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PLATE I

Orptics OF THE COMPOUND MICROSCOPE.!
F: Upper focal plane of objective. F. Lower focal plane of eyepiece.
/A Optical tube length = distance between F; and F.
0, Object. O, Real image in F, transposed by collective lens.
O; Real image in eyepiece diaphragm.
O, Virtual image formed at the projection distance C, 250 mm. from EP.
" EP Eyepoint. CD Condenser diaphragm. L Mechanical tube length

(160 mm.).

1, 2, 3 Three pencils of parallel light coming from different points of a distant
illuminant.

1 From “ The Microscopy of Drinking Water ” by George C. Whipple. Reproduced through the

courtesy of the author and that of the Bausch & Lomb Optical Co. R
Frontispiece
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PREFACE TO SECOND EDITION.

In the six years which have elapsed since the appearance of
the first edition, the great majority of American Chemists have
come to regard the microscope as a necessary adjunct to the
chemical laboratory. The Great War brought us face to face
with a multitude of intricate industrial and economic problems,
in the solution of which the chemist was not slow to appreciate
" the importance and the value of industrial chemical microscopy.
It is probable that a greater number of new applications of micro-
scopic methods were made in our industries during the war than
in the entire preceding quarter of a century. Since, however,
this progress has been rather in applying existing methods to
the solution of new problems, it has been thought best to pre-
serve in this new edition the same view-point as in the old.
This book is intended to serve as an introduction to the micro-
scope and its accessories as tools for the chemist to work with
and even though practical applications are referred to, the author
has made no effort, and has no desire, to have the book take
the form of a manual of industrial microscopy.

The changes made have been chiefly in the rearrangement
of the Chapters, in the elaboration of the data presented and
in the rewriting of obscure passages. Comparatively little new
apparatus has been described or new methods introduced.
Tllustrations of the characteristic crystals constituting a satis-
factory test for the elements and compounds discussed in Chapter
X1V have been omitted as in the previous edition for two reasons.
(1) The book is essentially a text and not a reference book.
It came into being because of the necessity of providing a text
for use by students in Cornell University. In this course,

training in accurate observation is emphasized; it has been
il
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iv PREFACE

found to lead to better results if the student is obliged to dis-
cover for himself, under guidance, the characteristic morphol-
ogy of the materials studied and having found typical crystals,
fibers, etc., to sketch them in his note-book. (2) The cost of
the book to the student would have been very greatly increased.
This explanation is not offered as an apology for the short-
comings of this book, which the author appreciates are many,
but is given as an expression of his opinion that better work
can be obtained from students providing there is adequate
assistance given in the laboratory.

In order to meet the often expressed needs of advanced stu-
dents and of professional chemists, a Handbook of Microscopic
Qualitative Analysis is in preparation which will be copiously
illustrated by photo-micrographs and which will thus serve to -
supplement the present introductory text.

In answer to repeated requests, a brief synopsis of the course
in Introductory Chemical Microscopy as now given in the
Department of Chemistry, Cornell University, has been inserted
in the Appendix. '

The author is indebted to Professor S. H. Gage and to Mr.
C. W. Mason for many helpful suggestions in the preparation
of this second edition.

E. M. C.

ItHACA, N. Y., Jan. 25, 1921.



PREFACE TO FIRST EDITION.

The American chemist, usually ready to accept with alac-
rity all time, labor and money saving devices, has been strangely
backward in taking advantage of the benefits to be gained
through the intelligent application of chemical microscopic meth-
ods in the industries and in research. He has also failed to
grasp the fact that the modern microscope is, in reality, a more
important adjunct to his laboratory than spectrometer, polarim-
eter or refractometer; in fact, it may be said that the micro-
scope is entitled to as important a place as the analytical balance.
No one other instrument can perform so many functions and do
them all well.

This curious reluctance to grasp the opportunities offered is
the more extraordinary, when we recall that the earliest com-
prehensive work dealing with microchemical methods was from
the pen of an American — Theodore G. Wormley — whose
classic “The Microchemistry of Poisons’’ appeared in 1867.

The failure of the chemists to obtain from the microscope all
that the instrument is capable of yielding is, perhaps, largely
due, first, to the fact that few of them are given an opportunity
of becoming sufficiently familiar with the instrument and its
accessories; second, they are not aware of the great variety
of problems which are solvable through the microscope, nor of
the specific sort of problems for the investigation of which this
is the instrument par excellence; third, there has been a lack of
elementary manuals covering the field, and for this reason the
microscope has been looked upon as an instrument peculiar to
the biological laboratory. e

One application, if no other, should appeal to every chemist,
that of microscopic qualitative analysis, because of its enormous
saving of time, labor, material and space, yet with increased

sensitiveness of tests and greater certainty of results.
> P
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The very apparent need of including a course in the manip-
ulation and applications of the microscope in the curriculum of
students of chemistry led to the establishment, by the author,
of laboratory courses in chemical microscopy some fifteen years
ago. These courses have comprised informal lectures, demonstra-
tions and laboratory practices. The students have been guided
by their notes and by mimeographed and typewritten sheets.
With the growth of the courses in number of students, apparatus
and laboratory equipment, some more permanent and compre-
hensive outline has become imperative. The result has been
the preparation of the present little book. The author has
intended it primarily for his’ students in elementary chemical
microscopy and as a basis for more advanced work in specific
fields, but he hopes that the gathering together of methods
and apparatus may prove of value to American chemists at
large and perhaps serve to arouse in some an interest in one of
the most fascinating branches of chemical science.

The actual nucleus about which the various parts of the book
have grown is a series of some twenty articles written by the-
author between the years 1899 and 1go2 for the Journal of A pplied
Microscopy, dealing with methods of microchemical analysis; to
this foundation have been added the laboratory direction sheets
and the substance of the lectures delivered.

Until the year 1911, when Emich’s excellent little Lekrbuch
der Mikrochemie appeared, there was not in existence any work
embodying the broad applications of the microscope to the
solving of problems such as arise in the chemical laboratory.
So far as the writer is aware this is the only book touching this
field. The topics presented by Emich are substantially those
which have been covered in the author’s courses with the excep-
tion that more weight is placed upon analytical methods and
less upon apparatus. The present writer therefore feels that
there is still room for an outline of Chemical Microscopy proper.

It is assumed that the students for whom this textbook is
intended have had a course in crystallography and one in physics,
including optics. Therefore, only a mere statement of funda-
mental facts has been thought essential,. that is, only so much
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as 1s necessary to recall knowledge already acquired but not
yet applied in practice.

In discussing the polarizing microscope, only the barest pos-
sible outline of its use and application has been thought wise.
This ‘chapter is intended to be largely suggestive in character
and to induce at least some students to extend their studies to
include optical crystallography and petrography.

In the chapter dealing with grinding, polishing and etching,
it was found impossible to properly present the subject without
unduly enlarging the book and encroaching too deeply into the
field of microscopic metallurgy; only the most fundamental
methods of alloy treatment have therefore been given.

The instruments figured (and the methods described) have all
been tested and tried by the author with but one or two excep-
tions. The instruments are those with which the Cornell Uni-
versity Laboratories are supplied or those which have kindly
been loaned by their makers. Doubtless there are other pieces
of apparatus and other instruments which may be as satisfactory,
but it has been thought best to discuss only such as have actually
been examined and tested experimentally by the author and his
students. ;

For the benefit of those who may wish to obtain similar in-
struments the manufacturers have in most cases been indicated.

In preparing such an outline the work of an author must of
necessity be largely one of compilation, of modification of old
methods and the presentation of old ideas from a new viewpoint.
The present writer, therefore, makes no claims for originality, and
as a student of that remarkable teacher, the late Professor Behrens
of the Polytechnic School of Delft, he naturally has followed and
favored the methods developed by this master of the art of the
qualitative analysis of minute quantities of material and he
acknowledges fully his indebtedness to his former teacher, and
takes this opportunity of expressing his gratitude for the advice
and help given him by his guide and friend.

To Simon Henry Gage, Professor Emeritus of Histology and
Embryology, the writer also acknowledges his indebtedness for
much that is here presented. It is largely due to the spirit of
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optimism and love for research with which this indefatigable in-
vestigator is ever surrounded that the author was originally led
to enter the field of applied microscopy when first a student.

To Professor Louis Munroe Dennis, Head of the Department
of Chemistry of Cornell University, the writer is even more in-
debted in later years for his unflagging enthusiasm and confidence
in the possibilities of a neglected field. Without his encourage-
ment and support, the development of laboratories and equipment
would have been impossible and the preparation of this little book
impracticable.

The author also wishes to express his indebtedness to Dr.
E. Macé of the University of Nancy, France, and to colleagues
in the Cornell University departments of chemistry, physics,
and mineralogy for valuable advice and suggestions. His thanks
are also due to his assistants Dr. C. M. Sherwood and Mr. H. L.
Cole for reading manuscript and testing methods.

E. M. C.

Itaaca, N. Y., June, 1914.
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ELEMENTARY
CHEMICAL MICROSCOPY.

CHAPTER 1.
OBJECTIVES AND OCULARS.

The modern compound microscope, in any one of its many
complicated forms employed by chemists, consists essentially of
three parts, (1) an objective, (2) an eyepiece or ocular and (3) a
device for properly illuminating the object. The manner in which
these three essential components are mechanically mounted,
and their relative importance with respect to each other will de-
pend upon the nature of the investigation to which. the instru-
ment is to be specifically applied. The mechanical parts of the
microscope can therefore be best discussed under the different
types of microscopes applied to special investigations.? .

The optical components, however, need a few words in order
that the student may refresh his memory relative to the optics
involved.

Objectives have as their function the formation of an enlarged
real image of the object placed upon the stage of the microscope.
From the viewpoint of the chemist, their construction should be
such as to keep them as far above the object as possible, yet
yield an image of as great an area of the object as can be ob-
tained without distortion and without color bands or fringes.
In addition, they should possess considerable depth of focus.

Objectives are commonly designated by their equivalent focal
length, as, for example, 1 inch, 32 millimeters, etc., the numbers
indicating that the objective will produce a real image of approxi-
mately the same size as that produced by a simple convex lens

1For the nomenclature of the different parts of the compound microscope see
frontispiece.
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2 ¢ ELEMENTARY CHEMICAL MICROSCOPY
whose principal focus lies at the distance marked upon the ob-
jective.

In a similarly constructed series, the smaller the value of the
equivalent focus, the greater will be the magnifying power of the
objective. A few manufacturers still arbitrarily letter or number
their objectives. In such cases it is generally the rule that the
earlier in the alphabet the letter or the smaller the number in
the series the lower the magnifying power.

When properly focused upon a preparation, the front or lowest
lens entering into the construction of an objective is usually
nearer to the preparation (in dry objectives) than the distance
indicated by the equivalent focus. This distance between the
front combination of the objective and the preparation, when in
focus, is known as the working distance of an objective. In their
selection for use in microchemical analysis the working distance
becomes one of the most important considerations affecting the
choice of the objectives.

The construction of typical microscope objectives is shown
diagrammatically in Figs. 16, 17, and 18.

