
same distance above the eyepoint. A few
manufacturers make adapters that provide for
identical repositioning of the photocell,

Methods of Measurement. Wherever the

-reading is made, there are two methods of

measuring brightness or exposure time. One
method is to read just the background bright-
ness with the specimen stide moved aside o
the stage. This system provides a large area of
uniform brightness on which to make a
reading. The method is especially useful with
reversal color film where exposure time is
dependent on the brightest part of the
specimen, which is essentially the same as the
background brightness.

The second method of measuring bright-
ness is to read the actual brightness of the
specimen image. This system also wozks effi-
ciently for color films as long as the specimen
tmage has average brightness. If dense areas
predominate the field, overexposure may
occasionally be encountered, and the bright,
highlight areas may appear washed out. This
method should always be used, however,
when negative films, either color or black-
and-white, are to be exposed. This produces
good rendition of detail in the darker areas of
the subject as previously described in
Judging Exposures.

Meter Calibration. Whichever method is
used o make the light reading, the merer
must be calibrated to conform to that method
if accurate readings are to be made consis-
tently. You must calibrate the meter to the
method if some form of common light meter
made for regular photography is adapted for
microscope use, in which there are 1o f-stops.
With the common light meter, you set the
exposure index, observe the light level indi-
cated (generally by a meving needle against a
scale}, and set the light level reading on a
moving dial. This action results In a number
of shutter speed/f~stop combinations that
couid be selected. But in the microscope there
is no marked f-stop, so an effective f-stop for
the system must be determined; that Is one of
the most important purposes of the test roll.
With the initial test roll, you take a light-
meter reading (at the side telescope, for
example) and record ir; at the moment it is
meaningless. Then, you expose the roll using
all shutter speeds, develop the filrm, and select
the best exposure (from the negative once the
skill has been acquired). Now go back to the
meter computer. Set the speed of the film in
use and then set the arrow or other indicator
against the light value read. Find the shutter
speed that represents the best exposure. Note
and mark the f~stop value appearing opposite
that point. This point is now the reference for
all future uses of the computet, i.e., for deter-
mining the best shutter speed for 2 given light
level.

Very simple and inexpénsive light meters




can be made out of surplus solar barteries.
Since they generate current when light strikes
them, they need only-be hooked up directly to
A7 AMMETer or microammeter.

Integrating Meters. Many current photomi-
croscopes designed for brightfield photomni-
crography, and others involving phase and
interference systems, are equipped with
phetocells or photoresistors thar integrate and
measure the brightness of the image. This is
integrated with other control data, like film
speed, to time the exposure avtomaticaily. A
wide range of brightness is accommodated.
Allewances for filter factors are made by the
integrating element. Fiim speed rafngs, reci-
procity departures, and subject density can be
preset by the phorographer. Those who prac-
tice photomicrography extensively would do
well to study the various types of integrated
systems offered by manufacturers. Auromatic
exposure determination devices were
discussed in an earlier section on types of
photomicrographic apparatus.

Exposure Record

When photemicrographs are made often, it
is advisable to make a record of the condi-
tions involved. A detailed record will permit
duplication of a setup for fumire use either
in rephotographing a particular specimen cr
in the photography of similar specimens.
This information could be recorded on the
envelepe containing a photomicra graph or
in a notebook.

The data may differ for some photomi-
crographs. Exposure data for black-and-
white films, for example, should include the
exposure index, specific developer, time, and
temperature. If the eyepiece-to-film distance
1s always fixed, as in most eyepiece cameras,
you may omit this entry. The purpose of the
photomicrograph could also be included
{for whom It was made and why it was
made). Other data that might be included on
exposure records include mbe length (for
microscopes with mechanically adjustable
draw nibes), supplementary magnification
setting, exposure meter reading, microscop-
ical accessories, and photomicrographic
camera.

Exposure Record for Photomicrography
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Chapter Eight

FAULTS IN

Even the most careful photomicrographer
sometimes makes mistakes and produces a
photomicrograph of less than the best quality.
To correct such mistakes, you must recognize
causes and effects. There are many factors
that can affect image quality. Some are related
to low-quality optics, while others are related
to improper adjustment and alignment of the
illumination and optics, The specimen itself
can influence image quality; it may be too
thick or be improperly stained. Dirt, dust, or
grease on any of the optical compenents can
affect the image. Incorrect use of filters in
tlack-and-white photomicrography can
reduce contrast or detail rendition, In color
work, the wrong filters will affect color
balance.

More-Common

Faults

Unsharp Image

Lack of image sharpness is probably one of
the most common undesirable effects in
photomicrography. There are several causes.

Even when the image is focused sharply,
there may be some slippage in the fine-focus
adjustment on the microscope. If this happens
often, the microscope may be too old or worn
or the adjustment may be loose. You can find
out whether the image focus changes by
watching it for a short while after.critical
focus. If it stays in focus, something else is
causing the trouble.

The camera shutter must not be actuated
too hard or too fast, causing vibration that
blurs the image. Always use a cable release
and press it slowly. Mechanical isolation helps
here.

If the image is focused on & ground-glass
screen, it may be that the surface of the glass
is too coarse, making critical focus difficult.
Use a ground glass with a clear center spot
and cross hairs so that focus is achieved on the
aerial image. This situation was discussed
under The Ground Glass on page 45.

Most eyepiece cameras include a reticle in
the observation eyepiece. This reticle must be
sharply focused. A young person’s eyes will
accommodate the focus of this reticle even
when it is not in sharp focus.

T

Check before making the exposure to be
sure that both the reticie and the specimen are
in focus. If the reticle is out of focus, then the
specimen image may also be unsharp when it
is recorded on film. A focus adjustment for
the reticle is provided on the observation .
eyepiece.

If a high, dry objective is used in the micro-
scope, and i the cover glass on the specimen
is too thin, undercorrection for spherical aber-
ration 18 introduced. The image can never be
focused sharply. There are only two remedies.
(1) If the cover glass can be removed and
replaced with: one of correct thickness (No.
1%}, a better image will be obtained. This
remedy, however, is not always possible since
the cover glass may be cemented firmly in
place. {2} An cil-immersicn objective of
comparable magnifying power may be used to
obiain a better image. Then the cover-glass
thickness is less imporiant. Objectives of this
type are available from several firms. If one is
1o be purchased, make sure it will work effi-
clently with the microscope in use. Or use an
objective with & built-in correction collar.

Avoid using objectives designed for a
diffexent microscope with a different tabe
length. This may introduce spherical aberra-
tion, affecting image sharpness.

People who wear glasses or contact lenses
sometimes have difficulty achieving sharp
focus in a microscope or through an observa-
tion eyeplece on a beam splitter. Check with
the manufacturer who may have a means for
solving the problem. Sometimes use of a
high-eyepoint eyepiece can correct this
problem,

Vibration will cause a recorded image to be
unsharp, particolarly at high magnification or
with long exposure times. If any continuous
bench vibration occurs, it will be noticeable in
the microscope at high magnification; the
image will appear to be in motion. A fast
shutter speed (17100 second or faster) or elec-
tronic flash will minimize the effect but will
not remove the cause. If you can find the
reason for the bench vibration, possibly you
can eliminate it. The alternative is to mount
the micrescope or the stand on suitable shock
absorbers. Suspect shutrer vibration also. A
slow shutter speed will minimize this effect
because, if the cause arises in the shutter, the
vibration is only prevalent during the first
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part of the exposure, A card in the light beam
can be used for long exposures.

Hazy Image

An image appears hazy when a grease spot is
present on the front lens of the objective, on
the top lens of the eyepiece, or on the spec-
imen slide. These surfaces may have been
touched accidently, Inspect all glass surfaces
frequently and clezn them when necessary.
Moisten a piece of lens tissue with 1,1,1-
trichloroethane (EASTMAN Organic Chem-
ical No. T3613) to clean a greasy surface.
Avoid too much selvent, however, as this can
affect the cement in the objectve lens or the
mounzing medium on the shide.

A small drop of immersion cil on 2 dry
objective will also preduce a hazy, unsharp
image. This is nsually an accident and can
occur when a dry objective is placed in posi-
tion over a previcusly oiled slide. The oil
can be removed with tissue moistened with
1,1,1-wrichloroethane. Oil should always be
removed from a slide after use.

Other causes of haziness or lack of sharp-
ness include {1} uncoated objectives, {2) insuf-
ficient blackening in the objective or in the
microscope body tube, {3) field diaphragm
opened oo far, (4) aperture diaphragm
opened too far, or (5} too thick a specimen.

Uneven Illumination

When the objective and substage condenser
are not aligned satisfactorily or when the illu-
minator and the light source within it are not
correctly aligned with respect to the micro-
scope, the iluminatien will be uneven. The
effect wili be quite noticeable in a recorded
image. The background or the specimen
image will be darker on one side than the
other. 7

The objective in a microscope is usually
fixed in position, so no adjustment of its posi-
ticn is possible. The substage condenser,
however, can and should have centering

-screws so that it can be centered with respect

to the objective. To find out if it is off-center,
look down the tube of the microscope with
the eyepiece removed. A circle of light will be
seen that is the back focal plane of the objec-
tive. When the substage diaphragm opening is
decreased, the circular image of the




diaphragm appears. The image of the
diaphragm should be centered. If it is not,
adjust the screws on the condenser until it is.

When the objective and condenser are
properly centersd with respect to cach other,
but the illumination is still uneven, either the
illuminator is off-center or the lamp in the
illuminator is off-axis. Very often the lamp
itself is off-center, particularly with built-in
llumination. The position of the filament
may vary in different tangsten lamps, even in
those of the same type. Some microscopes
with builz-in illumination have centering
screws on the lamphouse for centering the
lamp. This centering can be checked by
placing a piece of white paper in front of the
field lens and adjusting the centering screws.
When the lamp ftamenmnt is off-center, the illu-
mination on the paper wili he uneven. Adjust
the screws until the light is even. This effect
may also be seen by looking in the microscope
without a specimen in place; just the clear
field will be visible. If the light is 100 intense,
place a nevtral density filter in the light bheam
to reduce the light level, The effect of uneven
illumination, wharever the cause, is most
noticeable at low magnification, since z large
field of view is recorded.

Refer back to the section on setting up
Kéhler illumination.

Low Contrast

There are four principal reasons for low
contrast in a photomicrograph. First, the
substage diaphragm may be opened too far,
creating flare and reducing image contrast
considerably. The effect is noticeable in both
color and black-and-white photomicrography.
The setiing of the substage diaphragm should
be made accerding to the principles of Kohler
illumination. (See page 28.)

Second, a filter may sometimes be used in
black-and-white work for detail rendition
with stained specimens, resulting in low
contrast, If the coler of the filter is similar to
that of the specimen, it transmirs the color of
the specimen. The effect is to reduce visual
conirast between the specimen and the back-
ground. Contrast in this case can be enhanced
by (1) using a fiiter that has partial absorption
for the specimen color, (2) using a flm of
kigher than normal contrast, or (3) selecting a
developer that produces higher contrast,

Third, the subject itself may exhibit very
little contrast. This lack of contrast can be
improved to some degree by the previously
mentioned methods, Different lighting
methods may improve the contrast also.

Fourth, the field diaphragm may be opened
oo far,

Less Common
Faults

Too Much Contrast

Too much contrast is not likely to happen

with color fiim, since processing conditions

are fixed and contrast filters do not apply. It
occurs in black-and-white photomicrography
(1y when a high-conrrast film is used and no
effort is made to select a low-activity devel-
oper; (2) when a high-contrast developer is
used with a regular film, (3) when develop-
ment time is unduly prolonged, or (4) when a
contrast filter is used erronecusly.

Poor Resolution

Probably the principal cause of poor resolu-
tion is improper use of the substage
diaphragr. When it is reduced to too small an
opening, resolution is decreased considerably,
artifacts and diffraction are introduced, and a
generally poor image results. Follow the tech-
nique of Kohler illumination in adjusting the
diaphragm to the correct opening.

If the substage condenser is not correctly
adjusted and its position is too low, the effects
are similar. The objective is not used at full
numerics) aperture.

Poor resolution also occurs when a photo-
micrograph is enlarged too much. Empty
magnification results, and the image appears
unsharp. When selecting the magnification,
follow the rule of 1000 times the NA of the
objective. At times, overmagnification may be
permissible when the purpose is to-make fine
detail larger and therefore easier to see—a
psychological benefir. '

Bright Spot in Field

A bright spet in the field ezn occur when one
uses a conventional camera with an integral
iens or an eyepiece camera with a compen-
sating lens above the microscope eyepiece.
Ideally, the eyepoint of the ocular should be
at, or very near, the front surface of the iens.
If the front surface of the lens is too close 1o
the ocula, ar: out-of-focus image of the back
lens of the objective may be recorded as a
bright spot when a reversal color filin is used.
frwould, of course, be & dark spot on a nega-
tive, becoming a bright spot in the print. If
the camera can be moved up a little farther
above the microscope, the spot will disappear.

if i is maved too fax, however, image qualizy

may suffer, or the image may be vignetted,

Shutter-Blade Image

If the camera shutter is too far above the
eyepoint, a sithouvette image of the shutter
biades may be recorded as they open, particu-
lazly with fast shutter speeds. This phenom-
enen is known as shutfer skadow. The shurter
(leaf type) opens from the center outward,
then closes toward the center, If the evepoint
of the ocular is positioned near the center, this
effect cannot oceur. Of course, if a lens is in
the camera, one has little control of the
£yepoint position, other than to place it at or
near the front surface of the lens. In this case,
fast shutter speeds (1/60 second or shorter)
should not be used. If necessary, a neutral
filter can be used to reduce the light, thus
permitting slower shurtter speeds, When the
camera does not contain a lens, the eyepoint
can be positioned in the center of the shutter.
Occasionally, none of these merhods works; in
this case, changing to a high-eyepoint
cyepiece always clears up the problem.

