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PREFACE

ALTHOUGH no changes of so important a character as those which
distinguished the VIIth Edition of this book from the editions
that had preceded it have been necessitated, yet a thorough and
complete revision of the entire text has beon made, and everything
of importance to Microscopy which has transpired in the interval
has been noted. This applies to the theory of the microscope nx
well ax to its use,

We have adopted a classification of microscopes that we hope
may be of value to many in the purchase of a stand, especinlly ns we
also point out with pleasure the great and successful efforts which
English, Continental, and American makers have made within tho
lnst few years to supply good and useful microscopes at a greatly
reduced price.

Invaluable aid and suggestion hav on given me hy my friend
Mz. E. M. NEkrsoy, ex—l’l'whw{ﬂ Rovar. MioroscoricAL
Sociery, to whom myglthnks wre due. Mn. Artiurn BoLLes
LeE has rendered unique service in the section dealing with the
Preparation and Mounting of Objects ; and to Pror. K, CROOKSHANK
I am indebted for valuable and useful help.  In the matter of the
Application of the Microscope  to Geologienl Investigntion the
Rev. Pror. T. Boxxey, F.R.S,, has been, fortunately, my valued co-
adjutor.  On the subjects of Micro-crystallisation, Polarisation, and
Molecular Conlescence, T have received the expert ndvice and help
of Mn. W. J. Pore, F.1.C., F.C.S,, &e., Chemist, to the Goldsmiths’
Technical Institute, whose lurge practical knowledge of this depart-
ment of chemistry is widely known.

For the valued help of Pror. A. W. Besnerr, M.A., B.8c,,
Lecturer on Botany at St. Thomas's Hospital, and of Pror. F.
JEFFREY BELL, M.A. Professor of Comparative Anatomy and
Ziology, King's College, London, T have, as in the former Edition,
to make my appreciative acknowledgments.

It is hoped that this Edition may, a« its predecessors have done,
prove of practical help to many in understanding the scientific use
of the microscope.

W. H. DALLINGER.

LoxNpoN : Marcu 1901.

ERRATUM.—Page 333, eleventh line from the bottom, read ¢ Plate 1V.! got 111,



PREFACE

TO

THE SEVENTH EDITION

THE use of the Microscope, both as an instrument of scientific research
and as a means of affording pleasure and recreative instruction, has
hecome so widespread, and the instrument is now so frequently found
in an expensive form capable of yielding in skilled hands good
optical results, that it is eminently desirable that a treatise shounld
be within the reach of the student and the tiro alike, which would
provide both with the elements of the thegry and principles involved
in the construction of the instrument itself, the nature of its latest
appliances, and the proper comditions on which they can be em-
ployed with the best results, Beyond this it should provide an
outline of the latest and best modes of preparing, examining, and
mounting objects, and glance, with this purpose in view, at what is
easily accessible for the requirements of the amateur in the entire
organic and inorganic kingdoms.

This need has been for many years met by this book, and
its six preceding editions have been an extremely gratifying evidence
of the industry and erudition of its Author. From the beginning
it opened the right path, and afforded excellent aid to the earnest
amateur and the careful student.

But the Microscope in its very highest form has become—so far
at least as objectives of the most perfect construction and greatest
useful magnifying power are concerned—so common that a much
more accurate account of the theoretical basis of the instrument
itself and of the optical apparatus employed with it to obtain the
best results with ‘high powers’ is a want very widely felt.

The advances in the mathematical optics involved in the con-
struction of the most perfect form of the present Microscope have
been very rapid during the last twenty years; and the progress in
the principles of practical construction and the application of theory
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has, even since the last edition of this book was published, been so
marked as to produce a revolution in the instrument itself and in its
application. The new dispensation was dimly indicated in the last
edition ; but it has effected so radical a change in all that apper-
tains to Microscopy that a thorough revision of the treatment of
this treatise was required. The great principles involved in the
use of the new objectives and the interpretation of the images pre-
sented by their means, are distinct and unique ; and unless these be
clearly understood the intelligent use of the finest optical appliances
now produced by mathematical and practical optics cannot be
brought about. They have not rendered the use of the instrument
more dificult—they have rather simplified its employment, provided
the operator understand the general nature and conditions on
which his Microscope should be used. If the modern Microscope be,
as a mechanical instrument with its accompanying optical apparatus,
as good as it can be, a critical image—a picture of the object having
the most delicately beautiful character—is attainable with ¢low
powers’ and ‘high powers’ alike. Microscopists are no longer
divisible into those who work with ‘high powers’ and those who
work with ‘low powers.” No one can work properly with either
if he does not understand the theory of their construction and the
principles upon which to interpret the results of their employment.
1f he is familiar with these the employment of any range of magni-
tying power is simply a question of care, experiment, and practice;
the principles applicable to the one are involved in the other. Thus,
for example, a proper understanding of the nature and mode of
optical action of a ‘sub-stage condenser’ is as essential for the very
finest results in the use of a l-inch object-glass as in the use of a
2 mimn. with N.A. 140 or the 25 mm. with N.A. 1'60, while it
gives advantages not otherwise realisable if the right class of con-
denser used in the right way be employed with the older %th inch
or sth inch achromatic objectives, and especially the 5th inch
and J,th inch objectives of Powell and Lealand, of N.A. 1-50.
‘Without comparing the value of the respective lenses, the best
possible results in every case will depend upon a knowledge of the
nature of the instrument, the quality of the condenser required by
it, and its employment upon right principles.

This is but one instance out of the whole range of manipulation
in Microscopy to which the same principles apply.

In its present form, therefore, a treatise of this sort, preserving
the original idea of its Author and ranging from the theory and
construction of the Microscope and its essential apparatus, embracing
a discussion of all their principal forms, and the right use of each, and
passing to a consideration of the best methods of preparation and
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mounting of objects, and a review of the whole Aninal, Vegetable,
and Inorganic Kingdoms specially suited for microscopic purposes,
must be essentially a cyclopedic work. This was far more possible
to one man when Dr. Carpenter began his work than it was even
when he issued his last edition. But it is practically impossible
now. It is with Microscopy as with every department of scientific
work— we must depend upon the specialist for accurate knowledge.

In the following pages I have been most generously aided. In
no department, not even that in which for twenty years T have
been specially at work, have I acted without the cordial interest,
suggestion, and enlightenment afforded by kindred or similar workers.
In every section experts have given me their unstinted help.
To preserve the character of the hook, however, and give it homo-
geneity, it was essential that all should pass through one mind and
be so presented. My work for many years has familiarised e,
more or less, with every department of Microscopy, and with the
great majority of branches to which it is applied. I have therefore
given a common form, for which I take the sole responsibility,
to the entire treatise. The subject might have been carrvied over
ten such volumes as this; but we were of necessity limited as
to space, and the specific aim has been to give such a condensed
view of the whole range of subjects as would make this treatise
at once a practical and a suggestive one.

The first five chapters of the last edition are represented in this
edition by seven chapters; the whole matter of these seven chapters
has been re-written, and two of them are on subjects not treated in
any former edition. These seven chapters represent the experience
of a lifetime, confirmed and aided by the advice and practical help
of some of the most experienced men in the world, and they may be
read by any one familiar with the use of algebraic symbols and the
practice of the rule of three. They are not in any sense abstiuse,
and they are everywhere practical.

In the second chapter, on The Principles and Theory of Vision
with the Compound Microscope, so much has been done during the
past twenty years by Dr. ABBE, of Jena, that my first desire was to
induce him to summarise, for this treatise, the results of his twenty
years of unremitting and marvellously productive labour. But the
state of his health and his many obligations forbade this; and at
length it became apparent that if this most desirable end were to
be secured, 1 must re-study with this object all the monographs of
this author. I summarised them, not without anxiety ; but that was
speedily removed, for Dr. ABBE, with great generosity, consented to
examine my results, and has been good enough to write that he has
‘read [my] clear expositions with the greatest interest;’ and, after
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words which show his cordial friendliness, he says : ¢TI find the whole

. much more adequate to the purposes of the book than I should
have been able to write it. . . . I feel the greatest satisfaction in
seeing my views represented in the book so extensively and inten-
sively.’

These words are more than generous; but I quote them here
in order that the reader may be assured of the accuracy and
efficiency of the account given in the following pages of the invalu-
able demonstrations, theories, and explanations presented by Dr.
ABBE on the optical principles and practice upon which the recent
improvement in the construction of microscopical lens systems has
so much depended.

It will not be supposed that I implicitly coincide with every
detail. Dr. ABBE is too sincere a lover of independent judgment
to even desire this. But it was important that his views as such
should be found in an accessible English form ; in that form I have
endeavoured to present them ; and in the main there can be no
doubt whatever that these teachings are absolutely incident with
fact and experience. In details, as may appear here and there in
these pages, especially where it becomes a question of practice, I may
differ as to method, and even interpretation, from this distinguished
master in Mathematical Opties.  But our differences in no way affect
the great principles he has enunciated or the comprehensive theory
of microscopical vision he has with such keen insight laid down.

In preparing the remainder of the seven new chapters of this
book 1 have sought and, without hesitancy, obtained advice and
the advantage of the support of my own judgment and experience
from many competent men of science, who have shown a sincere
interest in my work and have aided me in my endeavows. But
first on the list I must place my friend Mr. E. M. NELsoN. Our
lines of experience with the Microscope have run parallel for many
years, although the subjects of our study have been wholly different ;
but the advantages of his suggestion, confirmation, and help have
been of constant and inestimable value to me. He placed his know-
ledge, instruments, and experience at my disposal, fully and without
limit or condition ; and his exceptional skill in Photo-micrography
has enabled me to add much to the value of this book.

To Count CASTRACANE 1 am indebted for valuable suggestions
regarding the Diatomaces, to be used at my discretion ; to Dr.
vAN HEeurck I am also under much obligation for his courtesy in
preparing Plate XI. of this book, giving some of his photo-micro-
graphic work with the new object-glass of 25 mm. N.A. 1-60.
The full description of this plate is given, with some critical remarks,
in the General Description of Plates. , To the late and deeply
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lamented Dr. H. B. Brapy, F.R.S,, 1 am under obligation for
valuable suggestions regarding the Foraminifera.

From Dr. Hupson I have received cordial aid in dealing with
his special subject, the Rotifera ; and to My, ALBERT MicHAEL I am
under equal obligation for his assistance in regard to the Acarina,

Mr. W. T. SuFroLK gave me his most welcome judginent and
advice regarding my chapter on Mounting, and I received also the
suggestions of Mr. A. Core with much pleasure and advantage.
I have received help from Dr. A. Hiry, of Downing College,
Cambridge, and from Professor J. N. LaANGLEY, of Trinity College,
Cambridge—from both of whom special processes of preparation
for histological work were sent.

Mr. Frank Crisp, with characteristic generosity, aided me much
by suggestions of special and practical value ; and Mr. Jonx MAvALL,
jun,, the present Secretary of the Royal Microscopical Society, has
been untiring in his willingness to furnish the aid which his influence
was able to secure.

To Professor 'W. lHricks, F.R.S., Principal of Firth College,
Shetlield, T am indebted for the revision of special sheets ; so also 1
owe acknowledgments to Dr. HeENry CrirroNy Sorsy, F.R.S., and to
Dr. GrovEs, as well as to others, whose suggestions, advice, or con-
firmation of my judgments have been much esteemed ; and prominent
amongst these are Professor ALFRED W. BENNETT, B.Sc., and Professor
F. JEFFREY BELL, M.A., whose constant advice in their departments
of Biology I have received throughout; while in Micro-geological
subjects I have heen aided by the suggestions and experience of
Professor J. SHEARsoN Hyranp, D.Sc.

It will be observed that every endeavour has been made to
bring each of the many subjects discussed in this book into conformity
with the most recent knowledge of experts. Many of the sections,
in fact, have been wholly rewritten and illustrated from new and
original sources ; this may be seen in the sections on the History
as well as the Construction and Use of the Microscope and its appli-
ances, as also in those on Diatomacee, Desmids, Saprophytes,
Bacteria, Rotifera, Acarina, and in the chapters on Microscopic
Geology and Mineralogy. To the same end nineteen new plates
have been prepared and 300 additional woodecuts, many of which
are also new, and for the use of the majority of those which are
not so, I am indebted to the Editors and Secretary of the Royal
Microscopical Society.