All objectives are corrected to a greater or lesser degree for
chromatic aberration (presence of colored fringes around the
images) and also largely for spherical aberration (failure to yield
a flat field of view). When the spherical aberration is so corrected
as to yield an especially large and flat field the objectives are
often called aplanatic objectives. Although an objective may
be so corrected as to yield a flat field, images of objects lying near
the circumference are apt to be hazy or indistinct, the result of
a form of spherical aberration known as coma; this is especially
marked in high power objectives and requires unusual care in
construction for its elimination.!

In all ordinary so-called achromatic objectives the corrections
are usually such as to bring the rays of fwo spectral colors to a
focus. 1In such lenses the optical and chemical foci may lie in
different planes and therefore such objectives may not give
really good results if employed in photomicrography; for this
reason specially corrected achromatic lenses called photo-

! See Spitta, Microscopy, London, 1gog.



OBJECTIVES AND OCULARS 3

objectives are manufactured. When in the correction for chro-
matic aberration three spectral color rays are brought to a common
focus the objectives are known as apockromatic objectives. In
these objectives the chemical and optical foci are identical and
we have the highest grade of lenses at present available. Al-
though in apochromatic objectives rays of three colors are brought
to a correct focus, the images produced by these three sets of
rays are not coincident and thus yield a colored fringe or halo
at the edges of the field. This, however, is eliminated by em-
ploying slightly over-corrected eyepieces, known as compensating
eyepieces, in which the construction is such as to neutralize, or
compensate for, the errors due to the objectives. Beautifully
clear, colorless images are thus obtained, but the field is rarely flat.

If the objectives are to be employed for the preparation of
photomicrographs as well as for visual observations, it follows
that choosing between achromatic or apochromatic objectives
becomes a rather puzzling question; for if ordinary achromatic
objectives of high magnifying power are used the negatives may
be lacking in fine details, while on the other hand if apochro-
matics are employed the photographic images obtained are often
so blurred at their edges as to be valueless as records save in
the region about the center of the photograph. There appears
to be a growing tendency toward the selection of achromatic
objectives for metallographic microscopes and instruments
intended for allied investigations where flat fields are highly
desirable. The proper focus to produce clear sharp photographs
is determined experimentally with each objective and-a record
kept in the notebook for future reference.

Objectives are termed dry or immersion according as they are
designed to be used with air or with some liquid between the
front or lower lens and the preparation. High-power dry objec-
tives must each be specially adjusted for a certain definite thick-
ness of cover glass. In order to permit some freedom of choice
in cover glasses many high-grade high-power dry objectives are
adjustable and are provided with a movable graduated collar,
permitting the adjustment of the objective for the thickness of
the cover-glass used; that is, a part of the combination of lenses
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making up the object may be raised or lowered in the mount-
ing, thus afferding a correction for the displacement of the image
brought about by the cover-glass. By consulting the diagram,
Fig. 18, page 40, it will be seen that by turning the collar C the
combination of lenses L will be displaced and their distance
from the combination L’ will either be increased or diminished.
A spiral spring S holds the movable parts firmly in place. A
cover-glass which is thicker than that for which the objective
is corrected affects the image in the same manner as if the spheri-
cal aberration were over-corrected, while on the other hand if
too thin the effect produced is similar to that of under-correc-
tion. In the first case the focal distance of the objective must

" be increased, and in the second, decreased. This is accomplished
by turning the adjusting collar to the right or left, as the case
may require, or, in the absence of such a device, by shortening
or lengthening the distance between the eyepiece and the objec-
tive, shortening for cover-glasses too thick, and lengthening for
those which are too thin. Fitting into the body tube of modern
microscopes is a tube which may be drawn out several centi-
meters. This tube is known as the draw-fube and is graduated
in millimeters. Objectives are commonly corrected (for use on
the usual type of microscope) for a tube length of 160 milli-
meters.! The 16o-millimeter mark will therefore be found only
when the draw-tube is pulled out a short distance. - This position
of the standard mark permits lengthening or shortening the
draw-tube, and thus correcting for cover-glass thickness as stated
above.

In addition to corrections for chromatic and spherical aberra-
tion at least two other factors must be taken into account in
comparing, or choosing between, objectives of similar equivalent
focal length. These are the angular aperture and the numerical
aperture of the objectives. By the angular aperture of an objec-
tive is meant the ““ angle contained, in each case, between the
most diverging rays issuing from the axial point of an object
(i.e., a point in the object situated on the optic axis of the micro-

1 Most metallographic microscopes, however, require objectives corrected for
200 mm. tubes and are designed to be employed without cover-glasses.
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scope), that can enter the objective and take part in the for-
mation of an image ” (Carpenter-Gage).

This angle is obviously that of the cone of light rays whose
apex lies in the optic axis of the microscope at the point where
the axis passes through the plane of the object and the diameter
of whose base is equivalent to the opening of the front lens com-
bination of the objective.

Dry objectives may be compared with each other with refer-
ence to their angular aperture. In general the angular aperture
depends largely upon the diameter of the front combination of
the objective, and usually in objectives of like magnifying power,
the greater this diameter the larger will be the angular aperture
and the wider and clearer will be the area or field covered. Itis
also generally true that the shorter the equivalent focus of the
objective, the larger its angular aperture and that dry objectives
of small working distance usually have large angular apertures.
It is obvious that in dry objectives an easy comparison of the
relative areas of field covered is afforded by a consideration of
angular apertures. The true field of view of a compound micro-
scope is, however, controlled by the ocular, as will be seen below.

It would appear at first sight that the light-grasping power
of an objective is indicated by its angular aperture. Such is not
the case, for Abbe has proved that in comparing objectives as
to their light-grasping and transmitting power it is the sine of
half the angle of aperture which should be taken into account and
not the angular aperture; and further, that since objectives are
not all dry, the index of refraction of the medium between the
objective and the object must necessarily be considered. It is
therefore now conceded that the light-grasping and transmitting
power of an objective is equal to the refractive index of the
medium in which the objective dips multiplied by the sine of
half the angle of aperture. The product is what is known as
the Numerical A perture and is expressed N.A.=#-sin a.

If the above formula is accepted as true it is evident that if
the value of # is increased the numerical aperture will likewise
be increased.

The light rays illuminating an object by transmission through
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the preparation evidently pass from a denser medium (object)
to a rarer medium (air), and following the law of refraction are
bent away from the perpendicular. Hence part of these light
rays are lost, since they are bent so far that they cannot enter
the small front lens of the objective. To prevent this loss and
secure a brilliant image it is necessary, according to the formula
N.A. = #-sin ¢, to increase the value of #. Therefore, to obtain
very high powers, the substitution of some liquid for air (n = 1)
between the objective and the preparation becomes imperative
in order that the image may be bright and distinct.!

Objectives permitting the use of a liquid in this manner are
known as immersion objectives. When water is employed (n =
1.33) they are called water immersion, and when an oily liquid,
oil immersion. Usually the oil consists of slightly thickened
oil of cedar wood (» = 1.52), and since the refractive index of
glass object slides, cover-glasses, and the lower or field lenses of
the objectives is approximately 1.52 also, such objectives are more
commonly designated homogenous immersion objectives. Alpha
monobrom naphthalene is also sometimes used as an immersion
fluid (n = 1.66) and gives us the highest numerical aperture
obtainable.?2 Since oil-immersion objectives have the highest
numerical apertures they therefore yield the brightest and the
clearest images, and represent the highest development in the
art of microscopic objective manufacture.

In the case of immersion objectives the working distances are
often greater than the equivalent foci.

Variable Objectives are so constructed that the distances
between two sets of component lenses may be changed by means
of a graduated collar, permitting a wide range in the magnifying
power of the objéctive. A single objective is thus made to do
the same work as a number of objectives of fixed system. For

1 Abbe found that the brightness of the image varies as the square of the numer-
ical aperture.

2 An Abbe condenser of the commonly purchased form has as its maximum a
N.A. of 1.20; while the three lens condensers of the highest type will transmit
rays only up to a numerical aperture of 1.40. Unless therefore a special achromatic
condenser is available, it is manifestly useless to employ alpha monobrom naphtha-
lene immersion objectives, since only a part of the full aperture will be available.
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low powers, the chemist will find an objective of this sort an
exceedingly great convenience. Fig. 1 shows a variable objec-
tive as manufactured by Zeiss. Its range
of magnification lies between 29 and 43
diameters and its free working distance
between the limits 53 millimeters and 13
millimeters. To obtain a similar range with
non-variable objectives requires four or five.
Variable objectives do satisfactory work
and are relatively inexpensive.!

A measure of the quality of an objective
lies in its ability to make clear any fine
and delicate details of structure. It is,
therefore, customary to speak of the resolv-
ing power of objectives and express this attribute in terms of
the number of fine lines per unit length the different objectives
will render distinctly visible, or, in other words, the resolving
power of an objective can be defined as the minimum distance
apart two lines or spots may be and yet appear as fwo distinct
individuals. The resolving power of an objective is dependent
upon its light-collecting and light-transmitting power; this in
turn is governed by the numerical aperture and by the particular
wave-length of light entering the lens system.

In general it may be stated that in properly corrected objec-
tives the resolving power is directly proportional to the numer-
ical aperture. This is based upon the assumption that the
illuminating cone of light completely fills the aperture of the
objective. In the case of ordinary objectives we find that,
theoretically, the limit of resolution will be attained when the
magnification of an objective reaches about goo when using
white light.

The chemist is not alone interested in the brightness of the
image and in the resolving power of an objective, but he is vitally
concerned with another property, namely, the ability of the

Fic. 1. Zeiss Variable
Objective.

1 An excellent variable objective of great penetrating power is made by the
Spencer Lens Co. of Buffalo, N. Y. The magmﬁcatlon of these objectives ranges
between 5 and 20 diameters.
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objective to make clear objects or structures in more than one
plane. This is known as its penetrating power. The pene-
trating power of an objective has been shown to be inversely
proportional to the numerical aperture and to vary as the square
of the equivalent focus.

Leaving out of consideration the numerical aperture, it is
found that the resolving power of an objective is inversely pro-
portional to the wave-length of light. By employing light rays
of very short wave-lengths we may thus obtain exceptional
resolution.

In the consideration of numerical aperture it is usually assumed
that the illuminating cone of light completely fills the aperture of
the objective. Nelson ! has shown that in practice with the older
types of objective we can rarely count upon more than three-
fourths of the available numerical aperture. Modern objec-
tives perform somewhat better.

In comparing objectives as to their ability to render struc-
tures clear and distinct it is usual to do so by computing the
number of ruled lines to the inch or millimeter each one will
make clearly visible (resolve). Since, as pointed out, we can-
not obtain the theoretical resolving power in practice a correc-
tion coefficient must be introduced into our formula. Nelson
assigns to this coefficient the value 1.3. The practical working
formulas then become:2

N.A.