Out-of-Fecus Spots

Cut-of-focus spots are extremely common in
photomicrographs, One of the most frequent
causes of out-of-focus spots is dust en the
cover glass of the specimen slide itself. The
slide and cover glass should always be wiped
clean just prior 1o photomicrography, The
most cormmmon places for dust to settle and
record as out-of-focus spots are the upper side
of the field lens of the eyepiece and near the
field diaphragm glass when the field
diaphragm is mounted in the base of the
microscope. Dusty filters near the field
diaphragm are another source of out-of-facus
spots,

Dust and dirt particles on the front surface
of the lamp condenser lens or on the top
surface of the evepiece will also record as
out-of-focus spots. They may be colored on a
color film or gray (or black) on a black-and-
white film. Scratches on a glass surface will
record as unsharp spots. Bubbles in a lamp
condenser or in a heat-absorbing filter in the
illurminator will show as spots also; they may
be bluish in a color film record. Pinkish or
bluish spots may zlso be due to dust on, or
bubbles within, built-in diffusion piates.
Cracks in those elements will produce streaks.

Fiad the source of our-of-focus spots by
rotating or otherwise moving al} subjected
optical components one at a time. Sometimes
it is necessary to make photomicrographs
while going through the rotating or moving
procedure. Check all glass surfaces
frequentiy.
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Chapter Nine

ENHANCIN

Optical Techniques

A majority of the subjects examined or photo-
graphed through a conventional brightfield
microscope appear either dark or colored
against a light background. When they appear
dark, it is due to light absorptien within their
elements. When they appear colored, it is
often because they have been treated with
biolegical stains to produce color contrast.
This color contrast is a result of differential
absorption of various stains by the elements
of the specimen.

In an unstained condition, many specimens
exhibit lirtle or no contrast when viewed in
ordipary brightfield microscopy. They are
colorless and comparatively transparent.
Consequently, they are practically invisible.
When staining such a specimen is either
impossible or undesirable, conventional
brightfizld microscopy cannot be used.
Another microscopical technigue must be
used to make the specimen visible. The
particular methed selected depends upon the
specimen itself and the particular results
desired. The following discussions present
brief descriptions of those special techniques
that will either produce better optical contrast
between the elements of a specimen and its
background or allow images to be viewed or
photographed with finer resolution.

Both simple and sophisticated optical
arrangements have been worked out to
enthance the contrast between specimens and
background and to delineate structures in
transparent and translucent subjects. Optical
and mechanical designs involve numerous
slits, plates, prisms, and lens and condenser
combinations. Photomicrographers can best
manipulate these, and evaluate their resulis,
when they have a grasp of the underlying
principles. Marufacturers provide operating
instructions, but interpreting the instructions
requires some knowledge of the physics of
Hght for complete understanding and
application.

Fundamental knowledge provides another
benefit. Many of the devices are quite inri-
cate. Tolerances of the order of a wavelength
of light are involved. Therefore, prudence
dermands that photomicrographers confine
thernselves to making only the necessary
operating adjustments and alignments. Any
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other manipulations or repairs should be left
to the manufacrurer,

Darkfield Method

Many transparent and semitransparent speci-
mens—such as microorganisms, cell struc-
ures, and crystal inclusions—are not readily
visible in a brightfield microscope. Their visi-
bility can be improved greatly by a method
called darkfield illummnation, in which the
specimen is seen as a bright object against a
dark, or even black, background.

For the darkfield method, the cone of light
normally illuminating the specimen does not
enter the microscope objective. In the dark-
field microscope, only light that is scattered or
reflected by the specimen enters the objective.
This is achieved in the conventional micro-
scope by use of darkfield diaphragm stops
inserted underneath the condenser and with
the aperture diaphragm opened {o its
maximurm. The darkfield stop may be used at
low and medium power with dry objectives.

Special darkfield paraboloid or cardioid
substage condensers must be used at high
power. The NA of the darkfield condenser
must be greater than the NA of the obiective.
The cardioid and paraboloid condensers use
the oil-immersion technigue, which requires
that oil be piaced between the bottom of the
glass slide and the top of the condenser. Great
care must be taken that bubbles are not intro-
duced either in the oil under the oil-immer-
sion objective or in the oil between the slide
and condenser. A single bubble wiil introduce
considerable flare and reduce both image
conirast and optical quality. Entrapped air
bubbles can be seen by looking at the objec-
tive back focal plane.

Since special darkfield condensers are 1o be
used with oil, particular care must be taken to
obtain proper slide thickness. The correct
range of slide thickness is usually specified on
the condenser mount. If the slide is too thin,
the oil layer collapses when the condenser is
focused critically. If the slide is too thick, itis
often impossible to obtain correct focus of the
condenser unless a higher viscosity immersion
oil is used.

The essential principle of the darkfield
optics is the formation of  hallow cone of
light whose apex occrrs in the plane of the
specimen. When the light is carefuily focused

Fig. 9-1

DARKFIELD ILLUMINA-
TION—The central portion of the
illuminating beam 13 blacked ouf to
produce darkfield illumineation. The
opaque stop may be a separate gle-
ment or part of a special darkfield
condenser.

at the plane of the object but no object is
present, the hollow cone of light passed
through the condenser produces no illamina-
tion in the microscope because the objective is
inside the dark base of the hoillow cone. When
a specimen is present, the light is deviazed, or
scattered, into the objeciive by structures on
the specimen. A bright image of these details
is then visible against a dark background.
Because of the high contrast of the image, the
systen: is capable of detecting extremely small
particies.

Color is seldom produced in a darkfield
microscope, except in fluorescence work; thus,
biack-and-white films are widely used. Since
considerable light is lost in this system,
medium- to high-speed film, such as KODAK
PLUS-X Pan Film or KODAK TRI-X Pan
Film, is appropriate. An electronic flash may
be necessary if the subject is in motipn.

A darkfield micrescope is an excellent tool
for use in biology and medicine. It can be
used effectively at high magnification o
detect and photograph living bacteria. Simi-
larly, at low magnification, whole mounts and
tissue sections can be viewed and photo-
graphed. In marine biology, a darkfield micro-




scope at very low power is used extensively
for recording sea !ife such as algae and
plankton.

Any brightfield microscope can be
converted easily and quickly for darkfield
work at low and medivm power. One simply
has to cut a circle out of opaque marerial, such
as black paper or thin cardbeard, of such
diarmneter that the light is just prevented from
entering the front lens of the objective when
the stop is placed in the filter carrier beneath
the condenser. The simplest way to determine
the diameter of this opaque stop is to place a,
transparent metric rule in the filter carrier and
look at the objective back focal plane by any
of the methods described in the section on
setting up Kohler illumination. At the objec-
tive back focal plane the rule will be'seen, and
the diameter can be measured directly by
noting the number of divisions on the rule
across the diameter of the back focal plane.
Cut ourt a black paper circle of this diameter,
Either mount it on a clear plastic, acetate, or
glass disk and put it into the filter carrier or
attach it to a glass slide and fasten the whole
thing 0 the bottom of the condenser with
pressure-sensitive tape, Alignment can be
made by observing the objective back focal
plane while moving the opaque stop about.
Once the correct diameter has been deter-
mined and verified in use, a metal stop
supported by a spider mount can be made for
permanent, durable use.

Rheinberg Differential Color
Mumination
Differential color illumination, particularly
that form known as Rheinberg illumination,
is a strikingly beautiful and important method
of microscopical iliumination. In principle,
the methed is an extension of darkfield illumi-
nation, the major difference being the substi-
tution of transparent, colored central stops in
place of the usual opaque stop, and the
employment of transparent, colored, annular
stops in the path of the usual white light, The
combination of these colored central and
annular stops results in specimens appearing
in any color on a background field of any
other color, Almost all objects, mounted and
unmounted, whether stained or unstained,
respond to differential color illumination, The
methed, sometimes called oprical staining, is
especially useful for unstained, transparent,
and colorless specimens—iiving or nonliving—
that ordinarily lack contrast because of the
similarity of their refractive index to the
refractive index of the mounting medium.
With Rheinberg illumination the central
stop attenuates axizl light and the wansparent,
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RHEINBERG ILLUMINA-
TION--By introducing a coloved
central stop instead of an opaque
one as with darkfield illumination,
the microscopist can produce “col-
aredfield” illumination. A second
color filter in the form of a periph-
eral annular stop provides color to
the specimen so that it stands out
against the colored field. The an-
nular stop can be made up of seg-
ments of different colors fo give
multicolored effects. With low power
objectrves, the central stop may have
to be reduced in size by an opague
ring sfop. '
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colored central stop will give its color to the
background field of view. With only a colored
central stop and the substage diaphragm
opened, the specimen will appear white on a
colored background. It remains only o add a
ring or annulus of a different color to make
the specimen colored as well, Figure 9-2
shows the placement of both central and
annular colored stops, their position below the
condenser, the light path through both filters,
and the resulting appearance of the specimen
in the celor of the annular stop against a
background of the coler of the central stop.

Any combination of colors can be used, but
in general it will be found desirabie to keep
the background a less intense color. In fact the
background must zlso be reduced in light
inrensity level. Remember, the background
color is coming through straight up, directly
from the illuminator with no attenuation,
whereas the light from the specimen is only
that relatively smail amount that is refracted,
reflected, and diffracred. To increase the
apparent light level of the specimen, the back-
eround Hght must be reduced. This can be
done in a number of ways, including the
addition of frosted or opalized glass, or
WRATTEN Neutral Density Filters to the
central stop color.

With both rings colored then, one may
produce, for example, yellow objects on a red
background, blue objects on a green back-
ground, yellow objects on a blue background,
or any other combination that suits the imme-
diate purpose. Furthermere, the annular stops
may be multisectored so that a specimen can
be illuminated with two, four, six, or eight
different or alternating colors simulmaneousty
from as many sides. Four-sector disks are
invaluable in work with woven fibers or
rextiles since the warp and woof fibers will be
differently colored. Figure 9-2 shows some of
the possible arrangements of filter colors.

The same filters used for medinm- and
high-power work can often be used for low-
power work as well if black, opaque ring stops
are used o block our excess annular color. For
example, if a particular set of filters is made to
work for one objective, say 40X, and then a
10X objective is rotated into place, the central
stop will be too large in diameter and will add
its color to the specimen as well as to the
background. If the eyepiece is removed and
you lock down the body tube, you will see
only the central stop celor. However, if you
place a black ring over the central stop so as
1o cut out the central stop color exrending
. beyond the chjective back focal plane, you
can use the stop with the lower power objec-
tive. Examples of some of these opaque rings
are also shown in Figure 9-2.

74

Stop-Contrast Method

Darkfield illumination provides the means for
the greatest enhancement of image contrast,
Tt is especially valuable for parricies but is
extremely wasteful of light. Wilska worked
out a stop-contrast method for improving the
image contrast of unstz2ined specimens. While
his method was developed after the advent of
phase-contrast systems (described in the next
section), it is easier to understand and there-
fore is presented first. The basic scheme of
manipulating direct and deviated beams is
common to both systems.

The anoptric arrangement 1S quite similar
to a brightield system, but the image effect is
one of darkfield (or semi-darkfield, as pointed
out further on). A ring-shaped, or annular,
slot is located near, or projected to, the
condenser. This is dluminarted by a solid-
source lamp {ribben filament or arc). The ring
of light becomes the source for the micro-
scope, It is focused, by the condenser and
objective, near the periphery of the rear aper-
ture plane of the cbjective (not in the plane of
the primary image).

In the anoptric system, the hollow beam is
partially blocked in the aperture plane by a
sertopague (usually S0-percent) ring coated
on the rear element of the objective. The

" shadow of the ring mask matches the focused

aperture-plane image of the ring source,
thereby allowing only 10 pergent of the illu-
mination from the scurce to be integrated by
the eyepiece.

A specimen can transmit sorne of the direct
rays to the primary plane, where they are not
completely masked off., Since a transparent
specimen has such low structural opacity, the
direct beam through it contributes only a little
to the final image detail. As in a darkfield
microscope, scattered Yight from the specimen
also forms an image. In essence, a darkfield
situation is presented to the eyepiece. The
background brightness depends on the degree
of opacity of the annular mask.

Contrast is improved partly because of
this darkfield tone arrangement, but chiefly
because central, direct illumination that
would come up through a fully lighted
condenser is not present with an annular
source. Such central rays flood a field from 211
angles, whereas peripheral rays coming at an
oblique angle provide medeling for the spec-
imen. This modeling appears in the deviated
beam, but would ke too weak 10 be seen with
transparent Speciméns were a central beam
present.

In some anoptric arrangements the annulus
is not blocked off. Instead, it is left clear, but
the rest of the rear surface of the objective is
coated—-usuatly with a 50 percent opacity.

Tius the contrast roles of the direct and
deviated beams are reversed. The first mode is
useful for recording specimens of low visi-

' bility such as unstained chremosomes; the

second, for highly refracting, bright subjects
like yeast cells.