There certainly never was a time when the Microscope was so
generally used as it now is. With many, as already stated, it is simply
an instrument employed for elegant and instructive relaxation and
amusement. For this thergcan be nothing but commendation, but it is
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desirable that even this end should be sought intelligently. The social
influence of the Microscope as an instrument employed for recreation
and pleasure will be greater in proportion as a knowledge of the
general principles on which the instrument is constructed are known,
and as the principles of visual interpretation are understood. The
interests of these have been specially considered in the following
pages; but such an employment of the Microscope, if intelligently
pursued, often leads to more or less of steady endeavour on the part
of amateurs to understand the instrument and use it to a purpose
in some special work, however modest. This is the reason of the
great increase of ¢ Clubs’ and Societies of various kinds, not only in
London and in the provinces, but throughout America; and these
are doing most valuable work. Their value consists not merely in the
constant accumulation of new details concerning minute vegetable
and animal life, and the minute details of larger forms, but in the
constant improvement of the quality of the entire Microscope on its
optical and mechanical sides. It is largely to Amateur Microscopy
that the desire and motive for the great improvements in object-glasses
and eye-pieces for the last twenty years are due. The men who have
compared the qualities of respective lenses, and have had specific ideas
as to how these could become possessed of still higher qualities, have
been comparatively rarely those who have employed the Microscope
for professional and educeational purposes. They have the rather
simply wsed—employed in the execution of their professional work
—the best with which the practical optician could supply them.
1t has been by amateur microscopists that the opticians have been
incited to the production of new and improved objectives. But it
is the men who work in our biological and medical schools that
ultimately reap the immense advantage—not only of greatly im-
proved, but in the end of greatly cheapened, object-glasses. It is
on this account to the advantage of all that the amateur micro-
scopist should have within his reach a handbook dealing with the
principles of his instrument and his subject.

To the medical student, and even to the histologist and patho-
logist, a treatise which deals specifically with the Microscope, its
principles, and their application in practice, cannot fail, one may
venture to hope, to be of service.

This book is a practical attempt—the result of large experience
and study—to meet this want in its latest form; and I sincerely
desire that it may prove useful to many.

W. H. DALLINGER.
Lonpon : 1891.
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EXPLANATION OF PLATES

FRONTISPIECE

Fig. 1. x 6 diameters. Horizontal and transverse section of an orbitolite.

Fig. 2. An imperfect or uncritical image of the minute hairs on the lining
membrane of the extremity of the proboscis of the blow-fly x 510 diams., taken
with a Zeiss apochromatic }-inch objective of ‘95 N.A. x 3 projection eye-piece;
but it was illuminated by a cone of small angle, viz. of 0-1 N.A., and illustrates
the unadvisability of small cones for illumination.

The first obvious feature in the picture is the doubling of the hairs which
are out of focus; but the important difference lies in the bright line with a
dark edge round the hairs which are precisely in focus. This is a diffraction
effect which is always present round the outlines of every object illuminated
by a cone of insufficient angle. Experiment shows that this diffraction line
always ceases to be visible when the aperture of the illuminating cone is equal
to about two-thirds the aperture of the objective used: but it will become
again distinctly apparent when the aperture of the cone is reduced less than
half that of the objective.

Fig. 3. x 510 diams. A correct or critical image of the minute hairs on the
lining membrane of the extremity of the blow-fly’s proboscis. In this picture
the focus has been adjusted for the long central hair. It will be observed that
this hair is very fine and spinous ; it has not the ring socket which is common
to many hairs on insects, but grows from a very delicate membrane, which in
the balsam mount 1s transparent. This photograph was taken with a Zeiss
apochromatic } of ‘95 N.A.x 3 projection eye-piece. The illumination was
that of a large solid axial cone of -65 N.A. from an achromatic condenser, the
source of light being focussed on the object.

Fig. 4. Section of cerebellum of a lamb, x 77 diams., by apochromatic 1-inch
-3 N.A. This preparation was courteously supplied to the present Editor by Dr.
Hill, whose imbedding and staining processes for these tissues it beautifully
illustrates.

Fig. 5. Amphipleura pellucida x 1860 diams., by apochromatic § 1-4 N.A.
illuminated by a very oblique pencil in one azimuth along the valve.

Fig. 6. A hair of Polyxenus lagurus, a well-known and excellent test object
for medium powers x 490 diams. by apochromatic  *95 N.A.

Fig. 7. A small vessel in the bladder of a frog, prepared with nitrate of
gilver stain, showing endothelium cells, x 40 diams., by Zeiss A. ‘2 N.A. This
object has been photographed for the purpose of exposing the fallacy which
underlies the generally accepted statement that ¢ low-angled’ glasses are the
most suitable for histological purposes. The supposition that it is so has
been founded on the fact that the penetration of a lens varies inversely as its
aperture ; therefore, it is said, a ‘low-angled’ glass is to be preferred to a
wide-angled one, because * depth of focus,’” which is supposed to enable one to
see into tissues, is the end in view.

On carefully examining this figure it will be noticed that it is almost
impossible to trace the outline of any particular endothelium-cell because its
image is confused with that of the lower side of the pipe. In a monocular
microscopical image a perspective view does not exist ; it is better, therefore, to
use a wide-angled lens, and so obtain a clear view of a thin plane at one time,
and educate the mind to appreciate solidity by means of focal adjustment. It
will be admitted that unless one approaches fig. 7 with a preconceived idea of
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w!(lla.t an endothelinm-cell is like, the knowledge gained of it will be small
indeed.

Fig. 8 represents the same structure, x 138 diams., by an apochromatic
3 65 N.A. Here only the upper surface of the pipe is seen, so that the out-
line of the endothelium-cells can be clearly traced. The circular elastic tissue
is also displayed. There is, moreover, an increased sharpness over the whole
picture, due to the greater aperture of the objective.

PLATE I

Fig. 1. The inside of a valve of Pleurosigma angulatum, showing a
¢ postage-stamp ’ fracture, x 1750 diams., with an apochromatic ;; 14 N.A. by
Mr. 1. F. Smith, and illustrating his view of the nature of the Pleurosigma
valve.

Fig. 2. The outside of a valve of Pleurosigma angulatum, showing a dif-
ferent form of structure, x 1750 diams., with an apochromatic {; 1'4 N.A. by
Mr. T. F. Smith. These two photo-micrographs demonstrate the existence of at
least two layers in the angulatum.

Fig. 3. Coscinodiscus asteromphalus, x 110 diams., with an apochromatic
1-inch ‘3 N.A.

Fig. 4. A portion of the preceding, x 2000 diams., to show the lacework
inside the areolations. This lacework is believed to be a perforated structure,
as a fracture passes through the markings. In the central areolation there
are forty-six smaller perforations surrounded by a crown of fifteen larger ones.'
Photographed with an apochromatic 4 1-4 N.A.

Fig. 6. Aulacodiscus Kittonii, x 270, by an apochromatic 1-inch -3 N.A.

Fig. 6. A'small portion in the centre of an Aulacodiscus Sturtii, x 2000,
by an apochromatic 4 1-4 N.A.  Broadly speaking, the difference between the
Coscinodisci and the Aulacodisei lies in the fact that in the former the
secondary structure is ingide the primary, while in the latter it is exterior to it.
This definition, however, is not strictly accurate, as it is believed that the fine
perforated structure covers the entire valve, it being only optically hidden by
the primary structure.

The whole of these demonstrations were photographed for the present
Editor by his friend E. M. Nelson, Esq., and have been reproduced from the
negatives by a process of photo-printing.

PLATE II. (Facing p. 274)

ARRANGEMENT OF THE MICROSCOPE WITH A STAND FOR THE MICROMETER
EYE-PIECE, TO SECURE STEADINESS AND ACCURACY IN MEASUREMENT

PLATE IIL. (Facing p. 286)
ARRANGEMENT OF THE MICROSCOPE AND ACCESSORIES FOR THE EMPLOY-

MENT OF THE CAMERA LUCIDA
PLATE IV. (Facing p. 334)
THE METHOD OF USING THE SILVER SIDE REFLECTOR OR PARABOLOID

PLATE V. (Facing p. 410)

METHOD OF USING DIRECT TRANSMITTED LIGHT WITHOUT THE
EMPLOYMENT OF THE MIRROR

Prates IL to V. are engraved from photographs, taken at the request of
the Editor by Mr. E. M. Nelson, from the arranged instruments.

1 A section of this dintom will be found in the Transactions of the County of
Middlesex Natural History Society for 1889, Plate I. fig. 2.
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PLATE VI (Facing p. 550)
SEXUAL GENERATION OF VOLVOX GLOBATOR. (After Cohn)

Fig. 1. Sphere of Volvox globator at the epoch of sexual generation: a,
sperm-cell containing cluster of antherozoids; a* sperm-cell showing side-
view of discoidal cluster of antherozoids; a® sperm cell whose cluster has
broken up into its component antherozoids; a', sperm-cell partly emptied by
the escape of its antherozoids; bb, flask-shaped germ-cells showing great
inerease in size without subdivision; b2, b? germ-cells with large vacuoles in
their interior ; % germ-cell whose shape has changed to the globular.

Fig. 2. Sexual cell, a, distinguishable from sterile cells, b, by its larger
size.

Fig. 3. Germ-cell, with antheroids swarming over its endochrome.

Fig. 4. Fertilised germ-cell, or odsphere, with dense envelope.

Fig. 5. Sperm-cell, with its contained cluster of antherozoids, more
enlarged.

Figs. 6, 7. Tnberated antherozoids, with their flagella.

PLATE VII. (Facing p. 553)
OSCILLARIACEA AND SCYTONEMACEZA
Fig. 1. Lyngbya cestuarii, Lieb. x 160.
Fig. 2. Spurulna Jenneri, Ktz. x 400.
Fig. 3. Tolypothrix cirrhosa, Carm. x 400.
Fig. 4. Oscillara insignis, Thw. x 400.
Fig. 5. O. Frolichii, Ktz. x 400.
Fig. 6. O. tenerrvma, Ktz. x 400.
These figures aie after Cooke.

PLATE VIIL. (Facing p. 554)
DESMIDIACEA, RIVULARIACEZAE, AND SCYTONEMACEA

Fig. 1. Zygosperm of Micrasterias denticulata, Bréb. (After Ralfs.)
Fig. 2. Cosmarium Brebissonti, Men. (After Cooke.)
g, 3. Euastrum pectinatum, Bréb. (After Ralfs.)
Fig. 4. Zygosperm of Staurastrum hirsutum, Bréb. (After Ralfs.)
Fig. 5. S. gracile, Ralfs. (After Cooke.)
Fig. 6. Xanimdium aculeatum, Ehrb. (After Ralfs.)
Fig. 7. Rivularia dura, Ktz. (After Cooke.)
Fig. 8. R. dura, Ktz. x 400. (After Cooke.)
Fig. 9. Seytonema natans, Bréb. x 400. (After Cooke.)
Fig. 10. Staurastrum hirsutum, Bréb. (After Cooke.)

PLATE IX. (Facing p.580)

DESMIDIACEAE

Fig. 1. Micrasterias crux-melitensis, Ehrb. (After Cooke.)
Fig. 2. Closterium setaceum, Ehrb. (After Cooke.)
Fig. 3. Desmidium Swartzii, Ag. (After Cooke.)
Fig. 4. Penium digitus, Ehrb. (After Cooke.)
Fig. 5. P. digitus, Ehrb. (transverse view).
Fig. 6. Spirotenia condensata, Bréb. (After Cooke.)
Fig. 7. Docidium baculum, Bréb. (Aiter Cooke.)
Fig. 8. Gonatozygon Brebissonii, De Bary, conjugating. (After Cooke.)

PLATE X. (Facing p.593)
PLEUROSIGMA ANGULATUM
This is a direct photo-micrograph, taken by Dr. R. Zeiss, as magnified 4900
diameters. We direct attytion specially to it as giving evidence of the pre-
sence (however originated) of the intercostal markings, which may be seen
with considerable clearness on the right-hand side of the midrib and in the
middle of the valve.
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PLATE XI. (Facing p.594)

This plate has a twofold purpose. It is designed, first, to justify the
opinions held by Dr. Henry van Heurck upon the structure of the valves of
diatoms, and also to show how the usual microscopical tests present them-
selves when examined with the new objective with N.A. 1-60, lately constructed
by the firm of Zeiss. This objective is believed by Dr. van Heurck to realise
what he considers the highest results of photographic opties, which in his
judgment could only be surpassed by finding a new immersion liquid of still
higher refractive index presenting all the necessary qualities, and which at the
same time would not affect the very delicate flint of which it is necessary to
make the front lens of this objective. Thig medium he hopes may be some day
realised. Unfortunately, up to this time, no mdication permits us to foresee
the discovery of the liquid desired.

The following is the way in which Dr. Henry van Heurck summarises his
ideas upon the structure of the valve:—

1. The valve of diatoms' is formed by two membranes or thin plates and
by an intermediate septum. By this he understands a plate pierced with
openings. The superior membrane, often very delicate, may be destroyed
in the treatment by acids in the washings, by rubbing, &c¢. It is possible also
that it sometimes only exists in a very rudimentary state. The majority of
the students of diatoms agree in believing that these membranes may be suf-
ficiently permeable to permit of exchange by endosmose between the contents
of the valve and the surrounding outer water, but that these membranes have no
real openings so long as the dintom is living and intact.

2. When the openings of the septum are disposed in alternate rows, then
they take an hexagonal form. When in perpendicular rows then the openings
are square or elongated. The hexagonal form, which is besides so frequent in
nature, seemns to be the typical form of the openings of the septum, and it
is found most frequently when the valve is large, destitute of consolidated
sides, and must offer resistance to outside agents. Even in the forms of the
square openings we see very frequently deviations and returns to the hexagonal
type upon certain parts of the valve. It is possible that the septa may be
sometimes composed of many layers, placed one above another, formed succes-
sively and closely united ; but up to this time we have no proof of it, neither
have we met with any form presenting layers placed one above another.