Available resolving power = 3 2,
A2
Available illuminating power = <NI—3 )‘) S

3 A
Available penetrating power—N A

For white light a mean value may be assumed to be A = 5607
(= o.5607 ) and for blue light X = 4861 (= 0.4861 p).
Advantage has been taken of the increased resolving power

1J. Roy. Micro. Soc., 1893, 15-17.
2 J. Roy. Micro. Soc., 1906, 52I.
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attainable by short wave-lengths in the application of ultra-
violet light (A 2500+) to photomicrography. In this way a
resolving power of three times that obtainable with red light
(A 7500+) may theoretically be obtained. Since ordinary glass
is practically opaque to rays below X 3000, it is essential that
the condenser, objectives, oculars, object slides, etc., be made
of quartz. For similar reasons quartz is preferable to glass in
all ultramicroscopy, moreover, most glass exhibits a marked
violet fluorescence under the influence of ultraviolet rays; quartz
does not.

SELECTING OBJECTIVES.

It is evident from the above briefly outlined considerations
that the choice of an objective of a given equivalent focus and
magnification must depend upon the nature of the work the
objective will be required to perform. In microchemical analy-
sis, because of the rather unusual conditions which obtain, objec-
tives must be selected with special reference to long working
distance and great depth of focus; the brightness of field and the
resolving power necessarily lost are, in this class of work, of
little importance, since only low powers are employed and the
indices of refraction of objects and surrounding medium are
generally sufficiently different to permit an easy study of the
preparations. When magnifications of from 300 to 500 are
required in microchemical examinations, difficulty will be experi-
enced in obtaining suitable objectives unless the prospective
purchaser stipulates long working distances, since the working
distance of those manufactured for the use of biologists is far
too short to permit their application to the study of uncovered
and therefore thick drops of liquid.

For the study of objects lying in a single plane, for polished
surfaces, rulings, fine etchings, etc., in which sharpness of out-
line and delicacy of structure or tracery are present, flatness of
field and high numerical aperture are essential. Our choice is,
consequently, here restricted to aplanatics or to apochromatics,
bearing in mind the fact that the resolving power of an immersion
objective, where applicable, is greater than that of a dry one.
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If, on the other hand, the investigation to be conducted
involves much photomicrographic work, photo-objectives, apo-
chromatics, or better still, the very carefully constructed micro-
planars, microsummars, or microanastigmats, should be selected.
For in addition to the fact that the chemical or actinic rays are
not properly brought to a focus, it should be remembered that
ordinary microscopic objectives are corrected for a fixed tube
length, usually 160 millimeters, while in the case of photographic
work the distance between objective and plate holder is vari-
able and in all cases much greater than the standard tube length.

THE CARE OF OBJECTIVES.

Objectives should always be most carefully handled and pro-
tected from dust and vapors. They should be kept dry and
clean by wiping with clean new lens paper.! Never use a piece
of lens paper more than once, nor fouch the lenses of objectives
or oculars with the fingers or with cloths.

When abrasives are employed (as, for example, in metallo-
graphic work) even in adjoining rooms, all lenses should first be
blown upon (but not breathed upon) and then dusted off with
a very soft camel’s hair brush before wiping with lens paper,
otherwise serious scratching of the glass will sooner or later
result. :

Dust on the back lens combination of the objective is often
responsible for great loss of definition and greatly reduces the
resolving power of an objective. Dust on the rear lens may
easily be seen by removing the ocular, illuminating the objec-
tive to its full capacity and looking into the microscope tube.
Often a screen of ground glass placed in front of the microscope
mirror renders the dust particles more clearly discernible.

After using an immersion objective immediately wipe off the
immersion fluid with lens paper, then if the fluid is oil, wipe the
lens with lens paper moistened with xylene, and finally wipe
dry. Never use alcohol in cleaning objectives or any part of
the microscope. Never allow an objective to remain moistened

1« Tens paper ” is a soft absorbent tissue-like paper made from long flexible
fibers expressly for cleaning lenses.
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with any fluid whatsoever a moment longer than absolutely
necessary.

When focusing a microscope upon a preparation, first turn the
body tube down by means of the coarse adjustment until the
objective is closer to the preparation than is indicated by the
equivalent focus of the objective, watching carefully with the
head to one side to see that the front lens is not forced against
the slide. Look into the microscope and slowly raise the tube
by the coarse adjustment until the object is almost in focus;
complete the adjustment by means of the fine adjustment.
Never focus down while looking into the instrument. Failure
to observe this simple rule is apt to lead to serious loss and
considerable expense.

Never change from one objective to another without first
making sure that the body tube has been raised sufficiently to
allow the new objective to be slipped into place without injury
to the preparation on the stage or to the objective.

Never handle objectives or oculars or, in fact, any parts of
the microscope with dirty, greasy, or wet fingers, or when the
hands are so cold as to incur danger of dropping the apparatus.

Never use a high power until the preparation has first been
examined and centered with a low one. Remember that it is
possible to see more of the object and see it better with low
powers than with high ones.

Invariably work with the lowest power which will clearly
define the preparation. The most common fault of the beginner
is to employ too high a magnification.

The initial magnification of an objective is the ratio of the
equivalent focus of the objective to the optical tube length.
For roughly approximate values we may calculate the initial
magnification by dividing 250 by the equivalent focus, 250
millimeters being the distance of most distinct vision of the
normal human eye. An objective of 16 millimeters equivalent
focus may therefore be considered to have an initial magni-
fication of 22 or approximately 15.

Oculars. — The function of the ocular or eyepiece of a com-
pound microscope is to magnify the real inverted image of the
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object formed by the objective; but in addition to this the usual
type of ocular employed serves as a collector of light rays and
increases the brilliancy of the image and therefore of the useful
area of the field of view.

Eyepieces are of two types, those in which the real image is
formed inside the lens system of the ocular, and those in which
the real image is formed outside the ocular. The former are
known as negative or Huygenian eyepieces; the latter, as positive
or Ramsden eyepieces.

Oculars are designated either by their equivalent focal length,
by the number of times they magnify the real image formed by
the objective or by arbitrary numbers or letters based upon
either equivalent focus or magnification. The shorter the equiv-
alent focal length the higher the magnification. When desig-
nated by their magnification the figures with which they are
marked indicate the number of times the real image is magnified.

The negative or Huygenian ocular is almost universally
employed in microscopic work. It consists of two plano-convex
lenses mounted convex sides down. Through this construction
the lower or field lens becomes optically a part of the objective
system since it collects the light rays and reduces the size of
the real image formed by the objective. This leads to the pro-
duction of a brighter image as seen in the microscope, increases
its clearness and because of the reduction in size of the real
image the field of the microscope is enlarged. It will be seen
on consulting the diagram, Fig. 2, that the light rays cross just
above the field lens, this yields, to a considerable degree, a cor-
rection for chromatic aberration without the use of combinations
of flint and crown glass.

The lenses in the negative ocular are usually so placed in their
mounting that their distance apart is about half the sum of their
focal lengths. Theory calls for a focal length of the field lens
to be about three times that of the eye lens. In practice this
combination rarely obtains.

The positive or Ramsden ocular consists of two plano-convex
lenses with their convex surfaces turned toward each other (see
ocular shown in Fig. 27) and the entire combination acts as a
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.

magnifier of the real image formed by the objective. The image
seen through the ocular is formed outside the lens combinations
and therefore below the ocular  °
instead of between the lenses
and inside as we have seen is
“the case in negative oculars.
Since the light rays do not
cross in positive oculars chro- ke
matic aberration can be ade- ==
quately corrected for only ;
through the use of combina- /
tions of glasses of different /
refractive index. Positive /
oculars as a rule also yield /
smaller fields and less bright /,
images. On the other hand
positive oculars because of / / et \
their acting as simple mag- /{7 W\
nifiers are well suited for the / - i VA
magnification of scales, etc., i
and are therefore employed in
filar micrometers, comparison
eyepieces, etc.

The two lenses in the
simple positive ocular are of
equal focal length and are
usually so mounted that their distance apart is less than their
focal length.

It is evident that the position and diameter of the diaphragm
in the eyepiece greatly influence the character and size of the
field lens image, and are thus largely responsible for the area
of the field of the microscope, and consequently are very closely
associated with the resolving power of the optical combination
employed. The light rays leaving the eye lens are concentrated
within a tiny circle, known as the eye-point, eye-circle, Ramsden
disk, or Ramsden circle. 'The designation “ eye-point ”” has been
given to this smallest bright spot of light, since it is the proper

Azis

—- 41—~ Eye Point

Diaphragm

- .\\\\

Optic

Fic. 2. Path of Light Rays in a Negative
Eyepiece.
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position for the pupil of the eye when looking into the micro-
scope. If either above or below the eye-point, light rays are
lost and the image is less bright and less clear. The diameter
of the eye-point is dependent upon the numerical aperture of
the objective and the magnification of the microscope. It will
be found upon measuring the diameters of the eye-circles pro-
duced by different oculars with the same objective, that they
are inversely proportional to the magnification obtained and
that with different objectives and one and ‘the same eyepiece,
the diameter of the eye-circle varies directly as the numerical
aperture of the objectives. - The value of the numerical aperture
in any consideration of the probable performance of different
objectives of the same equivalent focus has already been alluded
to. We now see that there is a close relation existing between
numerical aperture and the performance of the ocular; for
example, of several objectives of approximately the same equiv-
alent focus, but possessing different numerical apertures, that
one having the highest aperture will permit the employment
of an ocular of much higher power and thus yield a considerably
greater magnification without loss of detail.

If an attempt is made to increase the ocular magnification
beyond a certain limit the eye-point becomes so small that the
image resulting is blurred and indistinct. This fact must be
borne in mind in microchemical examinations where high
magnifications must often be brought about by using high-
power oculars with low-power objectives of long working dis-
tance.

In order that images of satisfactory distinctness and ‘sharp-
ness of detail may be obtained, the optical combination for work
must be such as to yield an eye-point not less than one milli-
meter in diameter nor greater than the diameter of the pupil of
the eye of the observer.! The diameter of the eye-point and
the position of the plane in which it lies can easily be ascertained
by holding a piece of thin ground glass or waxed paper over the
ocular, shading it with a screen or with the hand and raising

1 Wright, F. E., The Methods of Petrographic Microscopic Research, Bul. 158,
Carnegie Inst. Washington, 1911, p. 38.
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or lowering it until the bright circle seen upon the glass or paper
attains its minimum diameter.

Oculars to be used on the chemical microscope should have
the plane of the eye-circle at such a distance above the eye-lens
as to permit the adjustment of drawing or other prisms to the
position of maximum brightness and diameter of field.

Compensating or Compensation oculars are eyepieces specially
designed for use with apochromatic objectives. They are so
called because of the fact that they aid in the correcting of
chromatic aberration.

Oculars are said to be par-focal when they are so constructed
as to permit their interchange on the microscope without dis-
turbing the focus of the instrument.! '

Compensating oculars are usually par-focal.

Projection Oculars, as their name implies, are used in photog-
raphy or with the projection microscope. Their purpose is the
projection of a bright and clear image upon a screen whose dis-
tance from the ocular may be varied. This is accomplished by
having the eye-lens of the ocular movable in the mount, thus
changing the distance between eye-lens and ocular diaphragm.

Goniometer oculars are eyepieces provided with cross-hairs and
graduated circle. They are used for the measurement of crystal
angles and may be substituted for a rotating graduated stage
and thus permit angular measurements on any microscope whose
tube they fit.