Varying the thickness (opacity) of the
coztings that do the masking adjusts the inten-
sity of the direct background beam and the
amount of light deviated by the specimen. An
even balance (equal intensities) provides the
best delineation for most subjects.

Phase-Contrast Method

The phase-contrast microscope can be used to
produce excellent conirast effects with & wide
vatiety of otherwise transparent specimens.
Since it permits visualization of interior
details in cell srructure_s', it has a definite
advantage over the darkfield microscope. It is
widely used in dssue culture study, where it
permits one to examine and photograph
living, growing cells. With time-lapse cine-
photomicrography a specimen can be photo-
graphed at intervals timed to be synchronized
with change. Projection at increased speed
compresses the time. The study and photomi-
cregraphy of living blood specimens by phase
conatrast also becomes possible. '

The phase-contrast method was introduced
by Zernike. Fundamentally, the procedure
involves a direcr and 2 deviated beam, as in
the anoptric system, The difference is that the
masking and balancing of the beams are
accomplished by phase-inierference modula-
tion, rather than by opacity or amplitude
modulation.

When a ray of light from a single point
source is split in two and each of the two rays
is passed through the same transparent
medium, they can be recombined without
interference. Bur if each separated beam
passes through a medinm of different refrac-
tive index, one will be speeded up or slowed
down relative to the other. Then the rwe,
when recombined, may be out of phase. If so,
interference occurs and the recombined beam
is not as intense as the original. To appreciate
this, visuglize the two split rays as waves trav-
eling side by side. If neither one is altered, -
they can combine mn phase. Peaks will meer
peaks and valleys will meet valleys; there is no
destruction of intensity. But if one component
is altered in velocity, the waves may no longer
match in configuration. When the configura-
tions differ by less than a wavelength, the
waves are out of phase and their recombina-
tion results in 2 loss of intensity, When they
are oui of phase by 1/2 wavelength, peaks
will meet valleys and the rays will cancel each
orher out, extinguishing the beam.
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In additior to refraction and retardation by
different media, diffraction ar edges and scat-
tering from very fine details can also change
the phase of the light waves. Diffraction is
largely responsible for the edge effects seen in
phase-contrast microscopy.

Again in the phase-contrast system, an
annular source is utilized. But instead of an
annular density mask behind the objective, a
1/4-wave ring is used. This ring retardsa
wave by 1/4 wavelength. As before, the spec-
imen in the defocused direct beam deviates
much of the light, depending on refractive
index, thickness, and the fine structure. A'gain
the deviated light goes to the eyepiece via the
primary image. However, the deviated rays
have been changed in phase by the specimen,
The change plays a vital role in forming a
high-contrast image, even though it may be as
small as 1/20 wavelength.

When the beams of direct and deviated rays
from the specimen are focused in the primary
image, interference occurs between the two
recombined, specimen-image components
and between edges and background, The
amount of intensity reduction in any given
structure depends upen the phase difference
of the two rays imaging that structure. When
this is 1/2 wavelength, maximum reduction
{darkness} occurs.

The brightness of the background {in 2
given setup) is always the same tone, corre-
sponding to a medium gray in photography.
But the brighiness of the specimen image
relative to this tone can be altered by several
means, Phase plates and mounting medium
contro! this aspect. '

The image appearance, regardless of the
optical elements used to modify ir, is indica-
tive of the contrast that has been obtained.
When the specimen is generally lighter than
the background, bright-phase contrast exists;
when darker, dark-phase contrast exists. The
outermost fringe, or hale, between the spec-
imen and background is black in the first
instance and white in the second.

Contrast can be manipulaied in degree and
phase o a practical extent by selection of the
medium in which the specimen is mounted. If
the refractivé index of the medium is too
close 1o that of the specimen, very little
contrast will result. The medium shonld
differ sufficiently in refractive index to
provide adequate contrast for both visual
examination and photemicrography. With
tissue specimens, for example, a medinm
other than balsam is needed. Balsam is a
common mounting medivm, but its refractive
index is very much like that of unstained
tissue, A medivm such as glycerin, for terpo-
rary mounts, or Diaphane and white corn
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PHASE INTERFERENCE—
When light rays are combined in
phase there is no interference. Out-
of-phase beams cause destructive
interference.

syrup for permanent mounts, will provide
much better contrast. The refractive index of
balsam is about 1.53; while Diaphane and
giycerin have a lower index, about 1.47. (See
Common Mounting Media, Table 3, page 00.)
In phase-contrast photomicrography, a
green filrer is commeonly used in conjunction
with a black-and-white film. The green fiiter
is appropriate because phase objectives are
most often optically corrected for green light.
An excellent filzer for this purpose is KODAK
WRATTEN Filter No. 58. A KODAK

- WRATTEN Filrer No. 61 provides a slightly

narrewer band pass.

Color films are normaily not needed since
the phase-contrast method is most frequently
employed with colorless, or almost colorless,
images of low original contrast. Optimum
phase-contrast effect is obrained with a single
color, normally green. Color films may be
used for photomicrography of very lightly
stained objects or photomicregraphy with
polarized light, If a slide for projection is
needed, color reversal films are still the best
choice for convenience and cost, An orthe, or
green-sensitive, black-and-white film of
moderate contrast is quite suitable for phase-
contrast photomicrography. Of course, a pan-
sensitive film will also work,

Interference-Contrast
Methods

There are several other types of microscopes
that utilize the interference effect. The most
useful ones for general microscopy are those
based on the interference-contrast principle.
The method yields contrast enhancement just
as a phase-contrast microscope, but it elimi-
nates most peripheral and structural edge
halos, thereby delineating fine detail. It also

" introduces color effects and gives a three-

dimensional appearance of relief.

For interference-contrast methods, the
condenser is fully illuminated, but apart from
this there is a basic difference in the optics of
phase- and interference-contrast systems. In
the interference-contrast microscope, it is the
optical system that produces the two inter-
fering beams; it is not the specimen, as in the
phase-contrast method. The interference-
contrast beams are called the object beam and
the reference beam. The first carries the
image, and the second is cither a homo-
geneous or an asymmetrical beam, Interfer-
ence takes place between two types of beams,
not between two lmage components, 2s in the
phase-contrast system., '

Once the object and reference beams are
split, they are separate in the plane of the
specimen. They are recombined for interfer-
ence before they reach the eyepiece. There are
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* menoctlar compound microscope. The most
convenient way to make seereo pairs, and stll
maintain full numerical aperture, is to use a
commercially available #lting stage. This
stage tilts the specimen slide sbout 7 degrees
o one side for one photomicrograph, then
tilts it about 7 degrees in the other direction
for the second photomicrograph. The
resulting stereo pair is mounted in a single
stereo mount for viewing in a stereo viewer.

Photographic
Techniques with
Special
Muminants

Fluorescence
Photomicrography

Some materials will emir light of a longer
wavelength when excited by short wave-
lengths of radiation. This phenomenon is
called fluorescence. Ultraviolet radiation and
blue Hght are often used as exciting radiation
to produce visible light of longer wave-
lengths. If a substance does fluoresce, the
effect is called either primary flucrescence or
autofluorescence. Some materials do not
fluoresce by themselves but can be impreg-
nated with chemicals, such as certain dyes that
will fluoresce. Dyes of this type are called
Suorachromes; the effect in the original mare-
rial is called secondary fluorescence. For
example, when excited with ultraviolet radia-
tion, chlorophyll will fluoresce with a deep
red color. When stained with dilute acridine
orange, human epithelial cells will glow
orange-red under ultraviolet radiation.

Fluorescence microscopy and photomi-
crography are important in cytology. An
applicaticn is in early detection of cancer in
smears, exudares, and tissue sections. Fluores-
cence techniques are used in other fields of
medical and biological research dlso.

A very efficient light source for most fluo-
rescence work is the high-pressure mercury-
vapor lamp which emits very bright radiation
in both ultraviolet and short-biue wave-
iengths. When a hight source having a contin-
uous visible spectrum as well as ultraviolet
radiation 1s needed, the xenon arc serves the
purpose very well. Most fluorochromes are
excited by ultraviolet radiation and produce
fluorescence somewhere in the visible spec-
wrum. Maximum fluorescence from dyes
commonly used in antibody techniques comes
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as a result of absorption of long blue wave-
lengths, however, and require 2 continuous
source, such as a xenon arc or high wattage
tungsten-halogen lamp.

When a substage mirror is used, one with
an aluminized surface should be selecred.
Silver, often coated on these mirrors, is 2 poor
reflector of ultraviolet radiation.

When ultraviclet radiation is used to
produce fluorescence, such as with a mercury
arc, an exciter filter is needed in the light
bearn to transmit this radiation freely and 10
gbsorb visible light not needed in producing
fluorescence. KODAK WRATTEN Filter
WNe. 18A (glass) has a high transmittance for
the 365 nun {uliraviolet radiation) line of the
mercury-vapor spectrum. It absorbs all visible
light and appears black to the eye. A barrier
filter is also necessary. This rype of filter
should absorb the ultraviolet radiation that is
transmited by the specimen and transmit the
visible fluorescence. The selection of an effi-
cient barrier filter can be critical. A KODAK
WRATTEN Filter No. 2A or 2E can be used
for this purpose. Although each filter will
completely absorb ultraviolet radiation, the
difference s in their absorption of short blue
wavelengths. If in doubt, iry the No. 2A
Fitter,

In a fluorescent-antibody technique, where
flucrescein dyes such as fluorescein isothyo-
cyanate (FITC) are used as fluorochromes,
secondary fluorescence usually occurs in the
green at about 340 nm. Maximum absorption
of these dyes is at 480 to 490 nm in the blue
region of the spectrum. A filter that transmirs
blue freely is normally employed as an exciter
filter. KODAK WRATTEN Filter No. 47B is
often: used. A barrier filter for this application
must transmit wavelengths longer than blue
and must absorb biue completely. A KODAK
WRATTEN Filter No. 12 or No. 15 will suit

this purpose; both filters are yellow and will

transmit the green fluorescence color freely.

When fluorochromes are used to stain spec-
imens, 4 certain amount of short-blue auto-
fluorescence occasionally occurs also, particu-
larly with tissue selections. This autofluo-
rescence often must be absorbed to avoid
degrading the color of the secondary fluores-
cence produced by the fluorochrome. Both the
No. 2A and Ne. 2E Filters absorb short-
wavelength blue radiation, the No, 2E having
the greater absorption.

A barrier filter must be used bekind the
objective. If it is not, the residual ultraviolet
or short-wave length blue radiation will
record as blue on color film and will degrade
all flucrescence colors. A barrier filter of
appropriate size can often be used directly
behind the objecrive in the microscope body

tube, or a smaller-size filter can be placed in
or on the eyepiece of the microscope.

The selection of a mounting medium is
important. A medium must be chosen that has
little or no autoflucrescence. Autofiuores-
cence of a mounting medium may be either
pale blue or pale green in color and will
degrade fluorescenice colors. Temporary
mounts can be made with either pure glycerin
or Cargille’s immersion oil, type A, or crown
oil. These have very low flucrescence. If glyc-
erin containing such impurities as acrolein is
used, a light greenish autoflucrescence may
occur. Most permanent mounting media also
produce autofluerescence; therefore, they
should not be used in flucrescence work.

The pale-blue autofleorescence of 3
meunting medium can be absorbed to some
extent by either a barrier filter, that absorbs
some blue, or a pale yellow KODAK Color
Compensating Filter, such as a CC20Y. Pale
green autoflucrescence can be neutralized by a
pale magenta coler compensating fiter, such
as a KODAX Color Compensating Filter
CC20M. Heavier filters may also absorb some
of the desirable flucrescence color. Quire
often the KODAK WRATTEN Fiiter No,
2E will serve to absorb the ultraviolet and the
pale-blue autofluorescence of @ mounting
medium as well.

Darkfield illumination is useful for both
fluorescence microscopy and photomicrog-
raphy. By this technique, the darkest back-
ground is achieved so that fluorescence colors
stand out brightly. As previously stated, oil-
immersion darkfield condensers are most effi-
cient for medium and high power. Take great
care that no bubbles are introduced into the
oil and that the microscope slide is of the
correct thickness for the condenser in use. A
darkened room is essential to efficient dark-
field work in fluorescence microscopy in order
to exclude extraneous light.

For successful fluorescence photomicrog-
raphy

e Use an objective with high NA. Selecta

low power eyepiece. Limit total
magnification,

¢ Seck contrast rather than intensity.

® Illurinare the specimen from the top

rather than by transmiteed light.

@ Use high-wattage mngsten-halogen

lamps for routine work.

e Choose exciter and barrier filters to suit

the fluorochrome.

¢ Remove beam splitters and prisms when

making exposures.

® Work quickly to avoid quenching of the

initial flucrescence.

e Use a high-speed daylight-type color

film.




¢ Push process films only when higher film

speeds are essential,

© Make exposure tests. Compare empirical

results with indicated exposure of light
- metering devices. Center fluorescing cells
in spot of spot metering device.

Even though a fluorescent image may
appear bright to the eye, long exposure times
are often necessary in photomicrography. Use
color films to record the image approximately
as it appears to the eye. A high-speed film—
such as KODAK EKTACHROME 400 Film
{Daylight)—will minimize exposure time and
will record most fluorescence colors with
reasonable accuracy. Use daylight-type film
because of its balanced sensitivity to red,
green, and blue. This film can also be
specially processed for higher speed should it
be necessary. Other daylight-type, color-
reversal roll films of lower speed can also be
used to record particular flnorescence colors.