Such, in brief, is the view held by Dr. van Heurck as an interpretation of
our present knowledge of the structure of the valve of the diatoms. We give
now a description of the objects represented on the plate.

Figs. 1, 2, 3. Amphipleura pellucida, Kuitz, 1 and 2, valve resolved into
pearls. Fig. 2 x 2000 diams. Fig. 1 x 3000 diams. FYig. 3. Valve resolved
in strie at about 2300 diams.

Fig. 4. Amphipleura Lindheimeri, Gr., x 2500 diams.

Fig. 5. Pleurosigma angulatum, in hexagons, x (about) 10,000 diams.

Fig. 6. Idemm x 2000 diams., illusory pearls which are formed by the angles
of the hexagonal cells when the focussing is not perfect.

Fig. 7. The nineteenth band of Nobert’s test plate. This photo-micro-
graph has been made exceptionally with the apochromatic {; of 14 N.A.
The lines being traced upon a cover in crown-glass, the objective of N.A. 16
cannot be used here.

Fig. 8. Surirella gemma, Ehrb. x (about) 1000 diams. )

Fig. 9. Van Heurckia crassinervis, Bréb. (Frustulia saxonica, Rabh) x 2000
diams.

All the photo-micrographs (except fig. 7) have been done with the new -
inch N.A. 1'60 of MM. Zeiss.

These micro-photographs have been produced by sunlight in a monochro-
matic form, the special compensating eye-piece 12, and the Abbe condenser of
N.A. 16.

L ¢ The Structure of the Valve of Diatoms’ in Records of the Belgian Socicty,
v. xiii. 1890.
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Covers and slides in flint of 1-72; diatoms in a medium 2-4.

We are.bound, however, to note that the condenser used is not corrected in
any way ; its aberrations are enormous. Although the highest admiration must
be expressed for the skill exercised by Dr.van Heurck in these remarkable
photo-micrographs, and the highest esteem for his courtesy to the present Editor
in supplying them, it must not be forgotten that Dr. van Heurck was obliged
to employ an imperfect condenser--a condenser absolutely uncorrected—and
although we can testify to the high quality and fine corrections of at least one
of ?he lenses of N.A. 1'6, we are convinced that much of its real perfection
in image-forming is destroyed by uncorrected sub-stage illumination. Upon
the corrections and large aplanatic area presented by the condenser and its
careful and efficient employment depends entirely the nature of the image
presented by the finest objective ever constructed ; and as the perfection of the
objective, with a high amplification and a great aperture, is more nearly
approached, the more dependent are we upon perfect corrections in the eon-
denser to bring out the perfect image-forming power of the objective. No
image formed by such an objective as that possessing N.A. 160 can be consi-
dered reliable until a condenser corrected for all aberrations like the objective
itself is produced ; and so convinced are we of the possible value of this objec-
tive that we trust its distinguished deviser and maker may be soon induced to
produce the condenser referred to.

If, then, by the aid of the chemist we can discover media which will be
of sufficiently high refractive index, and still tolerant or non-injurious to
organic tissues immersed in it, a new line of investigation may be open to
histology and pathology.—W. H. D.

PLATE XIL (Facing p. 597)
ARACHNOIDISCUS JAPONICUs. (After R. Beck)

The specimens attached to the surface of a seaweed are represented as
seen under a 4th objective, with Lieberkihn illumination: A, internal
surface ; B, external surface; C, front view, showing incipient subdivision.

PLATE XIII. (Facing p. 651)
BACTERIA, SCHIZOMYCETES, OR FISSION FUNGI

1. Cocci singly and varying in size. 2. Cocci in chains or rosaries (strepto-
coccus). 3. Cocei in a mass (staphylococcus). 4 and 5. Cocei in pairs
(diplococcus). 6. Cocci in groups of four (merismopedia). 7. Cocei in packets
(sarcina). 8. Bacterium termo. 9. Bacterium termo x 4000 (Dallinger and
Drysdale). 10. Bacterium septicemie hemorrhagice. 11. Bactevium pneu-
monie croupose. 12. Bacillus subtilis. 13. Bacillus murisepticus. 14.
Bacillus diphtherie. 15. Bacillus typhcsus (Eberth). 16. Spirillum undula
(Cohn). 17. Spirillum wvolutans (Cohn). 18. Spirillum cholere Asiaticee.
19. Spirillum Obermeieri (Koch). 20. Spirocheta plicatilis (Fliigge). 21.
Vibrio rugula (Prazmowski). 22. Cladothriz Forsteri (Cohn). 23. Cladothriz
dichotoma (Cohn). 24. Monas Okenii (Cohn). 25. Monas Warmingii (Cohn).
26. Rhabdomonas rosea (Cohn). 27. Spore-formation (Bacillus alvei). 28.
Spore-formation (Bacillus anthracis). 29. Spore-formation in bacilli cultivated
from a rotten melon (Frinkel and Pfeiffer). 30. Spore-formation in baeilli
cultivated from earth (Friinkel and Pfeiffer). 381. Involution-form of Crenothrix
(Zopf). 32. Involution-forms of Vidrio serpens (Warming). 33. Involution-
forms of Vibrio rugula (Warming). 34. Involution-forms of Clostridium
polymyxa (after Prazmowski). 35. Involution-forms of Spirillum cholere
Asiatice. 36. Involution-forms of Bacterium aceti (Zopf and Hansen).
87. Spirulina-form of Beggiatoa alba (Zopf). 38. Various thread-forms of
Bacterium merismopedioides (Zopf). 39. False-branching of Cladothrix (Zopf).

&
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PLATE XIV. (Facing p. 664)
PURE-CULTIVATIONS OF BACTERIA

Fig. 1. In the depth of Nutrient Gelatine. A pure-cultivation of Koch’s
comma-bacillus (Spirillum cholere Aswatice’) showing in the track of the
needle a funnel-shaped area of liquefaction enclosing an air-bubble, and a
white thread. Similar appearances are produced in cultivations of the comma-
bacillus of Metchnikoff.

Fig. 2. On the surface of Nutrient Gelatine. A pure-cultivation of Bacillus
typhosus on the surface of obliquely solidified nutrient gelatine.

Fig. 8. On the surface of Nutrient Agar-agar. Pure-cultivation of Bacillus
wndicus on the surface of obliquely solidified nutrient agar-agar. The growth
has the colour of red sealing-wax, and a peculiar crinkled appearance. After
some days it loses its bright colour and becomes purplish, like an old cultiva-
tion of Micrococcus prodigiosus.

Fig. 4. On the surface of Nutrient Agar-agar. A pure-cultivation obtained
from an abscess (Staphylococcus pyogenes awreus).

Fig. 5. On the surface of Nutrient Agar-agar. A pure-cultivation obtained
from green pus (Bacullus pyocyaneus). The growth forms a whitish, transparent
layer, composed of slender bacilli, and the green pigment is diffused throughout
the nutrient jelly. The growth appears green by transmitted light, owing to
the colour of the jelly behind it.

Fig. 6. On the surface of Potato. A pure-cultivation of the bacillus of
glanders on the surface of sterilised potato.

PLATE XV. (Facing p. 756)
COMPLETE LIFE-HISTORIES OF TWO SAPROPHYTES
(Drawn from nature by Dr. Dallinger)

PLATE XVI. (Facing p. 763)

The various stages of the development of the nucleus in two saprophytic
organisms, as studied with recent homogeneous and apochromatic objectives
both in the several stages of fission and genetic fusion, indicating karyoki-
nesis, and proving, as established in detail by the text, that all the steps in
the cyclic changes of these unicellular forms are initiated in the nucleus before
being participated mn by the whole body of the organism. (Drawn from nature
by Dr. Dallinger.)

PLATE XVIL (Facing p. 792)
ROTIFERAE

Fig. 1. Flosculara campanulata.

Fig. 2. Stephanoceros Kichhornis

Fig. 3. Melicerta ringens.

Fig. 4. Pedalion nirum (side view).

Fig. 5. P. mirum (dorsal view, showing muscles).

Fig. 6. Copeus cerberus (side view).

Fig. 7. Philodina aculeata (side view, corona expanded).

Fig. 8. Male of Pedalion mirum.

All these figures, save fig. 2, are reduced to scale from the beautiful plates
in Hudson and Goss’s Rotifera.

PLATE XVIIL (Facing p. 797)

FORAMINIFERA

Yig. 1. Maiholina semannlum (a and b, lateral aspects).
Fig. 2. Alveolina Boscu (a, lateral aspect ; b, longitudinal section).
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Fig. 3. Astrorhiza limicola (a, lateral aspect; b, portion of the test more
highly magnified, showing structure).

Fig. 4. Haliphysema Tumanowiczii, showing the pseudo-polythalamous foot.

Fig. 5. Ibid. (group of specimens 1n sutu). N

Fig. 6. Haplophragmium agglutinans (a, lateral aspect; b, longitudinal
section).

Fig.) 7. H. nanum (a, superior aspect; b, peripheral aspect).

Fig. 8. Textularia gramen (@, lateral aspect; b, oral aspect).

Fig. 9. T. gramen (peripheral aspect).

Fig. Ya. Pavonina flabelliformis (a, lateral aspect ; b, oral aspect).

Fig. 10. Bulminia spinulosa.

Fig. 11. Chulostomella ovoidea (a and b, lateral aspects; ¢, specimen
mounted in Canada balsam and seen with transmitted light).

PLATE XIX. (Facing p. 799)

FORAMINIFERA

Fig. 12. Lagena sulcata.

Fig. 13. L. sulcata.

Fig. 14. L. sulcata.

Iig. 15. L. sulcata (a, lateral aspect; b, oral aspect).

Iig. 16. Nodosaria raphanus.

Tig. 17. Cristellaria calcar (a, b, ¢, lateral aspects).

Fig. 18. Ramulina globulifera.

Fig. 19. L. globulifera.

Fig. 20. Globigerina bulloides (var. triloba, pelagic specimen).

Fig. 21. . bullmdes (a b, ¢, adult typical shell).

Fig. 22. Rotalia Beccarir.

Fig. 23. Polystomella craticulata.

Fig. 24. Amplustegina Lessonii (a, superior lateral aspect ; b, inferior lateral
aspect ; ¢, peripheral aspect).

Fig. 25. Nummulites levigata (b, lateral aspect; c, vertical section).

Fig. 26. Portion of Orbitotdes nuwmmulitica. _

PLATES XX, XXI, XXII

ACARINA

All the figures, except tig. 4, Plate XXII., are copied from plates drawn by
Mr. A. D. Michael, F.L.S., &c. by the kind permission of the respective
societies that published them. Iigs. 1 to 6, Plate XX., and 1 to 3, Plate
XXI., are from * British Oribatide,” published by the Ray Society ; fig. 7, Plate
XX., from the ¢ Journal of the Linnean Society ;’ fig. 4, Plate XXI., and fig. 3,
Plate XXII., from the ¢ Journal of the Royal Microscopical Society ;’ tig. 5, Plate
XXI., and figs. 1 and 2, Plate XXII., from the ¢ Journal of the Quekett Micro-
scopical Club.’ Fig. 4, Plate XXII., is drawn after Furstenberg by the Editor.

PLATE XX. (Facing p. 1008)
ORIBATID A

Fig. 1. Anatomy of Nothrus theleproctus (male, dorsal aspect, x about 60).
The dorsal portion of the chitinous exo-skeleton, and the fat and muscles
which underlie it, have been removed from the abdomen. The internal organs
are shown protruding, as they usually do when the creature is opened, as
though they were too large to be contained in the ventral exo-skeleton. Part
of the wsophagus is seen at the top (the brain having been removed). The
preventricular glands (brown) lie on each side of the wsophagus. The ventri-
culus is coloured pink ; part of it and the whole of the cwca are covered with
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botryoidal tissue (yellow). The testes (white shaded with blue) show at the
sides protruding from beneath the alimentary canal.

Fig. 2. Hoplophora magna (female, lateral aspect, x about 50). The chitin
at the side and the fatty tissue and muscles have been removed. Alimentary
canal pink; ceca of the ventriculus spotted; preventricular glands brown;
supercoxal gland white; its vesicles yellow; expulsory vesicle, between
supercoxal and ovaries, grey ; ovary and oviducts white shaded with blue and
yellow. The genital and anal plates are open, and the genital suckers pro-
truding. One maxilla, white, is seen between the legs.

Fig. 3. Tegeocranus latus (female, dorsal aspect, x about 55). Dorsal
exo-skeleton, fatty tissue, and muscles removed. Same colours as before.
Brain (between preventricular glands) blue grey. Mandibles seen from above
and behind, their retractor muscles cut short. The trachewm, which are present
in this species, are seen proceeding to their stigmata in the acetabula of the
legs.

Fig. 4. Female genital organs of Cepheus tegeocranus ( x about 25), Vigt.
Central Ovary, oviducts with eggs, vagina, and ovipositor.

Fig. 5. The same of Damceus geniculatus ( x about20). The genital plates
and the muscles and {endons which move them, and the genital suckers, are
shown.