The Care of Oculars. — In general the suggestions made with
respect to objectives on pages 10 and 11 apply with equal
force to eyepieces.

To remove cross-haired oculars grasp them firmly between the
fingers by the milled head and first /if¢ them free from any slot
into which a stud upon them may fit, then remove them by a
screw motion.

Dust on the ocular lenses may be located by raising and turn-
ing the entire ocular, then by unscrewing and turning first the
field lens, then the eye-lens. If both lenses are clean and the

1 For a consideration of the conditions to be fulfilled in their construction, see
Gage, The Microscope, p. 47. Tenth ed.
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objective is clean yet the field shows specks of dirt and appears
blurred, the dust and dirt will be found to be on the disk carry-
ing the cross-hairs or micrometer scale. Exceeding great care
is required in cleaning cross-hairs and micrometer plates resting
upon the diaphragm of the ocular and should be undertaken
only by a person having patience, care and steady nerves.

Use low oculars first and confine the work whenever possible
to medium powers. Have recourse to high-power oculars only
as a last resort, since they cut down the light to such an extent
as to cause fatigue and eye-strain.

Always look into a microscope with both eyes open.

In the study of flat preparations between slides and cover
glasses, the general rule is to obtain the proper magnification
chiefly by means of the objective, using a low-power ocular. But
in the case of irregular surfaces or curved and heaped-up drops
of liquid, the reverse is essential and low-power objectives (having
long free working distance) and high oculars must be adopted.
The latter procedure is also indicated when employing dark-
ground illuminators or ultra-condensers, namely, increase the
magnification by the ocular.

Limit of Magnification. — A consultation of the tables of
magnification given in the catalogues of the leading makers of
microscopes and microscope lenses will show that with the mod-
ern compound microscope employed in the usual manner with
stock achromatic objectives and Huygenian oculars, a magni-
fication as high as 1500 to 2000 may be obtained, and that with
stock apochromatics and compensating evepieces this may still
further be increased to 3000, the upper limit of listed combi-
nations.

Theoretically there is no limii to the magnification which
may be obtained. But this must not be confused with resolving
power which enables us to see things clearly and permits differ-
entiating one part or structure from another. Great magnifica-
tion avails us nothing if the image be blurred and irrecognizable.
A little thought will show that there must be a limit to the
resolving power practically available beyond which we can-
not go.
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The shortest violet rays producing the effect of light upon the
average normal human eye may be assumed to have a wave
length of approximately N\ 4000 (or 0.4 x)!. It has been shown
that under ordinary conditions the smallest particle which will
be visible as a black spot upon a light ground must have a diam-
eter equal to at least half this value (Helmholtz-Abbe). More-
over, a lens, owing to diffraction, yields as an image of a point,
a diffraction disk and not a point. The final image may be con-
sidered as consisting of a series of diffraction disks or patterns,
and if the distances between bright points are such as to cause
an overlapping of the resulting disks or their surrounding circles,
a blurring of the image must result. Thus we are limited, in
our attempt to see and study infinitely small particles, by the
sensitiveness of the human eye, on the one hand, which cannot
properly respond to the stimuli of very short wave-lengths, and
to the fact, on the other hand, that no matter how great the
magnification employed we cannot bring about a separation of
the overlapping rings of the diffraction patterns. The result,
therefore, must be at the best a vague, blurred, uninterpretable
image or merely a diffraction pattern.

If, therefore, our wave theory of light is correct, the most
minute particle which we may hope to render distinctly visible
by our compound microscopes by transmitted light must have
dimensions of at least 0.2 . It should not be inferred, however,
that the existence of particles many times smaller cannot be
indicated, for an invisible particle may yield a large diffraction
pattern, a phenomenon which makes ultra-microscopic investi-
gations possible; but we must bear in mind that in the case of
ultra-microscopic particles we have no picture or image of their
shape or structure and that we know of their existence simply
through the light diffracted by them and thus have passed far
beyond the range of the resolving power of our lenses. Although
it is true that the limit of resolving power, o.2u, has been seri-
ously questioned by men of recognized authority, it may be
accepted as beyond dispute that a moderately skillful micros-

1 One micron, designated by the Greek letter y, is equivalent to one-thousandth
of a millimeter (0.0or mm.).
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copist cannot hope in practical work to carry the resolving power
of his instrument beyond this limit.

In ordinary work a magnification of from 750 to goo diameters
is the upper limit of true usefulness in the study of details of
structure. Above this point the worker must be an exceptionally
keen and skillful observer in order that he may properly interpret
the appearances seen in the images formed.

It is best, therefore, to make it a rule to work with low magni-
fications.

Study the preparation thoroughly and have recourse to high
powers only when absolutely necessary. The dangers of errors
of interpretation are thus greatly reduced and fatigue and eye
strain practically eliminated. Moreover, it must never be for-
gotten that with high-power objectives a very small area only
is visible and the relation of the structure of the tiny area in
the field of view to that of the adjacent areas bounding it may
often be overlooked or be only imperfectly understood. Faulty
deductions are apt to follow.

The student will find that when using a Bausch & Lomb
chemical microscope and medium power eyepiece (7.5X) the
diameter of the circular area visible with a 32 mm. objective
is approximately 4 mm.; with a 16 mm. objective the visible
area is reduced to a circle about 1.9 mm. in diameter; with an
8 mm. objective the tiny circular area is only 0.68 mm. in diam-
eter, while with a 1.9 oil immersion the circular area visible
is less than 0.2 mm. in diameter.

Use low-power eyepieces whenever possible. In the study of
objects mounted between object slides and cover-glasses, obtain
increased magnification by higher powered objectives, but with
uncovered objects, drops of liquid and in microscopic chemical
analysis it is best to obtain increased magnification by employ-
ing higher powered eyepieces. '

In microscopic qualitative chemical analysis employ low-power
objectives which have been specially selected, if possible, because
of their long working distance and high penetrating power;
sacrifice resolving power for the convenience of being able to
thus obtain great depth of focus.
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A water immersion objective for high powers will be found
almost invaluable, since it may be lowered directly into drops
of aqueous non-corrosive solutions for the study of suspended
matter or material at the bottom of the drop.

Another convenience consists of a short glass tube just large
enough to allow an objective to slip inside. One end of the tube
is carefully ground at right angles to the axis and a cover-glass
is firmly cemented upon this end. The tube should be short
enough to allow the lower lens of the objective to almost touch
the cover-glass when the tube is slipped over the objective.
When such a tube is placed over an objective it may be forced
down into shallow layers of liquids and a study made of material
lying at the bottom or masses of matter suspended in a liquid
may easily be examined. Since the objective is not itself im-
mersed in the liquid it behaves optically exactly as well as when
used in the ordinary manner and since it is amply protected,
there is no danger of injury even in corrosive liquids.



CHAPTER IL
ILLUMINATION OF OBJECTS; ILLUMINATING DEVICES.

INlumination and Illuminating Devices. — Of even greater
importance than the selection of the correct combination of
objective and ocular for the study of a preparation is the matter
of proper illumination. The earlier in his work the student
appreciates the importance of illumination and the more thought
and care he expends upon this phase of microscopic methods,
the fewer errors he will make and the more easily will he become
expert in the interpretation of the images seen.

For convenience of discussion the modes of illuminating
objects for microscopic study may be grouped under the follow-
ing heads:

a. Transmitted axial light.

b. Transmitted oblique light.

Reflected axial light.

. Reflected oblique Jight.

Dark-field illumination.

“ Orthogonal illumination ”’ (Siedentopf Slit Ultramicro-
scope).

Differential color illumination.

. Illumination by means of ultraviolet light, thus causing

certain substances to become fluorescent.
i. Polarized light.

e RD

Sl

a. Transmitted Axial Light obtained by means of the mirrers
' with or without a condenser may be said to be the usual or most
frequently employed method of illuminating transparent and
translucent objects. With low power objectives and objects of
coarse structure no condenser is necessary, but when the object
to be studied presents a fine structure and delicacy of tracery
and when its refractive index lies close to that of the mounting
medium, structural studies became difficult, if not impossible,
20
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without moderately high powers and some form of substage
condenser. It is therefore a safe rule to always employ a sub-
stage condenser unless exceptionally low powers are to be used;
this of course does not apply to problems involving examinations
with polarized light.

All modern compound microscopes are provided with two
mirrors placed back to back in an annular mounting. One
mirror has a plane surface, the other a concave surface. The
mounting is so pivoted as to permit the easy swing of one or
the other of the mirrors into a position to reflect light through
the stage opening. The plane mirror is employed with day-
light or light diffused from a ground glass placed before an arti-
ficial light. With the plane mirror parallel light is obtained.
The concave mirror serves to obtain parallel rays from a source
of artificial light placed only a short distance from the mirror or
may be employed as a collector of rays (converging light) when
powerful illumination of the object is desired. Microscopes in
which the linear distance between mirror and stage is fixed
and unalterable should be provided with diaphragms to fit
immediately below the object. If no such device is provided,
it will be found desirable to have at hand several pieces of dull
black paper or thin card through which have been cut circular
orifices of different diameters. Unless diaphragms are used
below the object details of fine structure can rarely be discerned.

b. Transmitted Oblique Light is essential for the proper inter-
pretation of appearances under the microscope of objects whose
upper and lower surfaces are so placed as to lead to serious
confusion if axial light is alone employed. Oblique light also
aids in establishing whether the liquid medium or the object
immersed in it has the higher refractive index. The value of
oblique illumination may be better understood by referring to
the diagram shown in Fig. 3. A transparent object O whose
upper and lower surfaces are identical and perfectly symmetrical
is shown in section, lying upon an object slide upon the stage,
with perfectly axial light as shown by the arrows. It will be
obvious that even very careful focusing will fail to disclose the
probable structure of the lower surface and that even the upper
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surface may be in doubt; but if oblique illumination be employed,

usually a very faint shadowy image of the lower surface will

be observed, slightly out of symmetry

with the upper surface. Swinging the

mirror to one side or decentering the

0 iris diaphragm of the condenser when

this is possible, and noting at the same

time any change produced in the image,

will show that the image of the upper

surface has the appearance of sliding

g Axallight  oyer the lower, providing the object- -

Fui . ive has sufficient penetrating power.

Under these conditions the trained

observer is able to form a fairly accurate conjecture as to the
morphology of the object under observation.

Cleavage planes, infinitely narrow fissures or structures, the
arrangement of whose elements is so fine and delicate as to be
practically indistinguishable by axial light, may become -easily
discernible by oblique illumination; but as intimated above,
the character of the information thus gained is necessarily closely
associated with the resolving power, penetration and, to a
certain extent, the size of field of the optical combination above
the stage.

Transmitted oblique light is desirable and often necessary
in the examination of tiny crystals or crystal fragments, in the
differentiation of textile and paper fibers, in the study of furs
and hairs, in the microscopic examination of foods and drugs
for their identification or for the detection of adulteration, etc.
In fact in the study of all transparent or translucent objects
which have not been cut in thin sections with parallel faces,
oblique illumination should always supplement the exami-
nation made with axial light. The microanalyst must become
thoroughly familiar with the advantages to be derlved from
oblique transmitted light. :

If necessity requires the study of a preparation with a micro-
scope having no substage condenser, illuminate the object with
axial light, first using the plane, next the concave mirror. Next

Axis
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employ oblique. illumination, and finally place diaphragms
between object and mirror, noting well any changes in the appear-
ances of the images seen.