Now widely used for fluorescence photomi-
crography is vertical or epi ilfumination. T~
ciency of irradiation is improved since fluo-
rescence is stimulated on the surface being
viewed.

Ultravielet
Photomicrography

Since the limit of resolution artainable in
photomicrography depends upon the wave-
length of radiation, the highest resolution is
obtainable with ultraviolet radiation. It is
possible to make photomicrographs in the
near ultraviolet (365 am) by using a conven-
tional microscope with a glass lens. Apochro-
matic objectives perform best. Optical glass,
however, transmits little ultraviolet radiation
below a wavelength of abour 330 nm. To

_ transmit the shorter wavelengths, a micro-
scope must be equipped with fluorite opitics or
reflecting optics. A principal advaniage of this
type of microscope is that it can be focused on
an image in visible light and maintzin the
focus throughout the ultraviolet region. A
light source such as a low-pressure, mercury-
vapor lamp is needed te provide radiation in
the ultraviolet region, For photomicrography,
a monochromator can isolate a particular
wavelength or narrow band of wavelengths
in the ultraviolet region, A KODAK
WRATTEN Filter No. 18A can be used ro
isolare the 365 nm wavelength.

Quariz optics, other types of microscopes,
and alternate illumination sources as well as a
means for focusing theinvisible ultraviolet
radiation are discussed fully by Loveland
(1970).

Photomicrographs in the near vltraviolet
region can also be made with this uhtraviolet

microscope. It provides a higher degree of
resoluticn than is obtainable with a conven-
tional microscope, In addition, the ultraviolet
micrescope allows one to study the selective
absorption of ultraviolet by living cells,
tissues, and fine particles.

Initially, all photographic emuisions have
an inherent sensiiivity to blue and uliraviolet
radiation. Sensitivity in the ultraviolet actu-
ally extends far into this region, bur the
response of a film or plate is somewhat
limited due to absorption of ultraviolet radia-
tion by gelarin, Many current celor films have
a special UV-absorbing overcoar on top of the
emuision which confines their sensitivity to
the visible region. For long-wave ultraviolet
photomicregraphy, almost any film or plate
without a UV overcoat can be used to record
the image. However, only black-and-white
films need to be considered, since color films
have no advantage.

Images formed by ultraviolet photomicrog-
raphy are low contrast. Therefore, if a high-
contrast film is not used, medinm- to high-
contrast development of conventional films
may be needed. To obtain medium to high
contrast, either extend the recommended
development rime or use developers that
produce higher contrast. Note that blue- and
blue-green-sensitive films are generally
designed to provide higher contrast than
panchromatic marerials.

When higher sensitivity to ultraviolet radi-
ation is needed, or when sensitivity is desir-
able in medium-~wave and short-wave regions
of the ultraviolet, it may be necessary 1o resort
to special emulsions. Ask your dealer in
photographic equipment and supplies about
special marerizls for photomicrography and
ultraviolet recording.

Infrared Photomicrography

Most subjects are examined through a micro-
scope by transmitted light. Some subjects,
however, are relatively opague when placed
under a microscope; few, if any, details are
visible, Increased transparency can often be
abtained by the use of infrared radiation, the
long wavelengths beyond the visible spectral
range. Infrared photomicrography is espe-
cialiy useful in entomology. Many insects
have dark-pigmented structures that are
opacue to visible light but are penetrated
freely by infrared radiation. Heavily stained
specimens, many textiles, forged and altered
documents, dark-colored crysials, silicon
wafers, and many other subjects can be photo-
graphed with infrared radiation. Infrared
color photography has been used for differen-
tiating biologic pigments, tissue stroctures,

and inclusions, as well as for criminal detec-
tion methods.

Because of the long wavelength of infrared
radiation and because of lens aberrations in
that region, the infrared image cannot be as
sharp as in ordinary photomicrographs. The
benefit comes from the penetration of many
visually opague specimens,

Since normal exposure meters have low
sensitiviry in the infrared, exposure times are
usually determined by trial. It is common
practice to make a series of exposures, either
on sheet film {by withdrawing the dark slide
by definite amounts and varying expasure
times) or on 35 mm roll film (by making
several exposures on successive frames).

Before making infrared photomicrographs,
test film holders and plateholders, including
the draw slides, to make certain that they are
opaque to infrared radiation. Failure to do
this may result in fogged emulsion and
complete deterioration of image contrast.
Processing recommendations for infrared
films are included with the materials. Even
infrared films in 35 mm magazines should be
loaded into the camera in tozal darkness since
the velvet-lined lip is not IR-tight.

Because infrared photography is quite
specialized, it is not feasible to go into details
here. The basic requirements have been
outlined and there is no particular complexity
involved. Nevertheless, certain careful but
straight-forward procedures are needed in
focusing the photomicroscope, When infrared
color film is employed, special attention must
be paid t light sources and color balancing
with filters. Those who wish to carry on the
technique are referred to Kodak Publication
M.-28, Applied Infraved Photography.
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Chapter Ten

Today, the methods and prineiples of the
metallographic microscope and metallograph-
ic photomicrography have been extended
far beyond their original purpose. The
rmodern industrial laboratory has applied the
methods and techniques of metallographic
microscopy to the study of opagque, nonme-
tallic specimens as well. These include
microelectronic circuit boards and their
components, metal shadowed replicas, ores,
cerarmics, painted and otherwise coated or
corroded surfaces, radioactive components,
synthetic fibers and animal hairs, cosmetics,
plastics, industrial dusts, combustien prod-
ucts, coal, and a host of new products of
materials science.

Additionally, the general methoeds of using
reflected light (often referred to as epi or inci-
dent illumination) formerly thought of only in
terms of metallographic application are also
extensively used in the biomedical field,
particularly when working with tissue
cultares, microbiological cultures, and wood
specimens. Because of these wide applications
of the metallographic type of microscope to
fields ourside of metallography, the photomi-
crographer should become familiar with the
rechniques of sample preparation and illumi-
nation used in metallography.

Metallography

Metallography is the study, interpretation,
and recording of the physical structure of
metals with the microscope. Metallographic
study of the structure of a meral includes
grain size, constituents, and foreign particles
within the metal. Photomicrography is widely
used in metallography for recording
microstructure.

Metal Specimen Preparation

The preparation of metals for photomicrog-
raphy usually requires mounting, polishing,
and etching. These techniques differ when the
metals and alloys arc ferrous or nonferrous, or
their texiure ranges from extremely hard to
very soft. As a result, the preparation of each
metal specimen involves a slight modification
of basic technique.

Qccasionally it may be possible—indeed,
necessary—to look at a metal specimen
directly without any preparation whatever.
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Spring clamps are frequently used to hold
such specimens. Ferrous specimens can be
positioned with small magnets. Most speci-
mens, however, require full treatment.

Small or swkwardly shaped specimens can
be handled more easily during preparation if
they are embedded in a suitable material. The
simplest technique for mounting specimens is
a clamp made of material similar to the spec-
imen, and designed so that the clamp jaws and
specimen surface can be prepared together.
Other methods include the use of thermo-
plastic or thermosetting synthetic resins in a
metallurgical mounting press.

After embedding, the specimen surface is
ground or filed, and then polished to reach the
desired mirror finish. This finish must be free
from surface deformation, and it is essential
that the techniques used remove material by a
cutting, rather than a buffing, action.

When the required mirror finish has been
obtained, the microstructure of the specimen
is revealed by swabbing the specimen with, or
immersing it in, etching reagent. In general,
erchants either attack the grain boundaries
beiween constituents ot stain the various
constituents present. The exact choice of
etchant depends upon its chemicai relation-
ship with the metal or alloy.

More information on methods of prepara-
tion and etchants o use on metal samples can
be found in publications from the American
Sociery of Metals, in standards of the Amer-
ican Society of Testing and Materials, or in
baoks from the reference hst.

Reflected Light
Microscopes

Any type of microscope can be used to photo-
graph mezals or opague chjects. A biological
microscope can be used at low magnification
with oblique lighting. However, an integral
light source, an adjustable stage, and the
proper accesseries are found in the vertical-
type (Figure 10-1) and inverted-type mesallo-
graphic microscope (10-2).

The Le Chatelier type of inverted micro-
scope is commonly used in metallography.
With this microscope, the specimen is held
perpendicular to the optical axis of the objec-
tive by placing it face down on the stage. The

stage can then be moved up or down by both
coarse and fine focusing adjustments. The
objective is held in a vertical position beneath
the stage. Alignment of the camera, micro-
scope, and Hluminator is comparatively
permanent for speed and accuracy in produc-
non work. Various light sources are adaptable
for use with this type of microscope.

For rigidity and also for convenience, the
camera, inverted microscope, and light source
are sometimes mounted on a horizontal stand
or are a complete uniz. Most types of metallo-
graphic microscopes include buile-in faciltities
for polarized-light and darkfield work, as well
as having the conventicnal brightfield
arrangement. Accessories are available for
phase contrast and for interferometry.
Tnverted metaliographic microscopes are
made commercially by several manufacturers.

Objectives

The objectives commenly used in photomi-
crography of metals are essentially the same
as those used in regular transmitted-light
photomicrography, the principal differences
being their correction for use with objects
without cover glasses and their use with
microscopes having spectfic tube lengths.
Cover glasses are not used with metaflurgical
specimens under vertical illumination because
a considerable amount of light would be
reflected at the glass surface and would result
in poor illumination of the metal surface and
obliteration of detail in the specimen in the
photomicrograph.

You will recall that objectives for trans-
mitted light have spaces between the front
and rear lens element that are very carefully
selected to rid the system of spherical aberra-
tion when used with a very specific cover-
glass thickness. In making objectives for
metallurgical use, the same lenses are used,
but the spacer is selected for an infinitely thin
coverglass, i.e., no cover glass at ali. If these
objectives are used for covered specimens,
poor image quality will result. Objectives for
use without cover glasses will nsually be
engraved so (or abbreviated NCG for co
cover glass); GGerman-made objectives may
sometimes simply have the letters o.d.,
standing for okne decke (without cover). On
objectives where it is common to indicate the
cover glass thickness, e.g., 40/0.85/0.17 (40X




magnification; 0.85 numerical aperture; (.17
thick cover glass), a dash usually appears, e.g.,
40/0.85/—.

Metallographic objectives are often
corrected optically for a tube length of 185 o
250 millimetres 10 account for the addition of
the vertical illuminator, (The standard for
most biological microscopes is 160 milli-
metres.) Commercial models of metaliograph-
ic microscopes have specified tbe length
built in, so you can ignore this factor as far as
the microscope is concerned. Be certain,
however, thar the objecrives are correcred for
use with the inherent tube length of the
rnicroscepe. The tibe length for which an
objective is designed is usually imprinted on
the objective mount. If it is not, write to the
manufacturer and verify the optical properties
of the objective. If an objective is purchased
specifically for metallography, chances are
good that its mibe-length designation is
correct. It is not advisable 10 use an objective
specified for a given tube length on a micro-
scope designed with a differens tube length
because very poor image quality can result.

Fig, 10-1

METALLURGICAL MICRO-
SCOPE-A4 typical microscope
provides for incident reflected light
wlumination as well as transmified
light when this is needed Photo
courtesy of Niken, Inc.

Fig, 19-2
INVERTED MICROSCOPE—
An infegrated camera microscope
Jor metallography kas objectives
under this stage. This microscope
provides for either 4 x 5-inch or
39 mm film exposures. Photo cour-
tesy of Carl Zeiss, Inc.

For this reason, objectives of one manufac-
turer may not funcrion efficiently on a micro-
scope of a different manufacturer, -

Some microscope objectives, particularly
those used on the longer, horizontal metallo-
graphs, are infinitly corrected. Rather than
being restricted 1o 2 fixed, mechanical tube
length, they can be used in mechanical config-
uratiens that greatly exceed the usual
160 mm. These ebjectives are usually desig-
nated s0 by an engraved infinity symbo} (20}
somewhere in the objective legend.

If metaliographic objectives—i.e., those
corrected for use without a cover glass and for
a longer-than-normal tube length—are used
for ordinary transmitted light microscopy of
covered specimens at a 160 mm mechanical
tube length, poor image quality will resulz.
For this reason, merallographic objectives are
usually giver a different thread or mounting
device so that they cannot be fitted to the
nosepiece of a transmitted-light microscope
with RMS* thread.

*Royal Microscopical Sociery.

All comments regarding type (achromar,
fluorite or semi-apochromat, and apochromat)
and correction of objectives, including chro-

" matic and spherical aberzation and field

curvature, in the eazlier discussion of trans-
mirted light objectives apply ro metallo-

* graphic objectives. See pages 5-10.

Eyepieces

The eyepieces used in metaliographic micro-
scopy are the same type, magnification, and
design as those described earlier for mrans-
mitted-light use. See page 11.

The Aperture Diaphragm
Unlike the aperture {substage) diaphragm in
the transmitred-light microscope, the apermre
diaphragm in the metallographic microscope
is usuaily an integral part of the vertical illu-
minator and is used to control the cone of
light entering the objective lens, In use, it
should be so adjusted that the fullest aperture
of the objective is utilized consistent with
good, glare-free images. This adjustment is
accomplished by looking inte the microscope
tube with the eyepiece removed. (An image of
the specimen must be in focus in the micro- .
scope.) An image of the light source and of
the apermure diaphragm is visible at the back
focal plane of the objective, When the
diaphragm is adjusted correctly, its image
should fill the back lens with light, The edge
of the diaphragm is then just visible within
the periphery of the back focal plane.