These two figures are reduced from the originals.

Fig. 6. Nymph (active pupal stage) of Tegeocranus hericius ( x about 100)
(carrying its cast dorsal skins).

TYROGLYPHIDA

Fig. 7. Hypopial (travelling) nymph of Rhizoglyphus Robini (ventral
aspect, x 100).

PLATE XXI. (Facing p. 1010)
ORIBATIDA

Fig. 1. Leiosoma palmicinctum (x about 40).

Fig. 2. Nymph of same species, fully grown (x about 55). The central
ellipse with the innermost set of scales attached is the cast larval dorsal
abdominal skin. The other rows of scales belong to the successive nympha-
skins.

Fig. 3. One of the scales more highly magnified.

CHEYLETIDZE

Fig. 4. Rostrum and great raptorial palpi, with their appendages of Chey-

letus venustissimus ( x about 150).
MYOBIID

Fig. 5. Myobia chiropteralis (female, x about 125).

PLATE XXII. (Facing p. 1012)

Claw of first leg of same species, being an organ for holding the hair of
the bat.
GAMASIDA

Fig. 2. Gamasus terribilis (male, x 30). A species found in moles’ nests.

ANALGINAE

Fig. 3. Freyana heteropus (male, x about 95, a parasite of the cormorant).
Fig. 4. Sarcoptes scabiei (the itch mite, x about 150, adult female).
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THE MICROSCOPE

CHAPTER I
ELEMENTARY PRINCIPLES OF MICROSCOPICAL OPTICS

To be the owner of a well-chosen and admirably equipped miero-
scope, and even to have learnt the general purpose and relations of
its parts and appliances, is by no means to be a master of the in-
strument, or to be able to employ it to the full point of its
efficiency even with moderate magnifying powers, It is an instru-
ment of precision, and both on its mechanical and optical sides
requires an intelligent understanding of p1inciples before the best
optical results can be invariably obtained.

We may be in a position, with equal facility, to buy a high-class
microscope and a high-class harp; but the mere possession makes
us no more a master of the instrument in the one case than the
other. An intelligent understanding and experimental training are
needful to enable the owner to use either instrument. In the case
of the microscope, for the great majority of purposes to which it is
applied in science, the amount of study and experimental training
needed is by comparison incomparably less than in the case of the
musical instrument. But the amount required is absolutely essen-
tial, the neglect of it being the constant cause of loss of early enthu-
stasm and not infrequent total failure.

In the following pages we propose to treat the elementary
principles of the optics of the microscope in a practical manner, not
merely laying down dogmatic statements, but endeavouring to show
the student how to demonstrate and comprehend the application of
each general principle. But in doing this we are bound to re-
member a large section of the readers who will employ this treatise,
and to so treat the subject that all the examples given, or that may
be subsequently required by the ordirary microscopist, may be
worked out with no heavier demand upon mathematics than the
employment of vulgar fractions and decimals.

In like manner, although we shall again and again employ the
trigonometrical expression ‘sine,’ its use will not involve .a mathe-
matical knowledge of its meaning. The sines of angles may be

B
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found by published tables. A table to quarter degrees is given in
Appendix A of this book, which will, in the majority of cases,
suffice ; it is not difficult to find such tables as may be required.!

Of course it is more than desirable that the microscopist should
have good mathematical knowledge ; but there are many men who
desire to obtain a useful knowledge of the principles of elementary
optics who are without time or inclination, or both, to obtain the
large mathematical knowledge required.

Now, just as a man who is without any accurate knowledge of
astronomy or mathematics may find ¢ime from a sun-dial by applying
the equation of time taken from a table in an almanac, so by the
use of a table of sines the microscopist may reach useful and reliable
results, although he may have no clear knowledge of trigonometry,
physical optics, nor the mathematical proof of formule,

All microscopes, whether simple or compound, in ordinary use
depend for their magnifying power upon the ability possessed by
lenses to refract or bend the light which passes through them. Re-
fraction acts in accordance with the two following laws, viz, :—

1. A ray which in passing from a rare medium into a denser
medium makes a certain angle with the normal, i.e. the perpendicu-
lar to the surface or plane at which the two media join, will, on
entering the denser medium, make a smaller angle with the normal.
Conversely, a ray passing out from a dense medium into a rarer one,
making a certain angle with the normal, will, on emergence from
the dense medium, make a greater angle with the normal.

The ray in one medium is called the incident ray, and in the
other medium the »efracted ray.

The incident and refracted rays are always in the same plane.

2. The sine of the angle of incidence divided by the sine of the
angle of refraction is a constant quantity for any two particular
media.

‘When one of the media is air (accurately a vacuum) the ratio of
these sines is called the absolute refractive index of the medium.
As every known medium is denser than a vacuum, it follows that
the angle of the refracted ray in that medium will be less than the
angle of the incident ray in a vacuum ; consequently, the absolute
refractive index of any medium is greater than unity.

Further, the absolute refractive index for any particular sub-
stance will differ according to the colour of the ray of light employed.
The refraction is least for the red, and greatest for the violet. The
difference between these refractive values determines what is called
the dispersive power of the substance.

This will be understood by fig. 1. Let T C, a ray of light travel-
ling in air, meet the surface A B of water at the point C. Through
C draw N N’ at right angles to the surface of the water A B. The
line N N is called the normal to the surface A B. The ray I C will
not continue its path through the water in a straight line to Q ; but,
because water is denser than air, it will be bent to R, that is
towards N’. The whole course of the ray will be I C R, of which
the part I C is called the incident ray, and C R the refracted ray.

1 Vide Chambers's Mathematical Tables.
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The angle I C makes with the normal N N/, viz. I C N, is called the
angle of incidence ; and the angle R C makes with the normal N’ N,
viz. R C N/, is called the angle of refraction.

Conversely, if a 1ay R C, travelling in water, meet the surface of
air A B in the point C, it will not continue in a straight line, but
will be bent to the point I farther away from N. Thus, when a
ray passes from a rarer to a denser medium it is bent or refracted
towards the normal, and when it passes out of a dense medium into
a rarer one it is bent or refracted away from the normal.

Further, if the shaded portion of the figure were glass instead of
water, the refracted ray RC would be bent still nearer N’, and,
conversely, if the ray passed out of glass into air, it would be more

V4

F16. 1.—The refraction of light. The law of sines.

bent away from the normal than if it had passed out of water into
alr.,

The angle of incidence IC N is connected with the angle of re-
fraction R C N’ (as stated above) by what is known as Snell’s Law of
Sines. The constant relation between the two sines for two specific
media is called the refractive index of the medium, and is usually
indicated in problems by the symbol p.

This law, stated with reference to the figure, would be :

sine ICN

sine RCN’

In IC take any point, P, and from P draw PT perpendicular

to NN’. Similarly in RC take any point, F, and draw FH per-
pendicular to N N/,

= u == the refractive index of water.

B2
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. PT . FH
Now, as sine ICN = PE and sine RCN/ = o then, by
PT
Snell’s law, g%: He
FC

As any points may be taken in T C and R C if the points had been
more judiciously selected, we might have greatly simplified the above
expression. Thus, if we take two other points, K and E, such that
K C = E C, and draw the perpendiculars as before, we shall have

KS
sineICN = IIE(S;, andsine RCN’ = IEE-I(;, and therefore %_g. = u.
EC
But as KC = EC by construction, we can write KC for EC
KS
thus: === =pu. KC is cancelled, which leaves KS =p
ED ED
K€

As p can be experimentally determined for any two particular
media, it follows that if one of the other terms is known, then the
remaining term can be found. Thus, if p and the angle of incidence
are known, the angle of refraction can be found ; and if u and the
angle of refraction are known, the angle of incidence can be found.
The unknown quantity can be found either geometrically or by cal-
culation when the other two terms are given.

It will, of course, be understood that, for the same medium in
every case, a red ray would be bent or refracted less than a violet
ray. The value therefore of u for a red ray will be less than that of
p/ for a violet ray. As a practical illustration: The refractive in-
dex for a ved ray in crown glass is 1'5124 = y, and for a violet ray
is 1-5288 = y/, the difference being p/ — p == -0164.

The refractive index for a red ray in dense flint glass is 1-7030
= u, and for a violet ray is 17501 = u’, the difference being p/ — u

Consequently there will be a greater difference hetween the bend-
ing of the refracted red and violet rays in the case of dense flint than
in the case of crown glass, the angle of the incident ray with the
normal being the same in either case.

‘Where air (more correctly a vacuum) is not one of the media,
then the refractive index is called the relative refractive index.

The normal to a plane surface is always the perpendicular to it;
the normal to a spherical surface is the radius of curvature. The
angle of the incident ray and the angle of the refracted ray are
always measured with the normal, and not with the surface.

Fig. 2 a, b, shows the normals A, B to both a plane and a
spherical surface, C D.

In thecaseof the spherical surface, B is the centre of curvature, EF
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is the incident ray in air, F G the refracted ray in crown glass. The
angle A FE is the angle of incidence, B F G the angle of refraction.

Sine A I E divided by sine B F G is equal to the refractive in-
dex of air into crown glass, or, in other words, the absolute refractive
index of crown glass, u; thus in this particular case:

(Problem) T.:
sin AFE sin45° 707 3
sin BFG = sin28° = 472 = 2= &

This problem, however, is not actually needed by the reader of
this book, for a table of
absolute refractive indices
is given in Appendix B.

It will be clear from
the above that when the
refractive index, absolute
or relative, of a ray from
any first medium is given, c
the refractive index from
the second to the first may
be found.

Thus, the absolute re-
fiactive index p from air
into glass being given as

g, find p/, the refractive

index from glass into air.
(Problem) I1.:
1 1_2

/ &

T 37F
2

When the absolute
refractive indices of any
two media are given, the
relative refractive indices
between the media can be
found.

Thus, the absolute re-
fractive index u of crown
glass is 1'5, and the ab-
solute refractive index p’
of flint glass is 1'6; find the relative refractive index p/’ from crown
to flint.

(Problem) ITI. : = p 16 _ 1-066.

F16. 2.—The normals to a plane and a curved
surface.

The relative refractive index p'”/ from flint to crown is determined
by (problem) ii. :
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Let us now suppose that in fig. 2 the ray ix travelling in the op-
posite divection. G 1 in the denser medium will now be the incident
ray, and i o the varer medivm will be the refiacted ray. Now,
if the angle B F G ohe inereased, the angle A F E will also be in-

Fi6. 8.--~The phenomenon of total reflexion. (From the ¢ Forces of Nature,’
published by Macmillan.)

creased in a greater proportion, and the ray F E will approach the
surface D,

Wlhen F E coincides with F D, G F is said to be incident at the
critical angle of the medium. When this critical angle is reached,
none of the incident light will pass out of the denser medium, but it



PROBLEMS ON REFRACTIVE INDEX 7

will be totally reflected from the surface C D back into the denser
medium.

A simple illustration of this is shown in fig. 3. It represents
a glass of water so held that the surface of the water is above the
eye. If we look obliquely from below at this surface, it appears
brighter than polished silver, and an object placed in the water has
the upper portion of it brightly reflected.

The action on all light incident on C D in the denser medium
(fig. 2) at an angle greater than the critical angle is precisely the
same 1n fact as if C 1) were a silvered mirror.

A critical angle can only exist in a denser medium, for obviously
there can be no critical angle in the rarer medium, since a ray of
any angle of incidence can enter.

When the relative or absolute refractive index of the denser
medium is given, the critical angle for that medium can be found,
thus : The absolute refractive index of water is 1':33 = u; find its
critical angle 6.

(Problem) 1V : Sno='=_1 —5 :

1-33
6 =48}° (found by table).

So the sine of the critical angle is the reciprocal of the refractive
index.
The connection between the path of an incident ray in a first

medium and its refincted ray in a second medium is established by
the formula

psin ¢ = p' sin ¢/,
where p is the absolute refractive index of the first medium, ¢ the
angle of the incident 1ay in it, u’ the absolute refractive index of
the second medium, and ¢’ the angle of the refracted ray in it.
The angle ¢ = 45° of the incident ray in the first medium A F E

(fig. 2) and p =1,p/ = g, the absolute refractive indices of both the

media, air and glass respectively, heing given, find ¢/, the angle of
the refracted ray in glass.
(Problem) V. 1:
sin ¢ _1 x sin 45°_1 x "7T07__ 471
W 5 = 1D o
¢/ = 28° (found by table).

To put another case. Suppose the angle ¢’ = 28° (fig. 2, BF G)
is given ; find ¢, the refractive indices remaining the same as before.

(Problem) V. 2:

Sin ¢ =y’ sin ﬂ’___l'5 X fin 28°=1'5 x1 '741='7065.
13
¢ = 45° (found by table).

Now, suppose the A side of C D (fig. 2) is crown glass, p = 1'5,
and the Bside of C D is flint glass, / = 16. The angle of the
incident ray A F E ¢ = 45°, find the angle of the refracted ray ¢’ or
BFG.

Sin q)' =F
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(Problem) V. 3:
g1 515X T0T_10605_
Sin¢/=" ;=" 1y =716 = ¢ = 0633
¢'=41}° (found by table).