DEVICES FOR ILLUMINATION BY TRANSMITTED LIGHT.

Condensers. — In order that sufficient light may enter a high-
power objective to produce an image of such a degree of bright-
ness as to be easily studied, it is essential that some device or
apparatus shall collect, concentrate and send through the object
light rays at an angle which will fill the aperture of the objective.

The usual construction of this device is shown in diagram in
Fig. 4 and is known as the Abbe condenser. Condensers of this
construction with two lenses
have usually a numerical aper-
ture, when employed to their

full extent, of 1.20 and may be
used with all ordinary dry ob- )

Ontic axis

jectives and with oil immersion
objectives. They are designed --———--- peal”
to be used with the plane mir-  Ss° /L LALE Sape
ror. In the case of objectives ~ & NEA N\
of more than 1.20 N.A., a three =
or more lens combination con- he==
denser giving 1.40 N.A. should
be chosen. Condensers used
to their full aperture usually so
flood the field with light, in the Iris dia-
case of dry objectives, as to
necessitate lowering them or
closing their iris diaphragms
or both until only just sufficient
light rays are intercepted by
the objective to fill its back
lens and thus render the fine details of the illuminated object
most distinct.

In the diagram, Fig. 4, the passage of the light rays is roughly
indicated for a position of the Abbe condenser when used with

phragm =

FiG. 4. Diagram of Abbe Condenser;
Axial Light.
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an objective of low numerical aperture. The iris diaphragm
is shown well closed. Usually it is advisable to also lower the
condenser. Failure to employ the Abbe condenser in the proper
manner or to appreciate the fact that a different adjustment is
required to meet different problems, is doubtless responsible
for more errors in interpretation in microscopic examinations
than any cause other than excessive magnification. Since very
A few dry achromatic objectives
7, have a high numerical aperture
7 ' it is evident that in order to
L obtain the best results it will
Stage 7% SRR be essential with all such optical
A combinations to close the iris
== diaphragm of the Abbe condenser
‘\i\—;f until the numerical aperture is
: no greater than that of the ob-
i jective. It will be found to be
. a safe general rule to lower the
E'i — Abbe condenser and to close its
Z iris diaphragm to a diameter
> about two-thirds or one-half
that of the rear lens opening of
the objective. The size of the
diaphragm opening may easily
be adjusted by removing the
ocular, looking into the tube of
the microscope and closing the diaphragm until the bright disk
of light is reduced one-half or two-thirds.

Oblique illumination with the Abbe condenser is quickest
and most easily obtained by the method suggested by Wright
of holding a finger below and half across the opening of the
condenser; the light rays then take the path roughly indicated
in Fig. 5. Or we may drop upon the swing-out ring attached
to the bottom of the condenser mounting a half-disk of black
paper or cardboard, or a disk provided with a circular opening
to one side of the center. The disks furnished with the conden-
ser, consisting of a central stop with narrow slots, yield very

Optic axis

/

F16. 5. Diagram of Abbe Condenser;
Oblique Light.
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oblique illumination but a black background, and serve an
entirely different purpose which is discussed elsewhere under
the head Dark-ground Illumination. In the highest grades of
microscopes the substage mounting is arranged so as to provide
a lateral movement of the iris diaphragm by means of rack and
pinion. Oblique illumination is then obtained by closing the
diaphragm to a small opening and racking it to one side.

Oblique illumination is often essential to a proper interpre-
tation of structure and to a sharp differentiation of refractive
indices.

The ordinary Abbe condenser is corrected for neither chromatic
nor for spherical aberration and although it answers all the pur-
poses of illumination in ordinary microscopy with standard objec-
tives, in photomicrography or in combination with objectives
of the highest grade and in work of the finest kind, its use is
injudicious. Recourse should be had in such cases to achromatic
or specially constructed condensers. Since investigations of this
kind are rare in chemical laboratories, space forbids their con-
sideration.

In accurate crystallographic studies the microscope condenser
must be especially free from both chromatic and spherical aber-
ration; and instruments for this class of work are never provided °
with condensers of the Abbe type, but are always fitted with
light-concentrating devices of special construction.

It is essential that the optic axis of the condenser shall coincide
with the optic axis of the microscope, or, in other words, the
condenser must be accurately centered. In the low-priced micro-
scopes no provision is made for any adjustment of the mount-
ing, the proper position being fixed by the manufacturer. Not
infrequently through carelessness of workmen and inadequate
inspection of the finished instrument, microscopes are sold whose
substage condensers are so badly out of center as to render them
unfit for high grade work.

To test the adjustment of an Abbe condenser in a fixed mount-
ing, close its iris diaphragm to the smallest obtainable opening,
raise the substage as far as it will go; insert a cross-hair eyepiece
in the body tube and focus with a very low power upon the
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diaphragm opening. The diaphragm opening should fall at the
center of the field of view directly under the cross-hairs, con-
centric with their point of intersection. If the image of the
opening is not centrally located there is something faulty in the
construction of the condenser or in its attachment to the sub-
stage, or in the alignment of objective and ocular.

If the condenser has been found centered, we may change to
a high-power objective and be reasonably sure that the con-
denser will be centered with respect to the objective, providing a
revolving nose-piece is not in use; but if the objective is attached
to an ordinary nose-piece, turning from one objective to another
usually necessitates a readjustment of the condenser. With high
powers, centering, as described above, is impossible and it will
be found simpler to remove the ocular and hold a tripod or
pocket magnifier over the tube; the image of the diaphragm open-
ing is then easily seen and its relative position ascertained.

In testing for proper centering it is important that the mirror
be so placed as to yield exactly axial light. This may be assured
by swinging the condenser to one side and placing upon the
stage a preparation consisting of thin gum beaten up until full
of air bubbles; a very tiny air bubble is selected and brought
to the center of the field, it appears as a bright spot surrounded
by a black ring (see page 229); the bubble is sharply focused
and the mirror adjusted by proper tipping until the bright spot
appears exactly at the center of the circular black ring. The
light is now exactly axial. This method of assuring absolutely
axial light ! is the simplest and surest available.

Without touching the preparation or the mirror, carefully
swing the condenser back in place, raise it about halfway and
slowly raise and lower the body tube by means of the coarse
adjustment, closely observing at the same time the appearance
of the bubble image. If the light still remains axial with the
condenser in place there will be no appreciable swaying of the
image and no change of position of the bright spot of light. If
the image sways and the bright spot of light is displaced to one
side of the center the Abbe condenser is faulty and the character

! Gage, The Microscope, p. 48, roth Ed., Ithaca, 1908.
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and the amount of the fault will be indicated by the magnitude
of image displacement. ;

In the better grades of Abbe condensers the mounting is fitted
with two centering screws, which permit moving the entire con-
denser so that the optic axis of the condenser lenses becomes
coincident with the optic axis of objective and ocular.

The simplest method for easily centering adjustable Abbe
condensers is to have a cap made, fitting exactly over the top
lens of the condenser; at the exact center of this cap an exceed-
ingly tiny hole is drilled falling in the optic axis of the apparatus.
The microscope is focused upon this hole, illuminated by the
light transmitted by the condenser and the bright spot seen is
brought by means of the centering screws so that its center is
coincident with the center of the field.

It is the rule to always use the plane mirror with the Abbe
condenser; but when the windows of a laboratory have small
panes or wide cross bars it is often impossible to properly illu-
minate an object with the plane mirror and Abbe condenser
without projecting an image of the window bars into the field.
Either the microscope must be moved very close to the window
or the concave mirror must be used; the latter plan necessi-
tates closing the iris diaphragm two-thirds or more and lowering
the condenser. In aggravated cases a disk of ground glass may
be placed below the condenser or in front of the mirror. The
use of a disk of thin, fine ground glass below the condenser will
in fact be found a distinct gain in ordinary practice in the illu-
mination of most objects. By its use softer, clearer and more
easily interpreted images will often be obtained and the true
colors of objects will be more easily recognized.

The ring attached to the lower part of the condenser and
arranged to swing aside serves to carry disks of blue glass to be
employed when working with artificial light. By this means a
much less fatiguing illumination is obtained, and. providing the
proper intensity of blue glass is at hand, white light giving
proper color values is secured. Blue glass should always be
placed below the condenser when working with yellow artificial
lights. Most manufacturers supply blue glass disks with all
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their Abbe condensers. When the apparatus is to be employed
in photography, yellow-green glass disks are furnished to be used
as ray filters.

Color of Microscopical Objects.! When the recognition of
the true color of an object is an important consideration, as for
example in microscopic qualitative analysis, it must always be
remembered that the image seen in the microscope of an object
illuminated by light transmitted through it, by means of a mirror
reflecting light from the sky, may not infrequently appear of
quite a different color than the object appears to possess by
reflected light. This difference may be due to a number of causes
(a) the light reflected from the sky varies greatly; when there
are white clouds from which to reflect the light, little difficulty
is experienced, but at times the light obtained is blue, or pink,
or gray, according to atmospheric conditions. If the micro-
scope is so placed that light cannot be obtained above the tree
tops, a greenish tint is obtained from the leaves of the trees
and in the fall of the year trees with colored leaves yield colored
lights which may give rise to multi-colored images. (b) The
light transmitted by an object may be very different from that
reflected by it, and the thickness of the preparation may greatly
change the character of the color as seen in the image in the
microscope. (¢) We may be dealing in a preparation both
with absorption and scattering of light and thus draw faulty
deductions. (d) The presence of occluded or adsorbed sub-
stances may modify the colors transmitted. (e) Total internal
reflection may take place and the image appear in part gray
or even black. This phenomenon is seen in most crystals
under the microscope, when crystal faces meet at an angle
such that the illuminating light rays strike them at the
critical angle, are totally reflected and therefore unable to
pass through.

The dendrites, skeletal forms, etc., of compounds whose crys-
tals are normally clear, transparent and colorless will usually

1See Wood, R. W.; Physical Optics, Macmillan Co., N. Y., 1919, pPp.
436-441; 630, 635. Bancroft, W. D.: Sci. Amer. Monthly, May 1920, p. 461.
Bancroft, W. D.: J. Phys. Ch., 23 (1919), 36s.
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appear to be white by reflected light, and black by transmitted
light, the result of the scattering of light rays.

Sheaves and bundles of very fine, long, acicular crystals, of
white or colorless compounds, usually appear to be yellowish
or brownish by transmitted light.

Whenever the problem arises of deciding upon the color of
an object always: (1) tip and move the mirror; and (2) hold
a piece of pure white card or paper at a slight angle between
substage condenser and mirror. Note well the effects of these
experiments upon the colors seen in the image. If time is taken
to follow this procedure the worker will rarely be at fault.

c—d. Reflected Light, Axial or Oblique, must be employed
for the study of the surfaces of opaque objects or for the purpose
of ascertaining the surface configuration of objects of any nature.