The physical location of the aperture
diaphragm is nearer to the lamp and farther
from the microscope than the field
diaphragm. (See Figure 10-3.) Note that this
is opposite to the transmitted light microscope
i which the aperture disphragm in the
substage condenser assembly is closer 1o the
microscope than the field diaphragm that is
asscciated with the illuminating appararus.

The Field Diaphragm

The principal function of the field diaphragm
is 10 minimize internal glare and multiple
light reflections within the microscope by
delimiting the illuminaton to the actual field
under observation, and no more. The image
will then have the best attainable contrast.
The field diaphragm is located closer to the
microscope than the aperture diaphragm
(Figure 10-3). The objective itself acts as 2
condenser 1o image the feld diaphragm in: the
plane of the specimen when the specimen is in
focus. When you look either in the micro-
scope or at the camera ground glass, you see
an image of the field diaphragm simulte-
neously with the microscope image.
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Cameras

Several kinds of cameras are used in phetomi-
crography of metals. They include:

¢ The horizontal or vertical open-back
view camera with expandable bellows.
This is aligned with the optical system.

® Integral cameras in commercial metallo-
graphic stands. Some use glass plates or
sheet film; others use roll film.

& 35 mm single-lens-reflex or roll-flm
cameras adapted to the microscope. More
information is readily available from
microscope manufacturers.

Magnification

Image size in metallography is determined by
the magnifying powers of the objective and
eyepiece, by the-microscope tube length, and
by the bellows extensicn {eyepiece-to-film
distance). An cbhiective with a magnifying
power of 20X will produce a visual image 200
times as large as the specimen when the
eyepiece has a magnifving power of 10X. I
this image at 200X is projected through the
eyepiece o a ground glass or a film and
focused at a distance of about 250 millimetres
(10 inches) from the exit pupil of the
eyepiece, the projected irnage will also be at
200X. Greater magnification can be obtained
by drawing the ground glass farther back.
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Magnification then will be directly propor- -
tional to the distance from the ground giass,
or image plane, to the eyepiece. The distance
is called the bellows extension. At 500 milli-
metres (20 inches) from the eyepiece, and
with the above combination of evepiece and
objective, the image size would be 400X,

It is always necessary to determine magni-
fication in metallography. This can be done
with a stage micrometer, which consists of 2

" microscope slide containing finely ruled lines

with a finite separation in decimal parts of
either inches or millimerres, In use, it 18
necessary only to place this slide on the mi-
croscope stage and to project an image of the
lines to the ground glass of the camera. By
comparing the separation of the lines on the
ground glass with the original separation, you
can measure image magnification directly.
This image of the micrometer rulings can also
be recorded photographically for more
precise measurerment later.

The American Society for Testing and
Marerials recommends that all photomicro-
graphs of metals and alloys be made and
reproduced in papers and journals at one of
the following standard magnifications:
1X, 5%, 25X, 50X, 75X, 100X, 150%,
200X, 250X, 500X, 750X, 1000X, 1500%,
and 2000X.

Fig, 19-3

INCIDENT ILLUMINA-
TION—Seiting up Kokler 1llumi-
nation with reflected tncident light
requires the same. manipulation of
aperture and field diaphragm as for
transmitizd light, However, the ar-
rangement of these elements differs
Jrom the fransmitted hght system.
Note that it 15 the ficld diaphragm
that 1s neaver to the objective while
the aperture diaphragm is closer to
the lamp condenser.

IHumination
Systems

Incident Brightfield
Hlumination

A specimen to be examined or photographed
in metallography is usually completely
opague and must be iluminared by incident
Tlight. This iltumination: can be directed at the
specimen from any angle to produce a variety
of effects, butr most often vertical illunnnation
is used. In this system, an dluminating beam
is directed as nearly as possible along the
optical axis of the microscope’s objective lens
to the specimen. For medium- and high-
magnification metallography, the lght source
is usually at one side of the microscope and
projects a horizontal focused beam to the
optical axis, where it is reflected to the spec-
imen. The reflector can be an integral part of
a commercially made vertical illurninator and
can direct light through the objective lens to

_the specimen. In low-power photomicrog-

raphy, where the objective lens has sufficient
working distance, a separate reflector can be
placed between the objective lens and the
specimen.

Either a clear, plane-glass reflector or a
prism can be used in the illuminator. Some
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vertical illuminators are equipped with both a
reflector and a prism, which are interchange-
able. A prism gives far brighter images with
more contrast than a plane-glass reflector, but
unfortonately, a prism also reduces the aper-
ture of the optical system. For medium- and
high-power metallography, the plane-glass
reflector is much preferred because of
tmproved image quality. When the plane glass
1s used, however, only a smal! percentage of
the iflurmination 1s reflected to the specimen,
50 an intense light source is required.

Vertical illuminators can be purchased as
accessory units and fitted to an ordinary
biological microscope. Such illuminators
often have an integral light source and are
usually suitabie only for visual werk since
light intensity is very low. It is often necessary
in photomicrography to use another light
source of high intensity with the luminator.

. The vertical illumination is also referred to as
mnctdent brightfield ilhumination.,

Incident Darkfield
Mumination

With increasing magnification, it is impossi-
ble to iltuminate a specimen sample directly
with a light source becanse of the short
working distance of the cbjective, However,
an even, overall illumination can be obtained
by use of a special objective with an anrular
condenser built around it. Such equipment is
available from several microscope manufac-
turing companies. The path of the light beam
is down the puter periphery of the objective,
through the annular condenser to the sample,
and then back up the objective to form the
image, This method is called imcident dark-
freld dhmmination.

Lighting Surface Topography
If study of surface topography is necessary, as
in metallography, it is enhanced with specu-
larly reflected light, oblique illumination, or
special light-interference techniques. When
the light source is separated from the vertical
illuminator, any proncunced movement of the
objective will destroy the illumination adjust-
ment in the microscope. It is therefore a prac-
tical necessity to focus an image by moving
the specimen. You will need a vertically
adjustable stage to provide specimen
movement,

Some special techniques can also be
adopted for opaque specimens. The simplest
of these is obligue illumination. This can be
obtained by decentering the aperture
diaphragm. Ir is 2 good method for examining
rough or scratched surfaces to show depth.
Placing an opaque disk just in front of the

aperture diaphragm will produce conical illu-
mination. Other techniques requiring
specially equipped or adapred microscopes
are darkfield illuminarion, phase-contrast illu-

_mination, the use of polarized light, and fluo-

rescence photomicrography.

Light Sources
Due to the inevitable light losses in a vertical
illuminaros, the source of illumination should
have relatively high intensity to render a
projected image of ressonable brighmess and
clarity. The carbon arc has been a common
light scurce in merallography. This arc lamp,
consisting of a vertical (negative) and a hori-
zontal (positive) carbon electrode, can be
operated on either alternating or direct
current. Direct current is preferable because it
provides a steadier light source of uniform
intensity; alternating current causes an
annoying flicker that is objectionable both for
visual examination and for photomicrog-
raphy. Xenon arcs are provided on many
modern microscopes and frequently fired o
older cnes, :

The xenon arc is an excellent light source

for metallography. The arc is produced across

tungsten electrodes in a glass envelope that
contains highly pressurized xenon gas. The
emission of the xenon arc is continuous not
only in the visible spectrum but also in the
long-wave ultraviolet region and in the
infrared spectral regron. This lamp preduces
llumination of high intensity and daylight
quality {color temperamre is 6000 K), a
{eature that allows the use of daylight-type
color films with little or no fikering.

Tungsten-filament lamps can also be used in
metallography. Although they are consider-
ably less bright than carbon arcs, they are
much steadier and do not require frequent
replacement as do the arcs. A ribbon-filament
lamp that is rated at § volts and 18 amperes
and uses alternating current through a step-
down transformer is quite suitable for
everyday black-and-white metallography.
When images of very low brighiness are
obtained, such as at high magnification or in
polarized-light work, extremely long expo-
sure times are encountered and a much
brighter light source is appropriate, A suitable
illumination device is the modern fungsten-
halogen lamp. The mngsten-halogen lamp is
available in 12-volt, 100-watt size, It emits
efficient high-intensity Hllumination because
the coil filament is small and compact. Tis
bulb life is several hundred hours, and it can
be replaced easily and inexpensively.

The zircondum concentrated-arc lamp is
another excellent light source for this work.
Although its brightness is not guite as high as

that of the carbon arc, it is completely steady
and will operate efficiently withourt replace-
ment for a considerable number of hours.
Alse, its color ternperature is 3200 .

Kohler Illumination
With Incident Light

The principles of Kahler illumination, which
are commoniy applied in standard trans-
mitted-light photornicrography, can also be
applied to photomicrography of metals. All
metallographic microscopes coatain two vari-
able diaphragms-—an aperture diaphragm and
a field diaphragm, as described earlier. Both
are used in adjusting illurnination to enhance
the quality of the image in the microscope and
in the camera. The locations of these
diaphragms will differ somewhat in the
different models of metallographic stands, but
will generally appear in relation to one
another z5 they do in Figure 10-3. Setting up
Kohler llumination for incident light
{vertical illumination) is different in some
respects from the procedure for fransmitted
tight, so we will go through the steps one at a
time.

Before attempting to set up Kohler illumi-
nation with incident light, reread the steps for
setting up Kohler ilkimination by transmitred
light, pages 28-35, because the same princi-
ples are applied to incident light.

Starting with a 10X objective and the
plane-glass reflector in place, select a decid-
edly specular specimen, such as a highly
polished piece of metal or star test plate. The
initial setup of Kohler illumination will be
much easier if such a specimen is chosen to
make the initial adjustments, Afterward, less
specular objects may be examined. Follow
these steps to arrange the microscope for
Kohier illumination, and refer to Figure 10-3.

Initial Adjustment

1. While looking at the specimen from abour
stage level, bring the specimen and objec-
tive close to one another, using the coarse
focus adjustment knob.

2. While locking in the microscope eyepiece,
carefully focus up with the coarse adjust-
ment until the specimen is in focus. Tt is
easier to spot a moving specimen, so if you
have a rotating stage it is & good idea to
rotate it back and forth in a short arc.
Watch for small dust particles or surface
irregularities to come into focus first.
Touch up the focus by adjusting the fine
focus.

3. With the specimen in focus and illumina-
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tion adequate, center objectives that are in
centerable nosepiece mounts. This step is
for microscopes with rotating stages;
microscopes with fixed stages do not
require this operation.

. If the illumination is adequate, adjust the
binocular tubes when a binocular or trino-
cular head is being used.

. With the specimen focused, the objective
centered, and the binocuiar head properly
adjusted for both eyes, you are ready o
start the most critical steps in achieving
Kahler illumination. Close the field
diaphragm. This will be the closer of the
two levers or knurled collars to the micro-
scope objective. The lens between the field
diaphragm and the body tube, together
with the objective itself, acts as a condenser
to focus a sharp image of the field
diaphragm in the plane of the specimen.
Both the specimen and the leaves of the
diaphragm will be seen in sharp focus. The
exact degree of sharpness of the field
diaphragm image will depend to some
extent on the degree of correction of the
objective. The field diaphragm and the lens
following it are usually fixed at the factory
and are, therefore, nonfocusable (unlike
transmitted-light microscopes in which the
substage condenser is adjusted to bring the
image of the field diaphragm in focus in the
plane of the specimen).

If the lens between the field diaphragm
and the body tube is adjustable, or if the
distance between the field diaphragm and
the lens can be varied, make these adjust-
ments so that a sharp, centered image of the
field diaphragm lies superimposed on the
sharply focused specimen. There may be
some way of centering the image of the
field diaphragm in the field of view; if so,
make that adjustment, The centering of the
fietd diaphragm may be easier to accom-
plish if it is opened until it is near the edge
of the field of view. When centering and
focusing are completed, open the field
diaphragm until it is just outside the field of
view. This is the normal pesitien of the
field diaphragm for both visual use and
photomicrography, With sorne specimens,
contrast is increased through fiare reduction
by closing down the field diaphragm.
Remember to open the field diaphragm
before making a photomicrograph—ar least
to just beyond the format indicating lines.
When the specimen and field diaphragm
are both in focus, their image will also be in
focus at the intermediate image plane for
subsequent secondar& magnification by' the
eyepiece, whose diaphragm also lies in the
intermediate image plane.
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Adjust the Lamp

6. In the nexe step you must focus a real
image of the lamp filament in the plane of
the aperture diaphragm, using the lamp
condenser {collector). To do this, adjust the
separation between the filament and the
lamp condenser. The lamp condenser may
be adjustable, but it is far more usual to
find the lamp condenser fixed and the lamp
adjustable, usually by sliding the lamp
holder back and forth in its cylindrical
housing. In either case. adjust the distance
between the filament and the aperture
diaphragm until the image of the filament is
projected in sharp focus on the (tempo-
rarily closed) aperture diaphragm. If this
adjustment is made, an image of the fila-
ment and the aperture diaphragm will be in
focus at the objective back focal plane.

So far, we have been describing the
setup for Kohier illuminarion when using
the plane-glass reflector in the vertical illu-
minater, but what if you decide to use the
prism reflector? In this case, arrange the
lamp focus and alignment so that the entire
filament image lies on the face of the prism
that is perpendicular to the light path from
the lamp. If you leave the lamp adjusted for
the plane-glass reflector and then introduce
the prism, you lose about half of the inci-
dent illumination.