Ax a final instance.  Suppose the ray to be tiavelling in the
opposite divection, so that G F is the incident ray and B F G, or
¢’=41}°, be given, the media being the sune ax in the last case,
w'=16 and p=15, find ¢, or the angle of the refracted ray.

(Problem) V. 4:
. Wosin g/ 16 sin 4150 16X 663 10608
Sin (]):'"‘7[*’ = 15 = 15 = 15 = 707
¢=45° (found by table).

The importance of the prism in practical optics is well known,
Its geometrieal form in  per-
speetive and in section is shown
in fig. 4.

By means of the above pro-
blems and  their solutions we
are now able to trace the diver-
gence of « ray through « prism.

In fig. 5 let A BC repre-
sent o prism of very dense fling
elass whose absolute refractive
indices p/ for ved lLight is 1°7,
and g/ for blue light is 1-75.
Let the refineting angle BA C
of the prismi =50°, and let the
angle of incidence of a ray of
white Tlight D E=45° =¢ in
air, p=1. The dotted lines show
F16. 4.—The geometrical form of the prism. the normals. Then by (problem)

(From the ‘ Forces of Nature.’) v. 1 for ved light we have for
the angle of refraction ¢/.

. s 1 sin 45° 707
sin ¢'_—.LL”,‘ (P: 7\1]11.7 g =17 =-416;

13
¢'= 24%° (found by table).

And for blue light :
., psing lsin45° 707
S]Il q), - ,u” =——’l*:75 - =:‘775
¢/'=23%° (found by table).

- Now, for the red 1ay draw E F (fig. 5), 241° to the normal, and
let it meet the other side of the prism A C in F. At F draw
another normal.

On the seale of our diagram it is not possible to draw two lines
EF, one for the red vay and the other for the blue, for they are too
close together, their angular divergence being only #°. But by

=404 5
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measurement it will be found that E F makes, with the normal at
F, an angle ¢’ of 25%°, and for the blue ray an angle ¢/ of 26}°.

It should be remembered, however, that if the refracting angle
of the prism is known, there is no necessity for this measurement,
because it is always the difference between this and the angle of
refraction before determined, thus 50°—244°=25}°.

Ay

F16. 5.—Diagram of deviation of luminous ray by a prism.

This ray E F now becomes the incident ray on the surface A C;
and as the angle it makes with the normal at F is known, and as
the refractive indices remain the same, we can, by (problem) v. 2,
find the angles of refraction for each colour.

If we take red light :

. /sin¢" 17 sin 25%° 17 x-43
Slnq): K \,U-r-= 7\1;1 )‘2= 7;< =‘732,
¢, the angle of refraction=47° (found by table).

If we take blue light :

Sin gt 0071700 208 _LTEX 42

}1
¢, the angle of refraction=503° (found by table).

This dispersion can now be represented in the diagram, seeing
that it amounts to 33°.

In optics it is convenient to use an expression to measure the
dispersive power of diaphanous substances, which does not depend
on the refracting angle of the prism employed. Further, in order
that various substances may be compared, their dispersive powers
are all measured with reference to a certain selected ray. (For this
purpose the bisection of the I) or sodium lines is the point in the
spectrum often chosen.)

In the crown and flint glasses mentioned on page 4 the dispersion
between the lines C and F, in the spectrum, referred to the bisection
of the sodium lines D, is as follows. Crown glass:—refractive index
bisection of lines D, 1:5179=pu; line F, 1:52395=py’; line C,
1-51535=p’". Then the dispersive power o

wW—p 152395—1-51535 -0086
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The values of the same lines for the flint glass are as follows :
D, I'7174=p; F, 1'73489=y’'; C, 1'71055=p"".
_ W —p” 173480 — 1-71055 02434

CEWZST TUTe 10T Taivs
So the dispersive power of the flint between the lines C and F is

slightly more than twice that of the crown for the same region of
the spectrum. In the above formula the expression p/ —p” is usually

='0339.

written & g5 in full it is therefore w = ¢ # !
p—

Having thus traced a 1ay
experimentally through =«
prism, our next step is to show
that a convex lens is only «
curved form of two such prisms
with their bases in contact,
as is shown in A, fig. 6,
where the curved line shows
the lenticular character and
the shaded elements the two
prisms. A concave lens is in
effect two prisms reversed,
that is, with their apices in
contact, as in B, fig. 6, where,
again, the curved line shows
the form of the lens and the

A B £
3 =' !
il
Fi16. 6.—Convex and concave F16. 7.—Proof that a lens may be considered
lenses are related to the as an assemblage of prisms. (From the
prism. ¢ Forces of Nature.’)

shaded parts its relation to a pair of prisms. The fact that a lensis,
in effect, as such, but an assemblage of superposed prisms is seen in
fig. 7, the refracting angle of the prism being more acute as the
principal axis is approached, and the deviation being greater as the
angle is more obtuse.

In fig. 8 let O P be the axis in each case; then, from what we
have seen, it is manifest that rays parallel to the axis falling on the
prisms with their bases in contact and acting like a convex lens will
be refracted towards the axis O P. But in the other case, where
the prisms have their apices together, as in fig. 9, acting as a con-
cave lens, the light is refracted away from the axis O P.
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11

F1c. 8.—Action of a pair of prisms with their bases in contact on
purallel light.

-
R ’
-

A
D 5
0o

F16. 9.—Action of a pair of prisms with their apices in con#et on
parallel light.
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It must, however, be understood that there is a very important
difference between the action of spherical lenses, which is due to the
different positions of the normals.
<g.-In the prisms (figs. 8, 9) the incident surfice A B isx a plane;
and as the normals are perpendiculin to it, they must be parallel to
one another. whether near the base or near the apex. Thus the
normal at E isx paiallel to the normal at K ; therefore, whatever
angle 1D E makes with the normal at E;, H K will make a similar
angle with the novmal at K, because the normals are parallel and the
fucident vays are parallel,

But in the caxe of a spherienl lens the normals are radit;
parallelism is therefore impossible. and paoallel incident rays will
not make equal angles with them, and so the refracted rays will not
he parallel.

This explains how it ix that when rays parallel to the axis fall
on the prism (see fig. 8) those which pass through the prisms near
their bases cut the axis nearer the prisms than those which pass
through near the apex.

But in & convex lens the reverse takes place; the rays passing
through near the middle of the lens cut the axis farther from the
lens than those which pass through the edge of the lens. The
typical form of a biconvex or magnifying lens is shown in fig, 10,

F16. 10.—Front and edge views of a biconvex lens.
(From the ¢ Forces of Nature.’)

both in perspective, as seen from the edge, and with a full view of
the dise; while the various forms which for various optical purposes
are given to lenses is shown in figs. 11 and 12,

Now, if we study the four following figures, we shall see the
principal action of lenses on light incident on their surfaces. Fig.
13 shows that if a radiant is placed at the principal focus of a con-
verging lens, the rays are rendered parallel ; conversely, if parallel
rays fall on a converging lens, they are brought to a principal focus
or point upon the axis.

Fig. 14 shows that if a radiant be placed beyond the principal
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focus of a converging lens, the rays are hrought to a tocus heyond
the principal focus on the other side of the lens. The ncarer the
radiant is to the principal focus, the farther away will be its conjugate
JSocus from the other principal focus,  In other words, there are two
points in the axis such that if the object is one point its focus will
be the other ; these are reciprocal one to the other. These points,

F16. 11.—Biconvex, plano-convex, Fi6. 12.—Biconcave, plano-concave,
and converging meniscus lenses. and diverging meniscus lenses.
(From the ‘Forces of Nature.’) (From the ¢ Forces of Nature.’)

the focal distances of which can always be calculated, are known as
conjugate foct.

Should the radiant be at a distance from the prineipal focus equal
to the focal length of the lens (i.e. twice the focal length from the
lens), then its conjugate will be at the same distance from the focus

+

Fra. 18. —A radiant at the principal focus of a biconvex lens makes the refracted
rays parallel.

F1a. 14.—A radiant placed beyond the principal focus causes rays to converge
beyond the principal focus on the other side of the lens.

on the othier ~side of the lens (i.e. twice the focal length firom the lens).
In other words, when the object and it~ image are equidistant on
either siude of the lens, they are cqual to each other v seze, and
are four times the foeal length of the lens apart.
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This law forms a ready means of determining the focal length of
a lens. An object is placed in front of a lens, and the distances
between this object and the lens and a screen to receive the image
of the object are so adjusted that the image of the object becomes equal
in size to the object itself. The distance of the object from the screen
divided by 4 gives the focal length of the lens.

If a radiant be placed between a lens and its principal focus, the
rays on the other side of the lens are still divergent, and will never
meet in a focus on that side. This is seen in fig. 15; but if they are
traced backwards, as in the dotted lines of fig. 15, they will then

Fia. 15.—Rays diverge when a radiant is placed between a lens and its
principal focus. Focus of divergent rays is virtual.

meet in a point, This is called the virtual conjugate focus of the
radiant, The principal focus of a concave (or diverging) lens is
shown in fig. 16. 1t will be seen that the principal focus is not
real but virtual.! Parallel rays falling on a coneave lens are rendered

Fi1a. 16.—* Virtual’ focus of concave lens.

divergent on the other side of the lens, and consequently can never
come to a focus. But if we trace these divergent rays backwards,
as in the dotted lines of fig. 16, we find that they meet in a point,
and this point is called the virtual principal focus of the lens.

It will be manifest that since the rays in passing through lenses of
various kinds are unequally refracted they cannot all meet exactly in a
single focal point. This gives rise to what is a most important feature
in the behaviour of lenses, which is known as spherical aberration,

Figs. 17 and 18 show the refraction of rays of monochromatic

1 A real image can be received on & screen, but a virtual image cannot.
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light parallel to the axis falling on a plano-convex lens of crown
glass, These figures illustrate : (1) Longitudinal spherical aberration
and (2) the focal length of a plano-convex lens and the point from
which it is measured.

(1) In regard to the former it will be seen that the longitudinal
spherical aberration is greatest in fig. 17, where the parallel rays
of light fall upon the plane surface, and least where, as in fig, 18,
they fall upon the spherical surface. For spherical aberration s the
1

J42
= R
v |
[
R?
7

F16. 17.—Spherical aberration.

distance of the focus for any ray passing through a lens from the
principal focus of that lens.

Thus in figs. 17, 18, the spherical aberration is F ¥’ for the rays
R2 R2, and F F” for the rays R! R}, and the difference between the

A|
! T
N / 22
. R’

Fig. 18.—Spherical aberration.

spherical aberration of the rays R! Rl and that of the rays R? R? is
F¥’ — FF, which is F/ ¥,
T
Thus F¥ and F ¥ in (fig. 17), 6 f = — ;- . }/_ ; FF/ and F ¥/
o2
in (fig. 18) 6 f= — g . :I-;T, where 8/ signifies the distances FF/,

F F” respectively, y the distance from the axis where the incident
ray enters the lens, and f the focus.

(2) In regard to the focal length of a plano-convex lens, it may
be incidentally noted that the focal length in fig. 17 is twice the radius,
measured from the vertex A, that is, A F. Butin fig. 18 it is twice
the radius measured from the point A ; that is, the point Fis distant
from the lens twice the radius less two-thirds the thickness of the lens,

1t will be seen, then, that the amount of spherical aberration is
due to the shape of the lens, and is least in a biconvex lens, when the
radii of curvature are in the proportion of 6 : 1, when the more curved
swrface faces the incident light. But when the lens is turned round,
s0 that the other side faces the incident light, the spherical aberration
reaches a maximum,

It would be well for the student who desires to become familiar
with these facts, without attempting any profound mathematieal
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grasp of them, to draw such a lens, and trace the paths of two rays
through it, one near the axis, the other near the edge ; then do the
same with the lens reversed.

Formula for spherical aberration : !

TR o)

where f = principal focal length; y = semi-aperture; u = refr.

index ; and », — ¢/, radii.

In an equisconvex of crown, where p = g, r=—9 =f
5 g2

Sf= —=°2.Y,

3
In a plano-convex of crown, where p= ", — ¢ = oo, » =
2

S
27
7y I
$f= — 8 Here parallel rays are incident on the convex
surface. But when parallel vays are incident on the plane surface,
(¢ 2
p= g, = oo, — 1 = 2f’ of = -—'2—) - consequently the sphe-
rical aberration is four times as great (see figs. 17 and 18).

When — 7/ = oo, and p = 169, the plano-convex becomes the
form of minimum aberration.

In a crossed? biconvex lens, where — ¢+ =6 », and p = ;,
15 2 . ..
« 2, the parallel rays being incident on the more

curved surface,

Formula for finding the principal focus F of a lens equivalent to

two other lenses whose foci are f, // and their distance apart & :
1_1 + 1 d
VAN

In figs. 5, 8, and 9 we see that when the incident ray D E con-
sists of white light, the colours of which it is composed are unequally
refracted ; the two extremes, R (red light) and 'V (violet light), being
bent in different directions, the other colours lying between them
in their proper order.

This unequal refraction of the different colours takes place in
like manner in spherical lenses, and it is then known as chromatic
aberration.