In investigations of this sort the preparation may be illu-
minated either by rays of light whose paths are oblique to the
surface of the object and also to the optic axis of the microscope
or by rays whose paths are parallel (or approximately so) to the
optic axis and normal to the surface of the preparation.

Oblique light rays are obtained either by means of small reflec-
tors attached to the objective or by directing upon the object
the rays from a radiant lying above the plane of the surface of
the object. When a radiant is employed, as, for example, an
arc lamp or a concentrated filament Mazda lamp, a lens should
be interposed between light and mirror in order to obtain parallel
rays and facilitate the proper placing of the illuminating beam.
Illumination by a reflecting mirror may be obtained either by
means of the mirror of the microscope, provided its swinging
arm is long enough to allow raising the mirror above the plane
of the stage, or by attaching to the objective a reflecting surface.
This type of illuminator was very popular at one time but has
been almost entirely superseded by devices known as vertical
illuminators (see Figs. 32, 33) in which the reflecting surface is
mounted in a cell attached to the microscope just above the
objective. In these devices the reflector, which may be either
a mirror or a disk of clear glass, sends the illuminating beam of
light through the objective which acts as the condenser, con-
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centrating the light rays into a bright spot of light upon the sur-
face of the object at a point lying approximately in the optic
axis of the microscope. From the surface of the object the rays
are reflected back through the objective and form the image of
the object in the usual manner.

When only very low powers are required for the examination
of a polished specimen, simply holding it slightly inclined upon
the stage will send sufficient light into the instrument to permit
a thoroughly satisfactory study of the coarse details. Slight
focusing up and down will answer all purposes.

Since reflected axial and oblique light must very frequently
be employed by the chemist it is essential that he should thor-
oughly understand the phenomena exhibited by different sur-
faces illuminated in different ways.

If we are dealing with a highly polished mirror surface S, Fig.
6 (as, for example, a polished but unetched metallurgical speci-
men), lying in a plane normal to the
optic axis of the microscope, and we
b illuminate it by reflected light, it is

obvious that none of the oblique rays

S ab, cd and ef can enter the objective to

form an image since the angle of reflec-

Fic. 6. Path of Oblique  tjon is equal to the angle of incidence.

;‘iizz II’{oiiysie(sitrg:?fic: The surface will therefore appear dark.

The more nearly a perfect reflecting

surface the object possesses, the darker it will appear. It will

remain dark until the ray e¢f becomes almost parallel to the

optic axis and therefore practically normal to the surface of S.

Reflected light rays now can enter the objective and the surface
appears bright and shining.

But if the surface of the object illuminated by the oblique
rays is irregular or etched, as diagrammed in Fig. 7, then the
irregularities will appear bright, the plane or polished surfaces dark.
If a light ray a strikes a series of tiny minute points as at D,
the light will be diffracted; diffraction patterns will be formed
in the field of the microscope and the true structure of the ob-
ject at this point will prove very difficult of interpretation.

2~ Optic Axis
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When, however, axial reflected light is uscd, that is, when the
illuminating beam strikes the polished preparation normal to
its surface, the plane surfaces will appear bright, the irregularities
more or less dark, and minute projecting irregular points will

Fic. 7. Path of Oblique Light Rays Fic. 8. Path of Axial Light Rays
striking an Irregular Surface. striking an Trregular Surface.

yield diffraction patterns; for as shown in Fig. 8, the light rays
b and ¢, striking reflecting surfaces, are turned aside at such an
angle as to preclude their entering the objective.

Not infrequently a preparation yields an image consisting in
part of a network of fine black irregular lines or of overlapping
concentric black circles. . It may then be very difficult to decide
whether the preparation is actually marked with an intricate
pattern or whether the reticulations seen in the image are merely
the result of diffraction patterns. Rotating the preparation by
turning the stage (or if the microscope has no rotating stage,
turning the specimen) while looking into the microscope will
usually greatly aid in clearing up perplexing problems of this
sort.

Careful consideration of the above described phenomena is
absolutely essential to a correct interpretation of the structure
of the material being studied. To determine when one is dealing
with depressions and when with elevations when working with
moderately high powers and vertical or oblique illumination is
often a difficult problem which is further comphcated for the
beginner by the fact that the image seen is that of the object in
a completely reversed position.

An elevation as seen with the naked eye cast a shadow on the
side away from the radiant, that is, the side of the elevation
exposed to the source of light will be bright, the other side will
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be in shadow. In a depression, on the other hand, the shadow
will be on the same side of the depression as the source of light.
When, however, we employ a compound microscope (without
erecting prisms) we obtain a reversed image of the preparation,
hence an elevation as seen in the microscope will have its shadows
on the same side as the source of light, and a depression will
have its shadows cast on the side away from the radiant.
Black specimens with more or less polished and therefore reflect-
ing surfaces which are marked by ridges or furrows are especi-
ally puzzling. Careful focusing up and down and changing
the direction of the illuminating rays will always eventually
yield images which can be rightly interpreted.

It is obvious that the oblique illumination of opaque objects
can be employed with advantage only with low powers, since
the free working distance of high-power objectives is so small
that the path of any pencil of light which will strike the prepa-
ation at a point lying in the line of the optic axis of the micro-
scope must then be so oblique with reference to the optic axis
of the microscope as to be approximately parallel to the surface
of the preparation.

Light rays reflected from the surfaces of anisotropic crystals
are polarized, but are not noticeably polarized if from isotropic
crystals. It therefore often proves of great value in qualitative
analysis to employ polarized light for the illumination of objects
to be studied by means of vertical illuminators. This method
of research has not yet received the attention it deserves, owing
to the difficulties of manipulation and interpretation.!

It is evident from the above discussion that for the critical
examination of most opaque objects the light thrown upon them
should be either strictly axial or very oblique, according to the
nature of the information desired.

In the great majority of cases the examination of polished
and etched alloys by means of rays normal to the polished sur-
face is preferable to that by oblique rays, since the images are
brighter and clearer, etched figures more easily interpreted and
the fine striations which may not have been wholly removed

1See Wright, F. E. Proc. Inst. Min. Eng., Feb. 1920.
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in polishing are somewhat less pronounced. On the other hand
if cracks, fissures, pits, etc., or cleavage lines or slip bands are
to be searched for, as for example, in badly strained alloys or
in the study of fatigue failures, illumination by means of very
oblique rays is unquestionably the procedure to be followed.
In studies of the latter sort the preparation should be rotated,
since when fine striations lie approximately parallel with the
direction from which the illuminating rays emanate they are
almost invisible, but if the preparation be turned so that the
direction of the striations or cleavage lines lies at right angles,
or nearly so, to the direction of the light rays, the striations
and lines become prominent. Advantage may be taken of this
phenomenon in the photography of specimens which are badly
scratched and in which some other prominent feature is to be
emphasized in the photograph. In such an event the prepa-
ration may be illuminated with oblique rays from a powerful
radiant and the specimen turned until the scratches practically
disappear.

There are many objects and many types of investigation
where merely the surface illumination is sufficient and it matters
little whether the light rays are nor-
mal or oblique, under these conditions
the Silverman Tlluminator is a great
convenience and yields excellent re-
sults.

The Silverman Illuminator consists
of a single filament, tubular tungsten
lamp bent in the form of a circle.
The lamp is held in an annular mount-
ing provided with three curved fingers
under spring tension which serve to
hold the lamp upon the objective.
Fig. 9 shows the lamp in its mount-
ing. Pressing together the knurled heads H, H, forces back the
fingers and thus enlarges the opening for the passage of the
objective. Releasing the handles allows the fingers to press
tightly upon the objective and holds the illuminator securely in

F16. 9. Silverman Illuminator.
Lamp and Holder.
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place, as shown in Fig. 10. Accompanying the instrument is a
rheostat so constructed as to permit the lamp to be connected
with ordinary house-
lighting circuits. One
of the great advantages
I of this illuminating
I device is the rapidity
|

with which it can be
T attached or removed
A\ 4 from the microscope.

: The radiant being self-
contained there is no
loss of time or annoy-
ance of properly “lin-
ing up ” the source of
light.

The Silverman Illu-
F16. 10. The Silverman Illuminator attached to minator may also be

the Objective of the Microscope. used with microscopes
of the Greenough dou-
ble objective type. For this purpose a clamp, Fig. 11, is pro-
vided which fastens to the stage of the microscope. The fingers
are held back by a ring R, attached to the spindle of the clamp;
there is thus afforded an unobstructed view through the central
orifice. The lamp and mounting are adjusted below the objective
so as to interfere in no way with the field of view. Unless the
worker is left handed the clamp should be fastened on the left side
of the stage and as far back toward the pillar as possible so as not
to interfere with manipulations which may be made upon the
stage.

The character of the light rays thrown by the Silverman
Tlluminator is similar to those reflected by the old time para-
boloid save that they more nearly axial, in other words the .
light effect is that of a combination of both axial and oblique
rays streaming from an incandescent filament in the form of
a semicircle. This will be readily understood by referring to
Fig. 12. The dotted lines a, ¢’ mark the points of attachment

i
|
:
i
|
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of the tungsten filament; the source of light therefore occupies
approximately two-thirds of a circle. The lamp is shown in Fig.
12, natural size. With low powers and the illuminator therefore
some distance above the object, almost axial rays are projected

Fic. 11. Clamp for holding Silverman F1G. 12. Lamp used in the Silver-
Illuminator below objectives when man Illuminator.
used with Greenough type Binocular
Microscopes. '

from the side, but with higher powers or with the illuminator
well lowered the illumination becomes more and more oblique.
The student must always remember that a change from one
magnification to another in order to better resolve an object
is also accompanied by a corresponding change in the ckaracter
of the illumination which of necessity must produce a change
in the appearance of the structural details being studied. This
type of illuminator is in no manner a substitute for a vertical
illuminator but has a field of usefulness distinctly its own. The
lamps are made in colorless (clear) glass or blue ‘ daylite ”
glass, the latter approximating north sky illumination.
Illumination by Combined Reflected and Transmitted Light. —
This system is commonly resorted to in the photomicrography
of opaque objects in order that in the finished photograph they
may be made to stand out more prominently and that their
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true morphology may be more easily discerned. Usually a
long exposure is made by oblique reflected light or by means of a
Silvermann illuminator using a suitable background! and a second
short exposure is then made by transmitted light. Fig. 111
gives a fair idea of what may be gained through this procedure.

But it is not only in photography that dual illumination
is of value. In ordinary routine industrial microscopy the author
finds that he has occasion to employ it constantly as an aid to
the interpretation of appearances and also to render the study
of certain preparations less fatiguing. When examining per-
fectly opaque material in coarsely granular form using oblique
rays for illumination, it will be found that the admission of a
very little transmitted light will aid greatly in bringing out
the form of the particles. Too much transmitted light will
completely spoil the effect.

e. Dark-field Illumination as opposed to bright-field illumi-
nation discussed above under sections ¢ and b, is usually obtained
by sending oblique light rays into the preparation from below,
at such an angle that no direct rays enter the objective. . This
is accomplished by introducing a metal stop below the Abbe
condenser so as to shut out all central rays and allow only rays
near the circumference of the condensing lenses to enter the
preparation, or, better, by substituting for the Abbe condenser
a device which will reflect rays from a curved surface in such
a manner as to bring them approximately to a focus. In prepa-
rations thus illuminated objects appear to be self-luminous
and are therefore bright upon a black background.