Adjust the Aperture

Diaphragm

7. After the objective back focal plane is fully
illaminated with a centered, focused fila-
ment, close down the aperture diaphragm
(the lever or knurled coilar farther away
from the body tube) while viewing the
objective back focal plane unsl the
diaphragm just comes into the field of view
superimposed on the focused filament, If
this adjustment is correctly made, the
images of the filament and aperture
diaphragm will also appear at the eyepiece
exit pupil where the lens of the eye or
camera is placed.

8. Replace the eyepiece (or take out the
Bertand lens or phase telescope) and
observe the field of view. The image should
now be brightly and evenly illuminared
with good depth of field and resolving
power. The metallographic microscope is
now ready to make high guality
photomicrographs.

It is exceedingly important to note,
however, that as objectives are changed, the
adjustment of both the aperture and field
dizphragms must be altered.

Once the specimen is correctly focused and
illuminated, photography can proceed as with
transmirted light.

Photography

The interference colors of some metallograph-
ic specimens will photograph disappoini-
mngly on some color films. If you encounter
this situation, try a film of different speed,
alternate color balance (with correction filter),
or different dye systerm.

The distortion (usually pincushion) of
many objectives is not noticed until récri-
linear obiects, such as microcircuits, are
photographed. This distortion is inherent in
the lenses so that no optical or photographic
adjustment can cure the fault




Chapter Eleven

RECORDING MOTION

THROUGH TE

At the outset, every photomicrographer is
encouraged to try anemicrography,® or the
making of motion pictures through the micro-
scope. A quick survey of microscopists shows
that cinemicrography is regarded as forbid-
ding because it is too difficult and complex (it
is neither) and because it is too expensive (it
need not be). Once still photomicrography is
mastered so that good, well-illuminated visual
images can be consistently produced and
recorded with still cameras, the transition to
cinemicrography is very simple. Rednced to
basic terms, the differences between still
photomicrography and cinemicrography are
framing rate and lighting. Instead of one
frame being exposed at a time in relatively
very slow sequence, the motion-picture
camera allows a relatively rapid sequence of
frames to be exposed in succession.

The mechanics may seern imposing at first,
but 2l devices we are not familiar with seem
that way. The modern motion-picture camera
is hardly more complex in operation than a
still camera. Many 8 mm and 16 mm motion-
picture cameras—especially those designed
for amatenr photography—are simpler to use
than many 35 mm still cameras that profes-
sionals use,

A good way 1o gert started is to borrow a
friend’s super 8 motion-picture camera.
Biomedical and industrial photomicrog-
raphers may wish to rent professional equip-
ment for weekend use, just to have a go at it
Lighting may become tricky if a variable-

* speed motor is available 1o change the fram-
ing rare, but this is not a problem when it is
understood. Motion-picture film and process-
ing are surprisingly inexpensive. The results
will ultimately always come down to tech-
nique, skill, and interpretation, rather than
film cost and equipment complexity.

Cinemicrography

Cinemicrography involves the adaptation of a
motion-picture camera to a compound micro-
scope to record images of moving specimens.

Three basic techniques are included:

(1) recording extremely slow motion by

*Also cinephotomicrography.

making a long series of separate exposures at
predetermined intervals (time lapse) and pro-
jeciing the result at normal speed, thereby
greatly increasing the apparent rate of mation;
(2) photographing normal motion at the speed
of occurrence and projecting the film at the
same or similar speed; and (3) photographing
motion at a high rate of speed and projecting

. the film at a normal speed to produce a slow-

metion effect.

Both camera speed and projection speed are
expressed as the number of film frames per
second {fps). For motion pictures with sound,
normal speed is 24 fps. Normal speed for
silent motion pictures is often 18 fps although
24 fps may be used also. Ultimate projection
speed should always be considered in plan-
ning cinemicrography.

Microscope

The general arrangement of equipment for
making motion pictures through a microscope
is similar to that for making a still photomi-
crograph. The camera is placed so that the
image ordinarily projected to the eye is
projected o the film.

In cinemiecrography, the convenience of
being able to see the field of action (either
during or immediately preceding the making
of the motion picture) is so important that it is
almost a necessity. This is usually accom-
plished by a beam splitter that divides the
beam of light forming the image so thata
small portion of it is carried to the observer’s
eye and the remainder to the film in the
camera.

As with visuzl observation, one needs a

suitable light source. In this case, it must be of

sufficient intensity to preduce satisfactory
exposure on the motion-picture fitm. For stll
photomicregraphy, intensity of light is not as
fmportant as it is for motion pictures, If the
light is dim, time exposures can be made for
satisfactory still pictures of immobile
subjects. In making motion pictures at high
camera speeds (increased frame rates), short
exposure times are common. Hence, the
intensity of the illemination must be raised
over that usually employed for visual obser-
vation or still photomicrography.

A micrescope with buili-in illumination
may not be suitable for all types of cine-

5 MICROSCOPE

Fig. 11-1

MOVEMENT - With a 16-mm
motion-picture camera, movement
of a living specimen can be recovded.




micrography because the light source may be of
insufficient intensity. Very often, a microscope
equipped with a substage mirror is best since
this feature allows a variety of light sources 1o
be used in detached illuminators.

The effective use of any microscope
requires that the illumination and the micro-
scope opties be correctly aligned and adjusted.
Kohler illumination (see page ), when
followed faithfully, will produce the best
image quality and the brightest iflumination
of the specimen to be photographed.

Camera

While most motion-picture cameras can be
zdapted for cinemicrography, superior results
will be obtained if one of the better cameras is
chesen, Professional-type motion-picture
cameras are usually best since they are often
equipped to make single-frame exposures for
use in time-lapse photography. Ordinarily
they can alse be operated at various camera
speeds {fps) for both normal and slow-motion
results. For less critical work, any motion-
picture camera can be used.

A suitable camera Is designed to accom-
modate either a detachable film magazine (to
facilitate reloading) or a long length of film
{usually 30 metres or 100 feet). The camera
should be driven either by an electric motor
ot by a spring of sufficient capacity to allow
exposure of 2 useful length of film at one
winding. A variable shutter is an advantage in
controlling exposure time.

Camerzs with fixed lenses can be used over
a microscope with reasonably good results,
but they entail certain precaurions. The best
image quality is obtained when the camera is
placed so that the eyepoint (Ramsden disk) of
the eyepiece vccurs at or very near the front
surface of the camera lens. This is not always
possible since some camera lenses are
recessed in the mount so that the lens surface
1 too far from the eyepoint. The resultisa
vignetting of the microscope image in the
film plane; the frame is not covered
completely, and only a very small circle
appears in the center of the film frame. If the
front of the camera lens mount can be
removed, this condition is often alleviated,
since the correct positfon can be achieved.

if a lens of normal focal length (25 mm for
16 mm cameras) is used and correctly placed
as indlicated, the film plane is so near the
eyepoint that the size of the microscope image
may be approaching, or even less than, the
frame size. Then all, or almost all, of the
microscope field is recorded instead of just
the central area, which is the area of best

 image definition. Lenses of ionger focal
length (such as 50 mm and 63 mm) are better
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in this respect because of their narrower
angle of view.

For ordinary purposes, magnification in the
microscope can be found by multiplying the
objective magnifying power by the ocular
magnifying power. Thus, a 10X objective and
10X ocular will furnish 100X, When the
image 1s projected at 250 mm (10 inches)
above the ocular, this magnification is repro-
duced. However, when a camera with lens
attached is placed correcty over the micro-
scope, the distance from eyepoint to film is
approximately the focal distance of the lens,
and magnification is reduced proportionately.
A 50 mm (2-inch) lens will result in 2n imege
only 1/5 (50/250) the size of the image seen
in the microscope. Thus, an indicated magni-
fication of 100X is reduced to only 20X as
recorded at the film plane. Lenses of other
focal lengths change magnification propor-
tionately. These factors are not necessarily
disadvantageous if the enrire film frame is
covered, but they should be considered when
correct recording of magnification is
important.

If a microscope is focused visually and a
camera (with attached lens) is placed in the
correct position, the distance setting on the
camera lens should be placed at infinity, The
microscope image will be in focus in the
camera. Those who canniot focus their eyes at
infinity should make test runs at varions
distance settings of the camera lens in arder to
find the virtual distance ar which they do
focus. The lens diaphragm should be set at or
near its wide-open position. A small lens open-
ing may vignette the image. The diaphragm
of the camera lens does not control exposure.

Beam Splitter

A beam splitter with observation eyepiece is
essential between the camera and the micro-
scops, not only for viewing and focusing the
image during photography but also for the
critical centering and illumination adjust-
ments necessary for high-quality work.* In
order to photograph rapidly moving orga-
nisms, it 1s necessary to know that they are
really in the field area. Photographing very
slow motion is less exacting since the subject
will not leave the area during photography.
However, you cannot be sure that the image
remains in correct focus. A beam-splitting
observation eyepiece gives both correct focus
and recording of pertinent detail. Some beam
splitters require that a lens be in place on the
camera, whereas others attach directly to the
camera with the lens removed. Beam splitrers
*Through-the-lens viewing available with professional

cine cameras can provide a means to follow action, but
critical focusing may be difficult.

are manufactured and sold by several firms
for both still and metion-picture photography
with the microscope.

Techniques

Time Lapse

The eguipment for dme-lapse studies through
4 microscope consists of a basic cinemicro-
graphic semp plus a suitable controller for
making single-frame exposures at any desired
predetermined interval. Several commercial
cotitroilers-are availabie. Basically, these
consist of an electric timer, its associated
power-contrel components, and a solenoid or
other device for autematicaily actuating the
exposure release of the motion-picture
camera. For time intervals of more than a few
seconds between expostires, provision is often
made within the control unit for turning on
the ilhrmination just before the exposure and
for extinguishing it after exposure. Thus,
because the jlluminator is not required to
operate for long periods of time, heating and
burnout problems are reduced. Once adjusted
and operating properly, the appararus can be
lefr unattended; it will proceed automatically
to record the action overnight, or even for
weeks if needed. Of course, it is necessary to
wind the spring motor of the camera occa-
sionaltly (if an electric-drive motor is not
used), to check the bulb in the iiluminator
periodically, and also to check focus and
composition,

Time-lapse techniques are particularly
useful in einemicrography. They permit the
relatively slow growth phenomena of micro-
scopic plants and animals o be recorded
completely over a period of hours, days, or
even weeks. When the film is projected, the
whole cycle can be viewed in only a few
minutes, Changes that are so slow and subtle
as to be difficult to discern visuaily become
quite evident at an accelerated rate, Chemical
and physical occurences, such as crystal
growth, can alsc be projected with an alter-
ation of the time base for convenient
observarion,

A widespread use of time-lapse photomi-
crography is for recording the growth and
change in cells in tissue culrare using a phase-
contrast or interference-contrast microscope.

One of the principal problems in time-lapse
photography is determining an appropriate
time inferval between exposures. An accepted
technique is to make a visual study of the
complete action to be recerded, noting the
rime involved from beginning to end. For
exampie, suppose that the complete action
took place in 1 hour. This action is to be




Exposure time can also be varied by
changing camera speed. Remember that this
causes an apparent change in rate of subject
motion when the film is projected at a nermal
speed.

In time-lapse cinemicrography, it is often
desirable to vary exposure time and to allow
image brightness to remain constant. Some
time-lapse controllers acmate the camera
shutter and can also held it open for any
length of time. It is alsc possible in time-{apse
photography to utilize a separate variable
electric shutter in the light bezm., In this case,
the control unit antornatically opens the
camera shutter and actuates the electric
shugter for a preset time.

Light Intensity

The intensity of light reaching the £ilm is the
other factor thar controls exposure. It is fairly
easy to decrease the intensity of light by
means of neutral densities as previousiy
stated. To increase the intensity of light, you
must change electrical conditions by raising
voitage or amperage. This can be done, within
limits, for black-and-whire films but it should
not be used with color films since i{lumination
color quality (color temperature) will be
altered. Generally, when image brightness in
the observation eyepicce is too low, it is
necessary to resort to a light source of higher
intensity to obtain a bright image on the film.
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Glossary of Terms
Used in
Photomicrography

Aberration—Any inherent deficiency of a lens
or oprical system which is respoasible for
imperfections in the shape orsharpness of the
image as a result of failure to image a point or
a straight line as such or an.angle as 4n equal
angle, The various forms. of aberration can be
reduced but not completely eliminated by
assembling a lens from a number of differemt
elements of compensating characteristics.

Achromat—A lens which brings light from
two parts of the speciram (strictly speaking,
two specified wa'velengths) t0 the same focus.
Modern achromatic-lenses bring the blue and
red regions of the spectrum o the same focus,

thus reducing chromanc abérration.

Anisotropic~Exhibiting different properties
when meéasured along different axes, A trans-
parent, anisotropic material such as a crystal

"~ of calcite, possesses different refractive _
‘indices in different d1recmons through its mass
... {birefringence)y and- polanzes transmitted

haht : :

- Aperfure~The lens opemng through Whmh

light enters:an optical instrument. The area of

© . this opéning 'is.sometimes ad;ustable by aniris -
dlaphragm of stop.’ - : -

. _Apockromat “Lens which brmgs three’ chosen: .

colors to the same focus. Apochromats used

- for microscope objectives afe corrected for

chromatic aberration for red green, and blue
wave:lengths

" Betrand Lens— Removable posmve lens which

can be fitted abﬂve the gbjective of the micras

.scope to form 4n image of the ob;ecnve s Tear
" "focal plane in the front focal plane of the
eyepiece; Tt enables the exit pupil 1o be

observed without removing the eyepiece
when semng up, Kohler zllummamon '

- Birefringence—The refra_cnon of hght_m m“o.

slightly different directions 6 form two rays.