The effect of this upon the action of a lens is that, if parallel white
light fall upon a convex surface, the most refrangible of its component
rays (which, as we have seen, is the violet) will be brought to a focus
at a point somewhat nearer the lens than the principal focus; and
the red ray, having the least refrangibility, will be brought to a focus
at a point farther from the lens than its principal focus, which is, in
effect, the mean of the chromatic foci.

1 Encyclopedia Brit. vol. xvii.

2 A biconvex lens is said to be crossed ’ when the radii of its surfaces are in the
proportion of 1 : 6.
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This will be fully understood by the aid of fig. 19.

The white light, A A”, falling on the peripheral portion of the lens,
is so far dispersed or decomposed that the violet rays are brought to
a focus at C, and, crossing there, diverge again and pass on towards
FF; whilst the red rays are not brought to a focus until they reach
the pomt D, crossing the divergent violet rays at B E. The foci of
the intermediate rays of the spectrum (indigo, blue, green, yellow,
and orange) are intermediate between these two extremes. The
distance C D, limiting the violet and the red, is termed the longitu-
dinal chromatic aberration of the lens.

If the image be received upon a screen placed at C, violet will
predominate, and will be surrounded by a prismatic fringe in which
blue, green, yellow, orange, and red may be distinguished. If, on
the other hand, the screen be placed at D, the image will have a

F1a. 19.—Chromatic aberration.

predominantly red tint, and will be surrounded by a series of
coloured fringes, in inverted ovder, formed by the other rays of the
spectrum which have met and crossed.

The line E E joins the points of intersection between the red
and the violet rays which marks the mean focus, or the point where
the dispersion of the coloured rays will be least.

The axial 1ray undergoes neither refraction nor dispersion, and
the nearer the rays are to the axial the less dispersion do they
undergo. Similarly, when the refraction of the rays is greatest at
the periphery of a lens, there the dispersion will be most. Hence
the peripheral portions of uncorrected lenses are stopped out, and
the centre only often used that the chromatic aberration may be
reduced to & minimum.

Manifestly, therefore, the correction or neutralisation of this
chromatic aberration, which is known in optics as ackromatisem, is a
matter of the first moment. Multiplied colour foci between C and
D (fig. 19) make a perfect optical image impossible.

It is a question of interest and importance to the microscopist to
know how achromatism is obtained.

In a prism the amount of dispersion or unequal bending of
R and V (fig. 5) depends on two things: (1) the nature of the
glass of which the prism is composed, and (2) the refracting angle
B AC.

If, for example, another prism were taken, made of a different
kind of glass, possessing only half the dispersive power of that in
the figure, but with the angle B A C 50°, as in this case, the separa-

c
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tion of R aud V would only he kalf as great as that effected by the
prism in the figure,

Then if another prism were made of the same matericl as that
assumed in fig. 5, but with only kalf’ the refracting angle, viz. 25°,
the dispersion between R and 'V would also he hut. half’ that repre-
sented. Also a prism having 50° of refracting angle gives the same
amount of dispersion as that from a prism of 25° of refracting angle,
but of twice its dispersive power,

Under these conditions, when one prism, exactly like another in
angle aud dispersive power, is placed close to it in an inverted
position, the dispersion of the first prism is entively neutralised by
that of the second because it i~ preciselv equal in amount and
opposite  in  power.
This will be under-
stood by a glance at
fig. 20, But it will
he seen that not only
ixdispersion veversed,
but refraction  also
is  neutralised,  the
emergent 1ay being
parallel to the in-
cident ray. Therefore
theequalandinverted
syvstem of prisms can
be of no possible use

Fic. 20.—Recomposition of light by prisms. (From t(,) the, prztctlc&l opti-

{1e ‘Forees of Nature.’) cian in the correc-

tion of lenses because

the convergence and divergence of rays are both essential to the

construction of optical instruments. The dispersion, in fact, must
be destroyed without neutralising all the refraction,

Suppose we take u prism with an angle of 50°, composed of glass
having acertain dispersive power, and invert next it a prism of 25°
angle, composed of” glass having twice the dispersive power of the
former. Dispersion will be manifestly destroyed, because it is equal
in amount and opposite in nature to that possessed by the prism of
50°; but the prism with an angle of 25° will not neutralise all the
refraction effected by the prismm of 50°.

These conditions plainly suggest the solution of the problem, for
part of the convergence is maintained while the whole of the
dispersion 1~ destroyed, .

The sphetieal lenses which answer to these prisms arve a crown
eonves, fittimg into a flint plano-coneave ot double the dispersive
power

Tt has been pomted out above that all the other colours lie in
their proper order hetween the ravs Roand V (fig. 5).  Let us select
one, green, and represent it by (1. Now if G lies midway hetween
R and V in the prism of 50° of angle, and also between R and Voin
the prism of 25° of angle, its dispersion will also he neutralised.
This means that when the dispersion between the three eolours in
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one kind of glass is proportional to their dispersion in the other,
then when any two are destroyed the third is destroyed with them.
This unfortunately is not the case in practice, because two kinds of
glass having proportional dispersion powers cannot be obtained.
This, however, is what really happens. G may lie midway between
R and V in one kind of glass, but in the other it may lie, for
instance, much nearer R, say a third instead of half the distance
of R from V. If now the dispersion of R V be destroyed, G will
be left outstanding. If a different angle of prism be chosen, so that
R and G are neutralised, then V must be left outstanding.

This want of proportion in the dispersion of the various colours
of the spectrum in two kinds of glass is termed the wrationality of
the spectrum, and the colour or colours left outstanding in a corrected
combination of lenses is known as the secondary spectrum.

In some subsequent pages we shall have to call attention to the
manufacture in Germany of some new vitreous compounds by the
combination of which with fluor spar the secondary spectrum has
been removed from microscope objectives, and an apochromatic
system of construction has been introduced.

Meanwhile, we may remember that it has only been in compa-
ratively recent times that the construction of achromatic object-
classes for microscopes has been brought about, but the gradual
enlargement of aperture and the greater completeness of the cor-
rections soon after the discovery of achromatism rendered sensible
an imperfection in the performance of these lenses under certain
circumstances, which had previously passed unnoticed, and Andrew
Ross made the important discovery that the use of cover-glass in
mounting minute objects introduced aberration, and that a very
obvions difference exists in the precision of the image, according as
it is viewed with or without a covering of thin glass, an object-
glass which may be perfectly adapted to either of these conditions
being sensibly defective under the other.

He also devised the means of correcting this error, and published
his device in vol. li. of ¢ Transactions of the Society of Arts’ for 1837.

Fig. 21 will illustrate the effect produced on the corrections of
an object-glass by the interposition of a cover-glass between the
object and the objective.

The rays radiating from the object O in every direction fall upon
the cover-glass C C (u = 1'6). On tracing two definite rays, such
as O A and O B, it will be found that they will be refracted to R
and P (shown by the dotted lines of the figure). On their emergence
into air they will be again refracted in a direction parallel to their
first path, and will enter the front lens of the objective at the
points M and N.

Now as M R and N P, produced, meet in Y, it follows that, so
far as the objective is concerned, the rays M R, N P might have
diverged from the point Y.

Similarly, by tracing two of the less divergent rays from O they
will be made by the refraction of the cover-glass to appear as if
they diverged from X. Therefore,in consequence of the cover-glass
the objective has to deal with rays radiating apparently from two dis-

c2
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tinct points, X and Y. If there were no cover-glass all the rays would
diverge from O, and then the objective would require to be perfectly
aplanatic. This word (derived from & = privative, and rhavdw, to
wander, i.e. free from wandering or error) means, as used by opticians,

N “\S N N
/ ALY
/ AT

7

F16. 21.—The effect produced by a cover-glass on the corrections of an
object-glass.

that all the rays passing through alenssystem are broughttoanidenti-
cal conjugate focus, as shown in fig. 22. But as affected by the cover-
glass the marginal rays diverge, apparently, from a focus, nearer the
objective than the central rays ; therefore the objective, to meet this
condition, must be what is called wnder-corrected ; a condition pre-
sented in fig. 23, so as to focus both these points at once. Here the

2|

<>

L F
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Fi6. 22.—Aplanatic system. F16. 28.—Under-corrected system.

curvature of the surface of the crown lens being increased, the flint
plano-concave is not sufficiently powerful to neutialise all the
spherical aberration of the crown. As a consequence the peripheral
rays are brought to a focus at F’, while the central rays pass on to
F. This is what is meant by ‘ under-correction’ in an object-glass.
In fig. 24 the reverse condition
is presented, for the incident curve
of the crown lens has been flattened,

%

7z

N /' while that of the flint has been
&é deepened, which increases the cor-

Fic. 24.—Over-corrected system. rective power of the flint, and thus
destroys the balance of the com-

bination in other directions. The rays passing through the periphery
of the combination will be brought to a focus F’, while the central
rays wiil be focussed at F. This is what is known as over-correction.
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An  aplanatic objective can be made into an wnder-corrected
objective by (1) causing the back lenses of which it is composed
to approach the front lens. This is the device of Andrew Ross, and
is now effected ! by means of a specinl ¢ collar’ arrangement, which,
by the action of a screw, approximates or separates the suitable
lenses. But for this a special device is needed for each objective.
(2) The result can moreover be secured by causing the eye-piece to
approach the objective. 'This of course is accomplished by the use of
the draw-tube, and must be employed with objectives having rigid
mounts.

(‘losing lenses, that is, bringing them together, whether in the
objective itself or in the microscope as a whole, by shortening the
distance between the eye-piece and the objective, under-corrects the
objective, that is, gives negative aberration ; while the separation of
lenses over-corrects o1 gives positive aberration.

In using the collar correction! for a longer body or a thicker
cover-glass the collar adjustment must be moved so as to cause the
back lenses of the objective to approach the front lens, while for a
shorter body or a thinner cover-glass, the adjustment must be moved
50 as to cause their separation.

In correcting by tube length for a thicker cover shorten the tube;
and for a thinner one lengthen it.

For the benefit of those who aimn at work with lenses, that is
such as may be compassed with the aid of the most elementary
mathematics, it may be well to indicate a simple method for the
deduction of the foct of plano-convex and biconvex lenses.

In fig. 17 the focus is twice the radius measured from the vertex
A, that is, A F. Butin fig. 18 it is twice the radius measured
from the point A, that is, the point '

F is distant from the lens twice the
radius less two-thirds the thickness A Vo
of the lens. | |

Similarly, in fig. 25, the focus T I
of a biconvex lens is measured from
the point A ; in other words, F is
distant from the lens the length of
the radius less one-sixth the thick- Fre. 25.—The focus of a convex lens
ness of that lens (nearly).

Fornude relating to a biconvex: lens.—Where P is one focus, P’ its
conjugate, F principal focus (solar focus, or that for a very distant
object), R radius of curvature for one surface, R/ for the other
surface, p the refractive index of the medium, then

1 1 1 1

prp=6=1 (g+w); ; y
1 11 ; 1
F=E-1) (R’*Rl)? '
1.1 1

PTP=F

Fi6. 26a.—Focus of a concave lens.
! See Chapter V.
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Algo, if « is the distance of a focus from F, the principal focus,
and g, the distance of its conjugate from F’, the other principal
focus on the other side, then

zy=F F;
or,
@ y=F.

In an equiconvex lens of crown glassif p=1'5, F=radius of
curvature. But in a plano-convex lens of crown glass if p=1'5,
F=twice the radius of curvature.

In the above formula the thickness of the lens has been neglected.
In thick lenses, however, its effect must not be disregarded, even if
only approximate results are required. A very approximate deter-
mination of the prineipal focal length of an equiconvex lens measured
Jrom the surface may be made by subtracting from the result
obtained by the foregoing formula one-sixth of the thickness of the
lens. (See fig. 25.)

Ewamples —Equiconvex lens of crown glass u=1-5, =3, thick-
ness=}. By above formula F=}. Subtr :wtm" from this one-
sixth of the thickness of the lens, we get F=11 as the distance
between the focus and the surface of thelens. This is only 4}, inch
from the truth. If the lens were a sphere it would be necessary to
subtract } of its thickness.

In the case of a plano-convex lens the principal focus on the
convex side is equal to twice the radius as above, but on the plane
side two-thirds of the thickness of the lens must be subtracted from
it.

In a hemispherical lens of crown glass u=15, radius=1%, thick-
ness=4, the principal focus on the convex side will be one inch
from the curved surface and on the plane side £ inch from the plane
surface.

In an equiconcave lens the foci are virtual and are crossed over ;
thus, the lens in fig. 254 is equiconcave, the focus F,instead of being
measured from A to the right hand, must be measured to the left
hand; consequently, 3 of the thickness must be subtracted from
the focal length in order to determine the distance of F from the
surface of the lens.

A plano-concave lens follows the plano-convex, but the foci are
virtual and crossed over. From the principal focus on the curved
side subtract § of the thickness, and from that on the plane side
subtract the whole thickness of the lens.

Examples.—Equiconcave of dense flint p=1-75, radius=—%,
thickness }, F by formula=—1; subtract fr om this & of the thick-
ness of the lens, we obtain—1, which is only 14 inch too short.