This method is invaluable for demonstrating the presence of
very minute bodies or those whose index of refraction is so very
nearly the same as that of the medium in which they occur as
to cause them to escape detection when illuminated by trans-
mitted light. i

It is generally the case that particles of a diameter of one mi-
cron or less require dark-field illumination for their demonstration.

If the obliquity of the rays from the illuminating device is
very great, the dark-field illuminator becomes an ‘“ ultracon-

1 See Differential Color Illumination, etc., page 47.



ILLUMINATION OF OBJECTS; DARK FIELD 37

denser ” and may be employed for demonstrating the presence
of particles less than 0.2 p in size.

Dark-field illumination is employed in practice in the exami-
nation of blood for the presence of parasitic organisms, in the
study of bacteria, in the biological examination of water, in
the study of foods, fibers, crystallization phenomena, tiny crys-
tals, submicroscopic particles, colloids, etc. »

If the Abbe condenser is to be employed for dark-field illu-
mination, insert one of the dark ground stops in the ring attached
to the bottom of the condenser mounting, open the iris dia-
phragm to its full capacity, and screw up the condenser in its
mounting until, when turned in place and the substage is racked
up to its highest point, the upper lens will just touch a slide
laid upon the stage. A drop of water is then placed between
the condenser lens and the preparation to be examined. It
is always essential to ascertain the thickness of object slides
which yield the best results and keep this value for future refer-
ence. Special dark-field illuminators are marked by the manu-
facturers with the thickness of object slide for which they are
designed.

The use of the Abbe condenser with dark-field stop as a sub-
stitute for special dark-field illuminators is not to be recom-
mended since the obliquity of the rays is seldom sufficient to
prevent some light from entering the objective. The results
usually obtained are poor and unsatisfactory.

Dark-field Illuminators are condensers of such construction
that very oblique light rays are caused to converge, usually by
reflection.

The rays either pass through the preparation at an angle
with the perpendicular so great that they fail to enter the objec-
tive (providing it is of low numerical aperture) or they strike
the cover glass at such an angle as to be reflected downward
and therefore fail to enter the objective. When no object lies
in the field and no fine particles occur in the mounting medium
between slide and cover glass, the field of the microscope is
uniformly dark. In order that there may be no change in
direction (through refraction) of the rays emerging from the
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reflecting condenser and the preparation on the stage, a drop
or two of homogenous immersion fluid is placed between con-
denser and object slide. If, however, an object lies in the path
of the rays, refraction, reflection and diffraction take place
and the object becomes brightly illuminated, or if submicro-
scopic particles are in suspension in the medium between object
slide and cover glass diffraction patterns result and. appear to
the eye as brilliant points of light surrounded by more or less
distinct alternate bright and dark rings. These points of light
exhibit rapid vibratory motions (Brownian movement). To
prevent axial light from passing through the illuminator an
opaque stop is placed in the optic axis of the device. The field
is therefore black or nearly so, save
for a slight halo at its edges, while
the objects appear bright or bril-
liantly colored upon a dark back-
ground.

In Fig. 13 a simple paraboloid
reflecting illuminator is shown
diagrammatically in section, with
the directions of the light rays
so exaggerated as to make clearer
the reason the field of view is
dark.

Sections of typical illuminators are shown in Fig. 14, A,
B, C, D. It will be seen that although the construction
may be different in different 'types, the rays emerge at
approximately similar angles. In illuminators of thesr types
(B, C, D) the curvatures of the reflecting surfaces are ground
after mathematically calculated curves which will bring the
light rays approximately to a focus at a point just at the
upper surface of the slide or slightly above this plane. In
the diagrams for simplicity, cover glasses and preparations
have been omitted.

An exception to the above statement, relative to the construc-
tion of reflecting condensers, is found in the Beck! dark-field

1 Made by R. & J. Beck, London.

F16. 13. Dark-field Illumination.
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illuminator in which, Fig. 15, a lens is combined with a parabo-
loid to bring the rays to a proper focus.

B
IRIReDEA
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R
i it
F1c. 14. Types of Dark-field Illuminators.
A. Nachet et Fils. B. Reichert.
C. Bausch & Lomb. D. E. Leitz.

The Beck illuminator is unique in that it permits adjustment
for different thicknesses of object slides, an impossiblity with
other forms of paraboloid illuminators. 7
This adjustment for slide thickness is 5
accomplished by changing the distance
between the focusing lens L and the para-
boloid P. As seen in the diagram, the
illuminator consists of two parts, the
paraboloid mounting screwing into that
which holds the lens; therefore raising or
lowering the paraboloid will displace the Fio, 1511 Boak-Adinstable
focal point f and bring about an accom- park-ground Tlluminator.
modation for different thicknesses of slides.

In practice it is rarely possible to have such accurate grinding
that all the rays are properly deflected and none enter the objec-
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tive. Only those rays included in a low numerical aperture are
available. Hence the employment of an objective of high
,numerical aperture and very short working distance yields a
/field which is never dark. Since practically all high-power
immersion objectives are made with as high numerical apertures
as possible, it is absolutely essential that some means be used
to reduce their numerical aperture below 1, if they are to be
employed in dark-field studies. This is accomplished by
introducing into the objective mount some form of diaphragm:
or specially constructed objectives of N.A. less than 1 may be
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Methods of Reducing Numerical Aperture of Objectives for Dark-field Studies.
(D, D, D, Removable Diaphragms.)

purchased. Diaphragms for use with objectives in dark-field
studies are generally supplied by the manufacturers of reflecting
condensers for introduction into the special objectives to be used.
These funnel-like diaphragms are not interchangeable and can
be employed only for the objectives for which they are designed.
Figs. 16, 17 and 18 show three different types and forms of dia-
phragms employed for this purpose. In the case of Fig. 16 the
lens mounting is unscrewed just back of the back lens combina-
tion and the funnel diaphragm, provided with male thread, is
screwed into the opening tapped into the upper half of the objec-
tive mounting. In the case of Fig. 17, the objective is also
unscrewed just above the back lens combination, but in this
case the diaphragm is merely dropped into the hole in the lower
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half of the mounting, while in the case shown in Fig. 18, the
long tubular diaphragm is inserted into the objective from above
without necessitating any separation in the mounting of the
objective lenses. By means of these diaphragms the numerical
apertures of the objectives are reduced to between approximately
0.80 to 0.95.

Gage has recently shown ! that the reduction of the numerical
aperture should in most cases be as low as 0.80 and further that
in critical work it is desirable to have several diaphragms avail-
able so that the numerical aperture may be altered at will from
0.85 to as low a value as o.70, since some preparations are best
studied with lower and some with higher numerical apertures.

In order to obtain the maximum resolving power with dark-
field illumination Conrady has shown 2 that the condenser must
have not less than three times the numerical aperture of the
objective. He suggests that the practical resolving power obtain-
able may be expressed as equal to § N.A. objective + 1 N.A.
condenser, but Reinberger points out that on actual trial 3 the
Conrady formula gives results about 25 per cent too low. The
inexperienced observer, however, will find that the resolving
power obtainable in his work will conform rather closely with
the Conrady formula. Tt is therefore well to bear in mind that
in dark-field illumination studies fine details of structure are
to be discerned only with the greatest difficulty and will require
extreme care in adjusting the illumination and in selecting the
proper objectives.*

It is evident that with a properly selected optical combination,
the field of view will appear black or very dark, while any objects
present will appear to be bright and self-luminous.

The more oblique the rays the more minute the particles

! Gage, S. H., Modern Dark-field Microscopy and the History of Its Develop-
ment. Trans. Amer. Micros. Soc. 39 (1920) 95.

2 Conrady, J. Quekett Micro. Club, 11 (1912), 475.

3 Reinberger, J. Quekett Micro. Club, 11 (1912), 503.

* Siedentopf and Zsigmondy have shown (Ann. d. Phys. [4] 10 (1903), 14) that
in the ultramicroscope the brilliancy of the diffraction disks is proportional to the
product of the squares of the numerical apertures of the image-forming and illu-
minating objectives.
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may be whose presence will be revealed by their diffraction
patterns. When the upper limit of obliquity is reached the
illuminators are usually designated as wltracondensers and the
instruments to which they are attached are then known as
ultramicroscopes. There is no sharp dividing line between
ordinary dark-ground illumination and ultramicroscopic illu-
mination; the one gradually merges into the other. In all ultra-
microscopes we are dealing with dark-ground illumination, but,
on the other hand, few dark-ground illuminators yield light rays
sufficiently oblique to demonstrate particles of ultramicroscopic
size. Typical ultracondensers are shown in Fig. 19. A com-
parison of the indicated light ray directions in these with those
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F1c. 19. Types of Reflecting Condensers for the Study of Ultramicroscopic
Particles. s

in Fig. 14 will disclose that their inclination is considerably
greater. For the chemist the ultracondensers are of far more
value than simple dark-field illuminators.!

The Adjustment of Dark-field Illuminators for use requires
close attention, chiefly, to five conditions: (1) a selection of a
sufficiently powerful radiant and the projection of a spot of
light large enough to completely fill the lower opening of the
illuminator; (2) the employment of objectives having a numer-
ical aperture never greater than o.9o; (3) the use of object slides
of the thickness for which the illuminator has been designed;
(4) accurate centering of the illuminator with respect to the

t Dark-field illuminators are manufactured by the Spencer Lens Co., Buffalo,
N. Y., and the Bausch & Lomb Optical Co. of Rochester, N. Y. That made by
the latter firm is preferable for the chemist, yielding more brilliant preparations
and disclosing the presence of finer colloidal suspensions.
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optic axis of the microscope; (5) accurate centering of the objec-
tive.!

An examination of the diagrams (Figs. 14 and 19) will show
that theoretically the oblique rays meet to form a tiny spot of
light just outside the apparatus in the line of its optic axis. It
is obvious that this spot should lie in the optic axis of the objec-
‘tive and the ocular. In order to facilitate centering, a tiny circle
is usually engraved upon the upper surface of the glass of the
illuminator; this circle is focused with a low power and is brought
to the center of the field of the microscope, by means of center-
ing screws ¢, ¢, Fig. 20, provided for this purpose.

When working with the Bausch & Lomb ¢ Dark-ground
Hluminator ”’ shown in Fig. 20, care should be taken to start
observations with the
diaphragm d, opened to
its full aperture. If the
preparation fails to yield
a satisfactory dark field
the diaphragm should
be slowly closed until
the best results are ob-  F16. 20. Paraboloid Dark-field Illuminator.
tained; a darker field
and brighter particles will probably result but the resolution
will be somewhat poorer. If, however, the diaphragm be closed
too far, as, for example, as shown in the right half of Fig. 20,
no light can enter the annular opening in the parab0101d and
the apparatus will fail to function.