* Polarizing elements that contain crystals

~ -oriented in-one directién are birefringent.
Chromatic Aberration—Faulis in the performs: -

ance of lenses due to light of different colors

'comin'g to different planes of focus, the blue
inage being nearest the lens, or yield_mg

" fmages of different magnification.

: 'Compens:zfmg Eyepiece—An eyepiece
“Corrected primarily for use with'zpochromatic
objectives, eliminating the color fringes fourid -

when crdinary evepl.eces are used with such
objectives.

Condenser—An oprical as_sem_i:iy which

concentrates light from a source. It provides
an evenly dluminated image of the source
used in photomicrography, projection of
slides, and printing negarives.

Contrast—The ratio of the amount of light
transmitted or reflected by the most trans-
parent and most cpague areas of an image.

Curvature of Field—A lens aberration in

. Which images can be sharply focused cnly en

a curved surface.

Depih of Field—The region in front of and
behind the focused distance within the subject
in which object points stiil produce aa image
of acceptable sharpness,

Depth of Focus—Tolerance in the positioning

- of the image plane of a lens within which the
" {ens forms an acceptahly sharp image of an

ob;ect at a-given distanice. In focusing, it
represents, in effect; a focusing latltude.

Distortion—Aberrarion of a lens which causes

“the image to appear misshapen and deformed .
" due to a gradual increase or decrease in

magnificarion from the center to the edge of

. an image,

. EmptyMagn_-g‘icdtionmMagniﬁéation_achieved '
by increasing the size of the image but not '

detail. This is caused by limited resolving
power of the optical system.

" Interference Microscopy—Technique by which
“the illumination is divided into two beams,
-one of which passes through the transparent

) sub]ect matter, The second béam is  passed

around, rather than through, the specimen:

Recombination of the two beams results in
. interference patrerns corresponding to the
-local thickness variations in the specimen.

Kohler Hiwminaiion—A method of brightfield
illumination used in photomicrography and

cinemicrography. A lamp collector lens
focuses an image of the light source on the

" aperture diaphragm; and the microscope

collector focuses the field diaphragm in the
plane of the specimen. This rechnique

. provides a uniformly ifluminated field from
~ nonuniform lght sources such as ched fila-
. -mentlamps. -

* Nanometre (nm)—ST unit of measure for elec-

tromagnetic radiarion. Equals 10-9 mere.
Visible light wavelengrhs range from 400 ro
700 nanometres

Numerical Aperture (NA)—A methed of spec-
Uying the relative aperture of an objective
lens and its resolving power. The numerical
aperture value refers to the angle of the cone
of light emitted by the condenser and




o 'Polarzzer A transparent materlal whlch

" accepted by the objective of the micrescope.
The formula s NA = d times thesine of U,
where D is the refractive index of the space '
between the objective and the specimen, and

U is one-half the angu_{ar cone of illumination
required to fill the aperrure of the front fens of
the objective, About 1,000 times the "
numierical aperture indicates the approximate

" limit of useful magnificarion of an objective,

Parfocal—The property of several Iéﬁsés of
" different focal iengths being in focus at the
same posmon of r_he fecusmg knob. -

_ Phase Contrast MzcrascopyAA techmque for
" “revealing the stroctural feamures of micro- -
‘scopic transpareft, objects whogse varying but
invisible differences in. r_hn:kness resultin’ o
“varying, differences in the phase of rass- - -
- mitted light. ‘These phase d1fferences gre.
 converred 0 wisible Lntermty d1fferences T
wheh part.of the ransmitted light has its
optical path chan ged by about 17 3
; Wavelength . ! ;

absorbs from light passing throuuh Fi) all : _.
'_' v1bratzons except those in a smgle plan o

e 'Polarzzmg Elfmsn t—A matena_‘ whzch trans- i

: 'mlts Ilght poIanzed in‘one parncular plane T
c:rysta[s of. d:fferent types in photomn:m g
raphy-If visually identical’ crystals differ i in

“their birefringence, they wz]l show djfferences =

“in.color and tone pattérns if one polanzmg

- filter is. below. and the' gthier (whu::h s capable o

of being rotated) is. above the spemmen

: Reﬁ’acf:an Change in dJIeCtl()l’l faray of
light passing from. one transparent nedivum

" into another of a dlfferent opt1c31 dens1ty, egs

from air mt{) glass RO

" Refractive Iﬂ(lev—The ratio of the SpE:Ed of ..
light in & vacuumi to its speed in some other ;
medium, This. ratio deretmines héw. much L

hOht rays are. hert,

Resolzzmo Power—The ability'of 2 lens to
dlsnnomsh fine detall in'the structure “of a-

specimien, This ablhty is-assessed by, countmg

+the numbér of closely, spaced ob]ects orline
palrs that can'be recogmzed as separatein the. -

fnal jriage. One formula is resolving power o

equals wavelength of 11aht dmded by THO
nmes the numencal aperture S

Spherwai Abewatwn_A 1ens defect i wh1ch
light rays passing through the outer: reg;ons of -

- a lens converge and eross the lens axis nearer .

.to thi lens than rays passmg throucrh the
central part of the fens, An object point at the
.lens axis is recorded asa disc thaht B
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Appendix I

SOME SOURCES OF PREPARED MICROSLIDES

Carotina Biological Supply Co.

~ York Read
Burlington, NC 27215

Ripon Microslides, Inc.
P.O. Box 262
Ripen, W1 54971

Triarch, Inc.
PO. Box 98
Ripon, W1 54971

Turtox/Cambosco
Macmillan Science Co., Inc.
8200 S. Hoyne Ave.
Chicage, I1. 60620

Wards Natural Science Establishment, Inc.
PO:Box 1712

Rochester, NY 14603

or .

P.O. Box 1746

Monterey, CA 93940

Append1x II

FILM CHOICE F OR PHOTOMICROGRAPHY

Use these lists with the decision chart on page 92.

List A
Black-and-White Films

Sheet Film
KODAK Film or Roll Sizes

Exposure Exposure Compensation {Time) and Development

Description Index Adjustment* for Reciprocity Characteristics

PANATOMIC-X 135

PLUS-X Pan 135

PLUS-X Pan

Professional 4147 Sheets, _
(ESTAR Thick Base) | 3¥e-inch long rolls
TRI-X Pan 135

TRI-X Pan

Professional 4164 Sheets,

(ESTAR Thick Base) | - +inch long rolls

Slow-speed 32

171808 | 17100 | 1/18

1

10

109

panchromatic film
Medium-speed 125

o E 3] E L5 E:

panchromatic film &t GEJ b Z 2P 2
o 2] o3

Medium-speed 125 4 & i) 5 &

panchromatic film 29 2o £D

== E S =

. w W [ ) w

¢ g5 g s

igh-sf R 58 =

High speedl 400 HE HE BE

panchromatic film o @ o N o8

. Z + Z + z +

High-speed 320

panchromatic film

Increase exposure time 2X

+10% development

‘Increase exposure time 5X
Normal devélopment

Tricrease €Xposure tme 12X
~10% development

*Developmemnt adjustinents fnclude a 20% development increase recommended for black-and-white films exposed through the microscope.
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List B
KODAK

EKTACHROME Films

Process E-6

Exposure Compensation (Stops) and
. 3200 K Filter for Reciprocity CHaracteristics
Sheet Film Filon }?aﬁ’hght Tungsten When Used With Type of Light for
KODAK Film ot Description Balanes ’I‘P“i’sm Expostre- Which Film is Balanced
Roll Sizes M R | Index, Fime in Second
ter Filtor _ Exposure Time in Seconds
1/1000 | 1/100 | 1/16 1 10 160
EKTA(_ZHROME 64 135,120, Professional daylight- . 64 16 Nome |None |Nonel|+3 1
Profe§31ﬂnal 220 balanced.colo; transparency | Daylight - NF 20A NF NF NF | CCloM CCISM NR
(Daylight) film : . .
EKTACHROME o Fast professional daylight- ' - v,
200 Professional 135,120 balanced color transparency | Daylight szpo gg " §;ne I&I%ne ﬁne g;‘ NR NR
(Daylight) film i
EKTACHROME 50 Professional tungsten- 32 50
: 6118 = Tungsten None |[NonejNore |+1
Professional balanced color transparency 85B NF NR NR
p) -
(Tumgsten) 135, 120 film (3200 K) (1760 sec) | (1/10 sec) CCOSC |[NF | CCO5R{CCl0B
EKTACHROME Fast professional tungsten- | 100|160 . 1
160 Professional 135, 120 balznced color transparency (g%%%si)n 85B NF ;}I%ne g;ne ;}’.ﬂe SC§51V1 NER NR
(Tungsten) fim T {1/60 sec) [(1/30 sec)
EKTACHROME 100 | Genera_l-;;urpose medium- ' , ' .
Professional 135,120 |speed daylight-balanced | Daylight ;?3 ég A ﬁ%ﬂe : ﬁ‘l’:“e §°F“€ NR [NR [NR
(Daylight) ) ¢oler transparency film :
EKTACHROME Fast tungsten-balanced - \ ' ' NN
160. Professional 135, 120 color transparency film (T;;;)%S%j ég{})} Il\félg ic})}ne g;‘ne §%nc gC/i 0R gﬁf,l SR NR
(Tungsten} for general use ’ :
EKTACHROME | oo 0 [ghspeededlor ) ene | 400 106 None |Nome |None|+¥ |+1% |+2%
400 (Daylight) : | ransparency & ayneht | Ny 80A NF |NF [NF |NF |cclociccioc
by Kodak .
NE: No Filter NR: Not Recommended .
List C _
KODACHROME Films
Process K-14
' Exposure Compensation (Stops) and
) 3200 K Filter for Reciprocity Characteristics
Sheet Film Fi ::3 aylight Tuangsten When Used With Type of Light for
KODAK Film or Description Bail;:::e Egz:re Exposure Which Film is Balanced
. 3
Roll Sizes : Filter Iggex’ Exposure Time in Seconds
ter
/106801 1/160 | 1/10 1 1@ | 100
KODACHROME General-purpose moderate- 5 ) Iy
25 Professional 135 speed daylight-balanced | Daylight &SF go A §;“e g‘;"e §‘1§“B NF|NROOINR
{Daylight) color transparency {ilm :
KODACHROME General-purpose medinm-
P 126, 110, . . o4 16 Nene |Nome |None|+1 _
64 Prf}fess_lonal 135’ speed daylight-balanced Daylight NE S0A NE NF NE |CCIOR NR NR .
(Dayhight} color transparency film
Mo.clerate-speed - Photo- )
- KODACHROME < 25 32 MNone |MNone {Nonel|+%¥:
135 phorolamp-balanced lamp ) NR NR
. 40 (Type A) color transparency film {3400 K 8 824 NF NE NE |NF
NF: No Filter NR: Not Recommended
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Is.

i Use high speed
light limited

.Yés._‘_' o coler films*

color I 1 o filn
important OF Specimen In s

? .., motion Puash-pracess

‘ : L if necessary

I e

Use high-speed ;
©7 immediate

Use KODAK

b&w negative Ye i Is
Iil;l% St light limited access InsraFn-ii Colar
£ 5 ' e
Push-process ; nece-;ssary

if necessary

T Is

Use b&w negative

film* X i Is same-day

List A HTIAgE contrast HNAGE CONMrast precessing

Increase recommended safficient sufficient necessary
development 2 ? :

s

Use KODAK 1s Use KODAK
Technical Pan moderate user- EKTACHROME
Film 2415 contrast gain processing Film#*
Recommended _ sufficient neczessar; List B
: b 5 Process E-6

development

- Use KODAR EKTACHROME  ° (10 kopak ' Use KODACHROME or

50 Professional Film

EposcatEl 100 - Floomerosspty o EKTACHROME Fin®
Increase development 30% Process T4 List C

in Process E-6

i Make exposures




Appendix 111

REVERSAL COLOR FILMS FOR PHOTOMICROGRAPHY
KODAK EKTACHROME Films (Process E-6)

KODAK EKTACHROME 50 Professional
Film (Tungsten)—For general-purpose photo-
micrography on microscopes with tungsten-
halogen or ordinary ringsten lamps. Has
favorable reciprocity characteristics for
lenger exposures, when required, Can be
exposed and processed for an effective expo-
sure increase of one stop (ASA 100) o gain
more contrast. Responds well to the use of 2
didymium filter for improved rendition of
H&E stain and other stains containing eosin
or fuchsin.

KODAK EKTACHROME 64 Pro-
fessional Film (Davlight) or KODAK
EKTACHROME 100 Professienal Film
{Daylight)—Balanced for 5500 K, making
them usable with microscopes having xenon
lamps or electronic flash.

KODAK EKTACHROME 160 Profes-
sional Film {Tungsten)—Well suited to the
photography of specimens (particularly three-
dimensional ones) by reflected light in the
stereo microscope. Can be processed for an
effective exposure index of 320 to allow
shorler exXposures. '

KODAK EKTACHROME 200 Profes-
sional Film (Daylight) or KODAK
EKTACHROME 200 Film (Daylight) and
KODAK EKTACHROME 400 Film
{Daylight)—Excellent choice for fluorescence
micrography, especially with weak-emitting
specimens, or with fluorochromes which fade
{quench) rapidly. When processed for normal
film speeds or for higher effective speeds,
zach of the films fills the need for detection of
wezk or fleeting emission.