Plano-concave of dense flint u=1-75, radius= — 4}, thickness },
F by formula — £, subtract from this 'the thickness of the lens.
Then F=—; this is the focal distance from the plane side. For
the focal dlstance from the curved side subtract § of the thickness,
then F=—%%, which is ' inch too long.

The prmczpal Jocus of a combination of two or more lenses, whose
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principal foci and distances ave known, can be found from the formula
})+ p’=} by assigning for the value of p the distance of the prin-
cipal focus of the first lens from the second, and so on.

Example—Parallel rays fall on an equiconvex lens of four inches
focus. Two inches from this lens is another equiconvex lens of
three inches focus. Find the distance of the focal point from this
last lens, to which the rays will be brought. It is evident that the
rays would be brought by the first lens to a focus two inches behind
the second if it were not there. This point, which is negative with
regard to the second lens, must be taken as the value of p in the
formula. We have, therefore :

1,
3’

!
7
="

5

|
[

Hitherto our attention has been confined, in studying the action
of lenses, to the manner in which they act upon a bundle of parallel
rays, or upon a pencil of rays issuing from a radiant point. More-
over, we have considered this point as situated in the line of axis.
But the surface of every luminous body may be regarded as compre-
hending an infinite number of such points, from every one of which
a pencil of rays proceeds, to be refracted in its passage through the
lens according to the laws enunciated. In this way a complete
image, 1.e. picture of the object, will be formed upon a suitable
surface placed in the position of the focus. .

There ave two kinds of image formed by lenses, a real image an
a virtuel image.

1. The formation of a veul imuye means the production of a

Fra. 26.—The formation of & real image.

picture by a lens, or a combination of lenses, which can be thrown
upon a screen ; such are the images of a projection lantern and the
image produced by the camera upon the focussing glass. The manner
in which this takes place will be understood by reference to fig. 26,
where A B is an object placed beyond P, the principal focus of the
aplanatic combination. From every point of A B are rays radiating
at every possible angle. Let AF and AH be two such rays
radiating from the point A. Now if the refraction of these rays be
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traced, in the manner already indicated, through the aplanatic com-
bination, it will be found that the rays which before immergence
were diverging are by the refraction of the combination on emer-
gence rendered converging. Thus the ray FC meets HC at the
point C. The point C is called the conjugate focal point of A, and
wherever there is a focal point there will be an image. Therefore,
at C, there will be an image of A. In the same manner the rays
issuing from every point along A B may be traced, and will be found
to have each one its respective conjugate lying on C D), so the con-
jugate of Bisat D). Hence it is at once manifest that an inverted
conjugate image of the object A B is formed at CD. TFurther, it
will be noticed that, although the object is straight, the image of it
is curved towards the lens.

If the object A B had been curved, so that it presented a convex
aspect to the lens, then its conjugate image C D would have been
more curved ; but if A B had been slightly concave towards the lens,
then its conjugate would have been straight.

As before stated, the point C has been determined by tracing
the refraction of two rays,! A Fand A H, through thelens. Another
method is, however, often employed.

In every lens there is a point which is called its optical centre.
This point is such that any ray, which in its refraction through the
lens passes through this point, will emerge in « direction parallel to
its path before iinmergence. Now as lenses for graphic and theoreti-
cal purposes are often assumed to be of insensible thickness, it has
become the practice to draw any ray passing through the optical
centre of the lens a straight line.  Obviously, if the lens has sensible
thickness the ray cannot be considered a straight line, and in the
microscope, where the lenses are very thick in proportion to the
length of their foci, this method will lead to much error. Of course,
in those cases where it can be taken as a straight line, it saves the
trouble of computing a second ray to intersect the first, as any ray
intersecting the straight line will determine a conjugate focal point.

In the upper part of fig. 26 the two rays, AF and A H, are
traced through the lens to determine the point C, but in the lower
part of the figure only the ray B K is traced, and the intersection of
this ray by the straight line BT passing through the optical centre
gives the point D.

2. An image is said to be wirtual when 1t cannot be received on
a screen. Fig. 27 shows how a virtual image is formed. The
letters are the same as in the preceding figure, so as to show the
analogy between the two. The fundamental difference between
this figure and the last is that the object A B is placed between P, the
principal focus, and the lens.

We have already seen from fig. 15 that when a radiant is placed
before a converging lens, and nearer to it than its principal focus,
the rays emerging from the lens are still divergent even after their
refraction through the lens; consequently they will never intersect,

1 In the majority of the preceding diagrams the drawing has represented the

facts accurately ; in this instance they are diagrammatic, the size of admissible illus-
trations making an accurately traced ray impossible.
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and as there is no focal point, there can be no screen image.
Thus two rays radiating from the point A of the object A B fall on
the lens and are refracted in the directions A F, A H: these are
divergent and will never meet ; but if the human eye is placed near
the lens, so that it can receive the rays F and H, the rays will be
converged by the lens of the eye, and will be brought to a focal
point in the retina.

Similarly, from every point in A B there will be a corresponding
retinal point. Now if we produce F and H backwards (see the
dotted lines in the figure) we shall find that they intersect at the point
C. As the rays F and H are precisely identical with rays which
would have diverged from the point C had it been an entity, the
retinal image therefore will be an image of a non-existent picture
CDh.

The method of drawing this is exactly similar to that of the

0..

N Ny

F16. 27.—The formation of a ¢ virtual image.

preceding figure. The rays A Fand A H are traced through the
lens, and their prolongation backwards (see the dotted lines in the
figure) gives the point C. Also, as in the preceding figure, any
point of the picture can be found by tracing one ray, such as K;
then the intersection of its backward prolongation with a straight
line joining B with the optical centre, produced, will give D.

The points C and D are called the virtwal conjugate foci of A
and B respectively. In mathematicnl opties it appears as a negative
quantity which satisfies an equation, and is a sort of metaphysico-
mathematical truth. In this case the virtual image is convex
towards the lens.

Fig. 27 illustrates the action of a simple microscope. The object
itself is not seen, but the picture presented to the eye is an
enlarged ghost of it. As some eyes can take in rays of less diverg-
ence than others, it might happen that the rays C F, C H, were too
divergent for the observer’s eyesight, in which case the lens would
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have to be withdrawn from the object. Similarly, if the observer
were short-sighted, the lens must be placed nearer the object to
render the rays more divergent. Dr. Abbe points out! that the
generally adopted notion of a ‘linear amplification at a certain
distance’ is, in fact, & very awkward and irrational way of defining
the ‘amplifying power’ of a lens or a lens-system.

In the formula N = ! the amplification of one and the same

system varies with the length of [, or the ¢distance of vision,” and
an arbitrary conventional value of ! (i.e. 10 inches, or 250 mm.)
must be introduced in order to obtain comparable figures. The
actual ¢ linear amplification’ of a system is, of course, different in

Fi6. 28.—The amplifying power of a lens.

the case of a short-sighted eye, which projects the image at a dis-
tance of 100 wmn., and a long-sighted one, which projects it at
1000 mm. Nevertheless, the ‘amplifying power’ of every system is
always the same for both, because the short-sighted and the long-sighted
observers obtain the image of the same object under the same visual
angle, and consequently the same real diameter of the retinal image.
That this is so will be seen from fig. 28, where the thick lines show
the course of the rays for a short-sighted eye, and the thin lines for
a long-sighted one, the eye in each cuse being supposed at the pos-
terior principal focus of the system.

The other generally adopted expression (-)f the power by N ——'-:}l.

may be put on a somewhat more rational basis than is generally
done by defining the length 7 (10 inches) not as ¢ distance of distinct
vision,” but rather as ¢ distance of projection of the image.” As far
as ‘distinct vision’ is assumed for determining the amplification,
the value of N has no real signification at all in regard to an observer

1 Journ. R.M.S. vol. iv. ser. ii. p. 848,
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who obtains distinet vision at 50 inches instead of 10 inches, and, in
fact, many microscopists declare the ordinary figures of amplification
to be useless for them because they cannot observe the image at the
supposed distance. It appears as if—and many have this opinion—
the performance of the microscope in regard to magnification
depended essentially on the accommodation of the observer s eye.
This misleading idea, resulting from the common expression, is
eliminated by deﬁmng the 10 inches mer ely as the distance from the
eye at which the image is measured—whether it be a distinct or an
indistinct image. For, if an observer, owing to the accommodation
of his eye, obtains a distinet image at a distance of 10 feet, I may
nevertheless assume a plane at a distance of 10 inches from the eye
on which the distant image is virtually projected, and measure the
diameter of that projection. Now this diameter is strictly the same
as the diameter of that image, which another observer would
really obtain with distinct vision at that same distance of 10
inches.

The only difference is that in the former case we must take the
centres of the circles of indistinctness instead of the sharp image-
points in the latter case. If the conventional length of /=10 inches
is interpreted in this way (as distance of projection, independently
of distinct vision) the absurdity at least of a real influence of the
accommodation on the power of a microscope is avoided. Tt becomes
obvious that for long-sighted and for short-sighted eyes the same N
must indicate the same visual angle of the enlarged objects, or the
same magnitude of the retinal image, because it indicates the same
diameter of the projection at 10 inches distance.

It was long since pointed out by Amici, that the introduction of
a drop of water between the front surface of the objective, and
either the object itself or its covering glass, would diminish the loss
of light resulting from the passage of the rays from the object or its
covering glass into air, and then from air into the object-glass.
This, which is known as ¢ water immersion,” was, however, first sug-
gested by Sir D). Brewster in 1813, But it is obvious that when the
rays enter the object-glass from water instead of from air, both its
refractive and its dispersive action will be greatly changed, so as to
need an important constructive modification to suit the new condi-
tion. This modification seems never to have been successfully
effected by Amici himself; and his idea remained unfruitful until it
was taken up by Hartnack, who showed that the application of what
is now known as the immersion system to objectives of high power
and large aperture is attended with many advantages not otherwise
attainable. For, as already pointed out, the loss of light increases
with the obliquity of the incident rays; so that when objectives of
very wide aperture are used ¢ dry,” the advantages of its increase are
in great degree nullified by the reflection of a large proportion of
the rays falling very obliquely upon the peripheral portion of the
front lens. When, on the other hand, rays of the same obliquity
enter the peripheral portion of the lens from water, the lpss by re-
flection is greatly reduced, and the benefit derivable from the large
aperture is propor tmlmtely augmented. Again, the ‘immersion
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system ’ allows of a greater working distance between the objective
and the object than is otherwise attainable with the same extent of
aperture ; and this is a great advantage in manipulation. Further,
the observer is rendered less dependent upon the exactness in the
correction for the thickness of the covering glass, which is needed
where objectives of large aperture are used ‘dry;’ for as the
amount of ‘ negative aberration’ is far smaller when the rays which
emerge from the covering glass pass into water than when they pass
into air, variations in its ¢ thickness produce a much less disturbing
effect. And it is found practically that ¢immersion’ objectives

«an be constructed with magnifving powers sutliciently high, and
apertures sufficiently large, for the majority of the ordinary pur-
poses of scientific investigation, without any necessity for cover-ad-
Justment ; being ()rlgumlly :uLLpted to give the best results with a
covering glass of suitable thinness, and small departures from this
in either direction occasioning comparatively little deterioration in
their performance. But beymul all these reasons for the superiority
of the ‘immersion system’ is, as will be presently seen, the fact that
it admits into the lens a larger number of ¢ diffraction spect'/'a’ than
can be possibly admitted by a lens working in air; and upon this
depends the perfect presentation of the image.

The tmmersion system has still more recently been advanced upon
by the application of & principle which lies at the root of the optical
interpretation of the images which modern lenses present, and
which has greatly increased the value of the microscope as a scientific
instrument. It is an improvement that primarily depends upon a
correct theoretical understanding of the prineiples of the construction
of microscopical lenses, and the interpretation of the manner in
which the image is realised by the observer. The late Mr. Tolles
was the first to adopt this system, as we point out subsequently ;
but it is to Professor Abbe we are indebted for its practical appli-
cation, through whom it is now known as the homogeneous system.
The word ¢ homogeneous’ was, however, first applied to microscope
lenses by Tolles (1871), as may be seen in the following passage. . . .
‘two hemispherical lenses balsam-cemented, with a diatom or other
small object at the centre, together constituting a nearly homo-
geneous transparent globe’ (M. M. J., vol. vi. p. 214). ¢The idea
of realising the various advantages of such ’a system by constructing
a certain class of homogeneous objectives had, Professor Abbe
says, 1 “for some time presented itself to his mind. ¢The matter
assumed, however, subsequently, a different shape in consequence
of a suggestion made by Mr. John Ware Stephenson, . .. of
London, who independently discovered the principle of homogeneous
immersion,’ 2

_ This method consists of the replacement of water between the
covering glass of the mounted ohject and the front surface of the
object-glass by a liquid having the same refractive and dispersive
power as crown glass. With such a fluid taking the place of air, it

1 On ‘Stephenson’s System of Homogenous Immersion for Microscopic Ob]ec-
txves (Abbe), Journ, R.M.8. vol. ii. 1879, p. 257.
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follows that the correction collar, though still a refinement and aid
in the attainment of the finest critical images, would be a necessity
no more.