If the microscope is provided with a revolving nose-piece
the objective used in centering should be removed and the high
power to be employed in the dark-field studies substituted in
the same opening in order that there shall be no change in the -
relations of the optic axes. When employing ultracondensers
of the highest type it is better to remove the nose-piece and to
attach to the body tube a centering adapter into which the objec-

1 The adjustment and method of use of Dark-field Illuminators is discussed in
great detail by Gage. Trans. Amer. Micro. Soc. 39 (1920) 95. Workers with
dark-field illuminators should not fail to consult this paper.
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tive is screwed; this permits accurate centering of each objective
used and therefore much better optical conditions are obtainable.

In order, however, that the objective may be centered, it is
essential that we have a central fixed point upon the stage to
which we may refer. Stands to be employed for high-grade
ultramicroscopic work should be provided with mechanical stages
with graduated codrdinate motion and a centering object slide,
carrying at its center a tiny cross. When placed upon the
stage so that the different scales of the mechanical stage occupy
the positions which the manufacturer has indicated upon the
object slide, the point of intersection of the ruled cross will fall
exactly in the axis of the tube of the microscope. The objec-
rive is focused sharply upon the cross and if the center of the
cross does not fall in the center of the field it is brought there
by moving the screws a, a, Fig. 51, page 110.

If the condenser is not provided with an engraved circle upon
its upper surface it may be centered by placing an object slide
upon the stage with immersion fluid, usually oil, between it
and the condenser; the light spot from the radiant is next prop-
erly adjusted and the mirror inclined until a bright spot of light
appears upon the object slide. The condenser is raised or lowered
until the spot of light attains its smallest size. Focus upon this
tiny spot with a low-power objective; if the condenser is properly
centered the spot will lie at the center of the field. Should it
lie to one side, bring it to the center by means of the centering
screws or center the objective with respect to the point of light.

Having adjusted the condenser, the next step, if the device
is of the cardioid type (see page 117), is to ascertain whether
the quartz cell, which must be used with the instrument, is in
proper condition for use. Lay the quartz cover upon the cell
and press it down very carefully. Notice whether there appears
at the zone of contact between cell and cover a series of colored
concentric rings. If the pattern does not consist of concentric
circles, but appears to be elliptical, it is probable that the cell is
not level with respect to the optic axis. Adjust the level screws
until the plane of the cell is normal to the optic axis. If the
eccentricity of the rings does not disappear, the trouble lies in
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the objective which is not corrected for the thickness of the
cover of the cell being used. :

A powerful source of light is essential. Direct sunlight by
means of a clockwork heliostat is ideal but seldom available. .
The next choice is'an electric arc of 4 to 5 amperes or more, for
ordinary dark-field examinations, and of 15 to 20 amperes for
ultramicroscopic studies of colloids, etc. Useful types of radi-
ants will be found described on page 163.1

The more powerful the radiant the smaller the particles which
can be demonstrated. Siedentopf estimates that direct sunlight
will reveal the presence of particles whose diameters are one-
thirtieth of that of the smallest appreciable with the ordinary
arc lamp. ‘

Since the light rays enter these reflecting condensers through |
an annular space, there being an opaque stop at the center, it
is obvious that the spot of light reflected from the mirror of the
microscope must have a diameter slightly greater than this
space, otherwise the illuminator will not properly function; for
this reason, before placing the illuminator in position for cen-
tering, it is always essential to examine its lower surface and
ascertain the diameter of the spot of light necessary to com-
pletely fill the annular entrance space. The radiant and a suit-
able condensing lens are then so placed as to yield parallel rays
and produce a spot of light of the proper size and intensity at
the center of the plane mirror of the microscope, the mirror being
so inclined as to reflect the light rays into the dark-field illu-
minator. Dark-field illuminators require that an immersion
fluid be placed between them and the object slide. To obtain
the best results homogenous immersion oil should be employed,
water seldom yields good results.

In applying the immersion fluid and laying the object slide
in place great care must be taken to prevent the entrance of
air bubbles or dust particles.

Because the light rays are caused to emerge from the illumina-
tor at such an angle (determined by the inclination of the reflect-

1 The “ Chalet Lamp ” of the Bausch & Lomb Optical Co. is of especial con-
venience and value with dark-field illuminators.
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ing surfaces) as to converge to an axial point lying just above
the plane of the object upon the object slide, it is, of course,
essential that the thickness of the object slide be known, for if
too thin the illuminating rays will meet too far above the material
to be studied, or if too thick the focal point will lie too low; for
these reasons optical instrument makers mark upon the devices
the object slide thickness to be employed. For example:

Thickness of object slide.

Bausch & Lomb paraboloid illuminator.. .............. 1.40 to 1.55 mm.
Zeissiparaboloid condenserzny s i uin BTSSP BUS S 1.0 to 1.10 mm.
Reichert reflecting condenser......................... 0.7 to 1.0 mm.
Reichert slip-in reflecting condenser................... 2.0 mm.

Leitz reflecting condenser............ ..., less than 1 mm,
Zeiss cardioid condenser for quartz cell. . .............. 1.2 mm.
Spencer Lens Co. Dark-field illuminator............... 1.9 mm.

Absolutely clean object slides and cover-glasses are essential
and great care must be exercised in wiping off the immersion
fluid from the condenser to avoid scratching the glass. Lens
paper of the highest grade only should be employed, and the
wiping off of the fluid should be done with the least pressure
possible, otherwise fatty material from the fingers may be forced
through the pores of the lens paper upon the glass. A mere trace
of grease upon the glass surface will lead to the formation of
air bubbles, or will prevent optical contact if water is the immer-
sion fluid. Remove all traces of oil with xylene.

The preparation to be studied must be thin and must be
covered with exceptionally clean and very thin cover-glasses.
Covering the preparation with a cover-glass is essential.

In order to expedite the adjustment it is well to have at hand
a permanent slide of some material which yields good results
with dark-field illumination, as, for example, diatomaceous
earth. With such a preparation on the stage the radiant, micro-
scope mirror and the condenser are all so mutually arranged
as to yield the best illumination of the diatoms; the final adjust-
ment is then made by raising or lowering the condenser. The
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test slide may now be replaced by the preparation to be studied.
Little change; if any, should be required to give the most sat-
isfactory results. If material of unknown structure or com-
position is placed upon the stage without a prior examination
of material of known behavior much time may be lost in attempt-
ing to interpret anomalous appearances due to improper illu-
mination.

Owing to the exceedingly complicated diffraction patterns
often obtained with dark-field illumination great difficulty may
be experienced in arriving at a correct explanation of the phenom-
ena observed, and it is only after study of materials of known .
structure that it is safe to proceed to examinations of somewhat
similar material of unknown structure.

f. Orthogonal Ilumination is a term applied by Zeiss after
Siedentopf and Zsigmondy to an arrangement of radiant, con-
densing lenses and tiny slit such that the light rays enter the
preparation at right angles to the optic axis of the microscope.
The presence of particles is thus indicated by the light diffracted
from them, the particles themselves remaining invisible and only
the diffraction patterns, which may be relatively large, are seen
in the field of view. This mode of illumination, applied to
microscopic examinations, gives us instruments commonly called
slit-ultramicroscopes. :

Orthogonal illumination is employed in the study of colloids
and other particles in suspension in liquids and for the study of
particles in transparent or translucent solids, such as glass, etc.,
and for the investigation of vapors and gases.

g. Differential Color Illumination by the method of Rhein-
berger ! may be obtained by substituting for the dark-ground
wheel stop of the Abbe condenser colored disks of transparent
material, using a darker color for the central portion and sur-
rounding this disk with an annular ring of a lighter and strongly
contrasting color.” The object will then appear strongly illu-
minated, but colored upon a colored background. If, for
example, the central disk is blue and the ring red, the objects
will appear red ‘upon a blue background. With care and a

1. Roy. Micro. Soc., 1896, 373; Spitta, Microscopy, London, 1099; 175-178.
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suitable choice of colors, very remarkable results may be ob-
tained which may greatly facilitate the study of certain sorts of
material.

In this connection it may be pertinent to point out that the
illumination of opaque objects (and transparent objects as well)
by monochromatic light of different colors often gives informa-
ation of the greatest value. Colored light may at times reveal
structures not readily noticed by white light in routine micro-
_ scopic examinations. In industrial work time and labor are too
important to be ignored, and if we are dealing with colored
materials certain colored components of which, are to be dis-
covered, if present, it may happen that we may accomplish our
ends more rapidly and more easily if we employ yellow, or
green, or blue, or red light instead of ordinary daylight.

The color of the background also plays an important part
when studying objects by reflected light. This is particularly
true when photomicrographs are to be made. The investigator
should have at hand small pieces of cards or papers of different
colors which can be slipped under the preparations to be exam-
ined or photographed.

Rosenhain and Haughton! have recently employed mixed
color illumination in the study of the crystal structures of alloys
with excellent results.

h. By Means of Ultraviolet Light. — When ultraviolet rays
impinge upon certain substances they become fluorescent and
glow with violet, red, green or bluish light. The color of the
fluorescence is peculiar to the substance. Since comparatively
few bodies exhibit this phenomenon and since the color is a
further aid in differentiation, advantage has been taken of this
property of bodies as a means of identification of such sub-
stances not readily recognized when present in low per cents
in mixtures. To permit the extension of this method to minute
amounts of material the “ Fluorescence Microscope ”’ has been
constructed.? :

Ordinary glass is practically opaque to ultraviolet rays but

1 Engineering, 1920, 659.
2 Made by C. Reichert, Vienna, Austria.
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not to the light rays resulting from the fluorescing of the sub-
stance; the ultraviolet rays, however, readily penetrate quartz.
We have, therefore, only to substitute quartz for glass in the
condenser in order to concentrate the ultra rays on the object
upon the stage. It follows from this that although the illu-
minating devices must be of quartz, as also the object slide upon
which the object lies, the objective and ocular may be those
ordinarily employed.

Either a carbon arc with special carbons or a mercury vapor
lamp may be employed as radiant.

Fig. 21 shows diagrammatically the construction of a fluores-
cence microscope. The rays from the radiant R are concen-
trated by the quartz condensing lens Q, then pass
through the Wood-Lehmann filter F consisting of
a quartz or of a blue “ Uviol ” glass cell, thence
the rays pass to the reflecting quartz prism P which
in- turn reflects
them into the R -
quartz lens dark- [\‘\3"‘“«--- e
ground condenser.

This device brings

the ultraviolet rays F1c. 21.  Reichert Fluorescence Microscope.

to a focus upon the '

object supported upon the stage by means of an object slide of
quartz or of Uviol glass. Ordinary glass, besides being practic-
ally opaque to rays of very short wave-length, as stated above,
fluoresces with a violet or bluish tint under the action of the
ultraviolet rays and cannot therefore be employed as a support.
If it is necessary to cover the preparation ordinary glass cover-
glasses may be employed, but glass should never be used if
thin quartz cover-glasses are available.

As in all dark-ground illuminators, an immersion fluid between
condenser and object slide is essential. In this case glycerine is
employed (n = 1.47).

The light filter whose function is the removal of waves of
long wave-length, affecting the eye as light, consists of two com-
partments, one filled with a 20 per cent copper sulphate solution,
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the other with an aqueous solution of nitrosodimethylaniline
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