The EKTACHROME Films for Process
E-6 display better response when used with a
didymium Rlrer to improve histological stain
rendition than did the older EKTACHROME
Films. '

KODAK EKTACHROME Professional
Films (Process E-6) are released for sale “on-
aim” for color balance and are packaged with
specific exposure information that is deter-
mined for each individual emulsion batch.
The films are stored and distribuzed by Kodak
under refrigerated conditions and then simi-
larly cared for by the professional stockhouse
dealers whe stock these films, Thus, to main-
tain the speed and color balance charac-
teristics that are incorporated in manufacture,
the user also should plan o provide refrig-
erated storage for the film. KODAK
EKTACHROME Professional Films are
designed for prompt processing (within a

week) so that the optimum color balance does
not shift significantly after exposures are
made. :

EXTACHROME Films without the
professional designation are intended for
generz! picture-taking. These films are specif-
ically designed and release-tested for room-
temperature storage and for casual photog-
raphy where there may be a considerable time
between exposures or between exposure and
processing of the film. The aging effects
which are inevitable with such use are taken
into account in marafacrure, For example, if a
given film is known to shift toward yellow-
green as it ages, it will be manufactured with
its color balance shifted in the opposite direc-
tion (toward blue-magenta) to compensate.
Such a film will lose iis excess blue-magenta
balance during the time it is being shipped
and in stock on the dealer’s shelf. From then
on, there will be a considerable time during
which the color balance of the film is near its
optimum point. This is the time during which
the film is most likely to be used and
processed.,

Processing for Increased
Film Speed and Contrast

in Process E-6

For most tasks, EKTACHROME Films
(Process E-6) will have adequate speed and
contrast when exposed and processed as
recommended. Occasicnally, however, the
nature of the specimen, the optical techniques
used, or photomicrographer’s preference may
make it desirable to increase the effective
speed or contrast of the film. Do this by first
exposing the fiim using a higher than normal
exposure index, e.g., EI 100 instead of EI 50
and then increasing the duration of the first
development step. The user can make the
appropriate processing modification: by
following instructions packaged with Process
E-6 chemicals or by instructing a processing
laboratory to do so. Kodak laboratories wilt

- provide processing for a 2X increase in the

nominal film speed when the film is mailed in
a KODAK Special Processing Envelope,
ESP-1. Users and independent processors can
achieve 2X and, in some cases, even higher
effective speeds.

In general, the two lower speed films (ASA
50 and 64) show greater gains in contrast
when processed to higher speeds thar do
those with inherently higher speed. All of

these films lose very slightly in maximum
density when processed for a one-stop speed
increase. This is immaterial in brightfield
micrography, since little or none of the spec-
irnen is reproduced at that level of blackness.
Even in darkfield or fluorescence work, slight
loss in D-max is an acceptable trade-off for
the gain achieved in speed. When the film is
processed to gain two stops in speed, the loss
of maximnum density is more noticeable, but it
is still not objecticnable for most applications.

Processing for effective speed gains greater
than 2X will result in greater losses in maxi-
mum density (e.g., graying of the background
in darkfield). In extremne cases, such as the
photography of very faint fluorescence, these
losses may be acceptable to gain information-
recording ability.

KODAK
Photomicrography Film
(Process E-4)

KODAK Photomicrography Color Film
7843 Preferred for photographing very thin
sections, weak stains, or where very high
contrast is needed. (See Appendix IV for
mere details.) Special filtration required, typ-
ically—KODAK Color Compensating Filters
CC4A6Y + CC40C + CC30C with tungsten-
halogen microscope lamp (3200 K). Process
E-4 can be done by the user, or exposed film
can be sent 1o a commercial processor.
Photomicrography Color Film cannot be
processed in Process E-6 chemicals.

KODACHROME Films

While KODACHROME Films can provide
slightly differing rendition of certain stains,
EKXTACHROME Films provide equivalent
resolving power and the bonus of user
processing.

KODACHROME 25 Professional Film
(Daylight) and KODACHROME 64 Profes-
sional Film (Daylight)—For general-purpose
photomicrography on microscopes equipped
with light sources providing daylight-quality
illuminatien. '

KODACHROME 40 Film 5070 (Type A)—
Balanced for 3400 K photolamps. Requires
use of light-balancing filter with typical
microscope limination.

KODACHROME TFilms are not user
processable. Processing must be done by a
commercial laboratory or by Kodak.
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Appendix IV

SPECIAL-PURPOSE FILMS FOR PHOTOMICROGRAPHY

KODAK
Photomicrography
Color Film 2483
(Process E-4)

This high-definition, high-contrast color
reversal film is particularly useful to photomi-
crographers. The enhanced color saruration of
both the reds and the blues will greatly
improve the rendering of the most widely
used histological stains. Chief among these
are stains compounded of fuchsin and eosin.
A didymium filter is not needed for best coler
reproduction. KODAK Photomicrography
Color Film 2483 should be considered a
supplement to, not a replacement for, other
films for photomicrography.

HANDLING

135-36 Magazines—Load and unload the
camera in subdued light. Rewind the film
completely into the magazine before
unloading.

Long Rolls—Handle only in total darkness.
Because this film is thinner than conventional
films, 125 feet of this film can be accom-
medated on the same size spooi or in the same
size chamber as would be occupied by 100
feet of conventional film.

Sheet film—Handle only in roral darkness.
Because this film is thinner than conventional
sheet films, special precautions must be taken
during exposure and processing. Before
exposing, tap the lower edge of the film
holder against 2 horizontal surface to settle
the film against the bottom of the holder, This
will prevent shifting of the film during expo-
sure. For processing, use clip-type hangers; or
when using channel-type hangers, tape the
film to the hangers to prevent the film from
becorning dislodged.

EXPOSURE

The exposure index is Intended for use with
through-the-lens meters with meter settings
of the American National Standards Institute
type. It includes the correction for the fileer
pack given. The exposure reading should be -
made withiout the filters. If it is necessary to
make exposure readings firough the filters, a
sornewhat higher exposure index may be
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KODAK Color Exposure | Exposure
{llumination Compensating Filters Thme Index
Tungsten-halogen =
mTcroscope ﬁlmp (3200 K) CC40Y + CC40C + CC30C 1/20 sec 5
Reciprocity Characteristics—
Exposure Time 3200 K tungsten Light Source
(Seconds) 17100 | 1725 1/10 1 10 160
KODAK Color CC40Y + | CCA0Y + | CCA0Y + | CC30Y + | CC30Y + | CC50Y +
Compensaring Fileer | CC70C | CC70C | CCT0C | CC70C [ CC70C | CC70C
%}i(gloes?;grease None None Nene 50% 150% 600%*

*Estimated

NOTE: These data should be used as a starting point only.

used. This may vary depending on the equip-
ment, but a meter setting of 12 is suggested as
a start.

Exposure Latitude—As with other high-
contrast films, exposure latitude is limited.
For critical applications, bracket the final
exposure with + 1-stop adjustments, using
half-stop increments.

PROCESSING

Recommended Process—Process E-4. Toial
darkness is required during early stages of
processing. See instructions packaged with
chemicals.

NOTE: Process E-3 may produce physical
damage to the film and should not be used.

Laboratory Processing—Kodak offers a
processing service for 135 magazines and
35 mm long rolls in Process E-4. Prepaid
processing mailers are available from
photo dealers. Film price does not include

KODAK
TRIMPRINT
Instant Color Film

This is 2 daylight-balanced, instant-print
material that can be used with the KODAK
Instant Film Back to produce finished color
prints at the microscope. One hour after
exposure, the print can be separared from

processing by Kodak, nor dees Kodak autho-
rize others to sell this film with any prepaid
processing mailer attached.

Storage—Unexposed film should be stored at
13°C (55°F) or lower in the original sealed
container, Aging effects are lessened by
storing the film at lower temperatures. Film
that must be kept for long periads of time
should be stored at -18°C (0°F) or lower.
Allow film to warm up to room temperature
before opening the package. Process the film
as soon as possible after exposure. Store
processed film in 2 dust-free place at 21°C
(70°F) or lower at a relative humidity of 30 1o
50 percent. Protect film from strong light.

NOTE: Due to the birefringent properties of
ESTAR Base, caution must be exercised
when the processed film is used in an optical
system where it will be located beteveen
polarizing elements. Most stereo projection
systems are of this type. In such circum-
stances, the ESTAR Base may impart
unwanted colored tints to the photograph.

its backing. Since the film is balanced for
daylight, exposure with 3200 K tungsten
requires use of a KODAK WRATTEN
Gelatin Filter No. 80A and an exposure
increase of approximately 2 stops.

Longer exposures require adjustment for
reciprocity effect as indicated in the table. To
adjust color balance, tests mav be required.

Exposure time (sec) 1/1G0

1/20 1 i0

Exposure Index (EI) 320

250 160 80




KODAK Technical
Pan Film 2415/6415

These black-and-white, panchromatic nega-
tive films have extended red sensitivity and
are very useful in phoromicrography. Con-
trast of this extremely fine grain, exiremely
high-resolving-power film can be varied from
low to extremely high, depending upon the
developer used.

The 2415 film is available in beth 35 mm
and 4 x 5-inch sizes; it has a dimensionally
stable 4-mil ESTAR-AH Base. The 6415 film
is available in 120-size and has a 3.6-mil
acetate base.

Technical Pan Film will provide several
additional degrees of contrast for use with
unstained specimens, phase contrast or other
contrast-enhancing illumination, or at exteme
magnificarions. The film will also be useful in
making black-and-white title slides, reduced
copy negatives from black-and-white or color
originals, and other applications where high
resolution, high contrast, and maximum den-
sity are required. In photomicrography, a
light-colored centrast filter such as a KODAK
WRATTEN Gelatin Filter No. 11 (yellowish-
green) is suggested with mest commen histo-
logical stains in preference to the stronger
filters ofter employed with other films {e.g.,
KODAK WRATTEN Gelatin Filer No. 58}

HANDLING

1.0ad and unload the camera in subdued light.
Rewind the film complefely into the maga-
zine before unloading.

Darkroom Handling—Total darkness
required. A KODAK Safelight Filter No. 3
(dark green) in a suitable lamp with a 15-watt
bulb can be used for a few seconds only at

4 feet, after development is half complered.

EXPOSURE

The following exposure index (EI} values are
intended as starting points for trial exposures
to give satisfactory results with meters or
photomicrography equipment having through-
the-lens meters of the ANSI fype. Bracketing
exposures by half-stop intervals is suggested
for first tests.

PROCESSING

Procedure for processing in small tanks with
spiral reels using agitation at 30-second
intervals:

1. Develop to the desired contrast index as
specified in the section on “Exposure.”

2. Rinse at 63 to 70°F (185 t0 21°C) in
KODAK Stop Bath $B-1afor 15 to 30
seconds.

3. Fix a1 65 1o 70°F {18.5 t0 21°C), with
frequent agitation.

KODAK Rapid Fixer  —1% to 3 rninutes

KODAK Fizer —2 to 4 minutes

KODAK Fixing Bath F-5--2 to 4 minutes
4. Wash in clear, running water at 65 to 70°F
(18.5 ro 21°C) for 5 to 15 minutes.

To save time and conserve water, use
KODAK Hypo Clearing Agent. Rinse the
fized film in running water for 15 seconds.
Next bathe the film in KODAK Hype
Clearing Agent for 30 seconds with agitation.
Then wash the film for 1 minute in ranning
water at 63 to 7O0°F (18.5 ro 21°C}, allowing
at least one change of water during this time.

5. Dry in a dust-free place.

STORAGE

Store unexposed film at 70°F (21°C) or lower
in the original sealed container. Aging effects
are lessened by storing the film at lower
temperatures. I filin has been refrigerated or
frozen, allow the package to reach room
temperature for 2 to 3 hours before opening.
Store procéssed film in a cool, dry place.

Degree of Development Exposure
Contrast C? nérast DI?\?eIl)glg " Time Index
Required ndex P at 68°F (20°C) (Tungsten)
Maximum 2,40 D-19 4 minutes 125/22°
. - HC-110 - o
High i.45  Dilution D 8 minutes 100/21
Moderate 0.85 D%i{é égl—}g 8 minutes 50/18°

*HC-110 Developer, Dilution F is prepared by diluting one part stock solution, mixed according 1o package instrucrions, with 19 pars
water. Dilution F should be mived fresh and discarded frequentiy, rather than replenished.

Reciprocity Characteristics—

Exposure Time '
{Seconds) 171000 1/180 1/10 1 10 100
%}i{g’?}i; case None None Mone None 60%* 150%*

*Slight contrast reducetion usually does nor require development increase.

NOTE: These data should be used as a starting point cnly.

Filter Factors— When a filter is used, deter-
mine the normal exposure without the filter.
Then multiply the normal exposure by the
fitrer factor given below.

KOgﬁI;gI;%’g{EN Color of Filter Filter Factor
No. 11 Yellowish-Green 5
No. 12 Deep Yellow 1.25
No. 13 Dark Yellowish-Green 6.4
No, 25 Red - 2
No. 47 Biue 25
No. 58 Green’ 125
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