The desirability of the construction of a combination of lenses
which would satisfy these conditions wax urged by Mr. Stephenson
upon Professor Abbe, and he secured the profound knowledge,
which, as a mathematical optician he possessed, for the complete and
practical solution of the problems involved, and the production of a
remarkable series of lenses, marking a distinct epoch in the progress
of theoretical and practical optics.

He had, in fact, as we have hinted, already approached the con-
sideration of the subject from another point of view, believing that
petrographic work—the study of thin sections of mineral substances—
could be far more efficiently accomplished by the use of homo-
geneous lenses. But in the new aspect in which the problem was
presented by Mr. Stephenson it carried with it new interest to Abbe;
not only as promising to largely dispense with the * correction collar,’
but also to greatly enlarge the ¢ numerical aperture,” and therefore
secure a greater resolving power in the objective.

One of the difficulties was to find a suitable fluid to meet the
necessities as to refraction and dispersion, But after a long series
of experiments Professor Abbe found that oil of cedar wood so
nearly corresponds with crown glass in these respects that it served
the purpose well.

The result of Abbe’s caleulations based on Mr. Stephenson’s sug-
gestion was the construction by Carl Zeiss of a ,th with a N.A.l
of 1:25 of fine quality, and still higher promise, and subsequently
of a 3th and a ;th in, objective of a like character.

It may be well to note that Amici suggested the use of oil
instead of water prior to 1850, and Mr. Wenham again revived
the suggestion in 1870.2 But neither of these is in even a remote
sense an anticipation of the ‘homogeneous system’ of lenses as we
now understand it. The ¢oil immersion’ in both instances was an
expedient. The principle on which the construction carried out by
Professorr Abbe depended was the ¢ optical’ principle that a medium of
high refractive power gives an aperture greatly in excess of the
maximum (180°) of a dry lens ; while Abbe’s explanation, propoinded
in 1874, of the important bearing which the diffraction pencils have
on the formation of the microscopic image makes the resolving
power of the object-glass dependent upon the diffraction pencils that
are taken up by it.

All this was unknown or unadmitted by those who had previously
suggested oil us an émmersion medium, which leaves the homogeneous
system as now employed wholly dependent upon the principles
enunciated by Abbe, arising from the practical suggestion of Stephen-
son and resulting in the beautiful object-glasses of Abbe and Zeiss,
although it is best just to remember that Tolles always maintained
that his immersion objectives had a greater aperture than 180° air

1 The meaning of this expression will be found on p. 49, but the whole of Chap. II.

must be carefully read. »
2 Monthly Micro. Journ. vol. iii. p. 808.
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angle. Dr. Royston-Pigott constructed the first aperture table
giving the relative values of dry, water, and homogeneous (nascent
pencil) immersion objectives ; it is given in M, M. J., vol. iv. p. 26,
1870).

( Or)le of the essential advantages of this system, beyond those
stated, is that by the suppression of spherical aberration in front of
the objective, facilities are afforded for correcting objectives of great
numerical aperture, both in theory and practice, that reduce it to
the level of the problem of correcting objectives of moderate ¢angle.
As a result, stimulated by the manifest advantage to be obtained
and the wants of those engaged in actual research, Messrs. Powell &
Leéaland, of London, very soon made a J:th inch and a j;th inch
objective on the homogeneous principle, with numerical apertures
respectively of 138, and during the year 1885 produced lenses of an
excellence impossible to any previous system of Jth inch, ';th inch,
and f5th inch power, having respectively munerical apertures of
1-50, while 1°52 is the theoretical maximum.

The nse of a ¢ correction collar’ in homogeneous object-glasses
has been dispensed with, correction being obtained by alteration of
the tube length solely, but this must also be aided in endeavour-
ing to secure the most perfect ¢ critical images’ by a body-tube pro-
vided with rack and pinion motion; this should be of the best
quality, and if the object-glass is of perfect construction and of latest
form (apochromatic, ¢.».), results never before attainable ean be got
with comparative ease,

With such evidence of advance in the optical construction of
microscopes, dependent apparently on such accessible conditions, the
question of what is possible in the future of the instrument no doubt
obtrudes itself; that, however, c¢an only be considered as having
application to the area of our present knowledge and resources. It
is impossible to forecast the future ngencies which may be at the
disposal of the practical optician. To photograph stars in the im-
measurable amplitudes of space, absolutely invisible to the human
eye, however aided, was hardly within the purview of the astronomers
of a quarter of a century ago; that there may be energies and
methods discoverable by man that will open up possibilities to the
eager student of the minute in nature which will just as widely
overstep our present methods of optical demonstration, there can be
little reason to question. But it is no doubt true that with the in-
struments and media now at the disposal of the practical optician
no indefinite and startling advance in microscopic-optics is to be
looked for. The ‘atom’ is infinitely inaccessible with any conceiv-
able application of all the resources within our reach. But optical
improvement of great value, bringing nature more and more nearly
and accurately within our ken and reducing more and more certainly
the interpretation of the most difficult textures and constructions
in the minutest accessible tissue to an exact method, is certainly
within our sight and reach. It is not a small matter that the homo-
geneous lenses were, in a comparatively short period of time, carried
from a N.A. of 1:25 to 1'‘50 ; and this carried with it the capacity
theoretically indicated.
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High refractive media can greatly reduce the value of even the
wave-length of light, and what is possible in the production of vitreous
combinations, refractive fluid media, and mounting substances we
may not forecast ; but, judging from the past, we have by no means
reached their limit. At the same time, it may be remembered that
photo-micrography, by constantly covering a wider area of applica-
tion with its ever increasingly delicate and subtle methods, is
more penetrating in the revelation of structure than the human
eye.

Y It may be taken for granted that in the present state of optical
mathematics the opticians, English, Continental, and American,
have given up the quest of many things fruitlessly sought. Empty
amplification is a folly of lenses of the past. Magnification without
concurrent disclosure of detail is of no more scientific value for the
disclosure of structure than the projection of the photo-micrograph
by an electric arc upon a screen would be. What is needed is an
ever-increasing exactitude in the formation of the dioptrical image.
The imperfection of this at the foeal point springs from two causes :
one, as we have just demonstrated, arises from the residual spherical
and chromatic aberrations, the other takes origin in the want of homo-
geneity, absolute precision of cuwrve, and perfect centering of the system
of lenses in a combination. This causes the cone of rays proceeding
from the object to unite, not in perfect image points, but in ¢light
surfaces of greater or less extent—circles of dissipation '—which
limits the distinctness of minute details. Tt is the faults of the ob-
jective that in practice are alone important, and with the crown and
flint glass commonly at the disposal of the optician there are two
great drawbacks to perfection, or rather to an approximation to it.

1. The first arises from the unequal course of the dispersion in
crown and flint glass, already described, which makes it impossible
to unite perfectly, with the properties they possess, all the coloured
rays in an tmage. Absolute achromatism cannot by their means be
attained, the dispersion at different parts of the spectrumn being so
greatly disproportional. It has never been possible to unite more
than two different colours of the spectrum. The rest, in spite of all
effort, deviate and form the secondary spectrum, leaving, in the very
finest lenses, circles of dispersion not to be excluded.

2. The second defect arises in the impossibility of correcting by
means of ordinary crown and flint glass the spherical aberration for
more than one colour. If the spherieal aberiation be removed as
far as may be for the centre of the spectrum, there remains under-
correction for the red, and over-correction for the blue and violet
rays, presenting a want of balance between the chromatic corrections
for the central and marginal zones of the objective. Although
perfect chromatic corrections for the central rays may he effected,
giving images of great beauty, the chromatic over-correction for the
peripheral rays with oblique illumination will show the borders of
the image with distinct chromatic fringes.

To compensate these aberrations in the construction of an object-
glass, what is needed is a vitreous material applicable to optical
purposes possessed of such properties that a relatively smaller re-
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fractive index could be united with a higher dispersive power, or a
higher refractive index with a relatively lower dispersive power.
By proper combination of such materials, if they be provided with
ordinary crown and flint glass to partly remove the chromatic and
spherical aberrations independently of each other, and so to obey
the conditions on which the removal of the chromatic difference
depends, these aberrations could be compensated.

All this was seen and fully demonstrated and set forth by Abbe
as far back as 1876,* and he pointed out that the further perfecting
of the microscope in its dioptrical working was dependent on the
art of glass making; the production, that is to say, of vitreous
compounds possessing different relations of refractive and disper-
sive power by 'means of which the secondary spectrum could he
removed.

For practical purposes the matter was in abeyance until 1881,
but since that time Dr. Schott and Professor Abbe, with the active
co-operation of the optical workshops of Zeiss, undertook the
laborious and prolonged investigation into the improvement of
optical glass, to which we have alluded ; the result has been the
production of ‘crown’ and ‘flint’ glass possessing exactly the
qualities foreshown as indispensable by Abbe.

By chemical, physical, and optical research of a most laborious
nature, and by spectrometric observations of nunerous experimental
fusions systematically carvied out with a large variety of chemical
elements, the relation between the vitreous products and their
chemical composition has been more closely investigated.

In the crown and flint glass produced up to the time of these
investigations, the uniformity of property arose from the relatively
small number of materials employed. Aluminium and thallium,
with silica, alkali, lime, and lead, formed the limit. By the use of
more chemical elements, especially phosphoric and boric acid as the
essential constituents of glass fluxes in the place of silica alone, flint
and crown glass have been produced in which the dispersion in the
different parts of the spectrum is mnearly proportional; so that in
achromatic combinations it is now a question of detail and practical
opties to eliminate almost entirely the secondary spectrum. It is
unfortunate, nevertheless, that a large number of these glasses,
especially those of most value to the optician, have proved to be so
unstable in their composition that opticians refrain from using them.
It may be hoped that further experiment and research will greatly
reduce this defect. On the other hand, the kinds of glass which
can be used for optical purposes have been so increased in variety
that, while the mean index of refraction is constant, considerable
variations can be given to the dispersion or to the refractive index
while the dispersion remains constant. A high index of refraction
is -no longer of necessity accompanied by a high dispersion in
flint glass, but may be retained in crown glass with a low degree
of dispersion.

The practical consequence of this is that both the imperfections

1 Hoffman, A. W., Bericht iiber die wissenschaftlichen Apparate auf der Lon-
doner Internationalen Ausstellung im Jahre 1876.
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inalienable from an objective constructed of ordinary crown and
flint glass, can be, and have been, eliminated, and the secondary
spectrum annulled ; it is removed and reduced to a residue of
chromatism of a tertiary character, while the chromatic difference
of spherical aberration can be eliminated or completely corrected
for two different colours of the spectrum at once, and therefore
practically for all.

In the lenses formed of the crown and flint glass as used prior
to the new German glass, we were provided with what (in com-
parison with non-achromatised lenses) were called ‘achromatic;’
but in the new system of lenses, which may be ¢ dry’ or ¢ homogeneous,’
we have so great a freedom from colour defect as to admit of their
being designated apochromatic lenses (@=privative; xpdua=colour ;
dard=from, away from ; yxpdpa=colour).

The practical advantages obtained by this system of object-glass
construction are so great as in delicate researches to be invaluable—
provided always that the work in all its details is of the most perfect
kind. The accidental juxtaposition of lenses of the required curves,
and, relatively, even the careful selection of lenses not homogeneously
related to each other by a unity of purpose and work on the part of
the practical optician, cannot yield perfect results. ¢Division of
labour’ is not compatible with perfect results in the making and
building up of an apochromatic lens; and therefore, in their best
form, these objectives must apparently command a high price. But,
given such an object-glass—which is the production of a thoroughly
competent practical optician—and its advantages, theoretical and
practical, are great.

1. The aperture of the objective can be utilised to its full extent.
In the best of the older object-glasses at least one-tenth of the
available aperture was useless; the inalienable defect in the con-
vergence of the rays prevented a proper combined action of the
outermost zone and the central parts of the aperture, and therefore
by those objectives it has never been possible to realise the amount !
of resolving power indicated by theory with a given aperture. But
in a well-constructed apochromatic objective—the secondary spec-
trum being removed, and the spherical aberration being wniformly
eorrected for different parts of the spectrum-—there is a practically
perfect focal concentration of the rays in the image.

2. Increase of magnifying power by means of specially constructed
eye-pieces is also a most important feature of objectives of this class.
The result of this is that great magnifying power can be obtained
by objectives of relatively large focal lengths. We have always
maintained the utility of high eye-piecing under proper conditions,
and with suitable apertures and fine corrections in the objective ;
the physical brightness, we learn from Abbe, in every case depends
only upon the aperture and the total magnifying power; and it is
of no moment in what way the latter is produced—by means of focal
length of the objective, length of tube, and focal length of eye-piece.

1 Excepting when resolution is effected by light of extreme obli:iuity. If the
outermost zone of the objective is corrected alone, and that only be employed, at that
limit equally good resolution may be accomplished.

D
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But he has further shown us! that with the best objectives of the
old construetion, and with large apertures, the limits of a completely
satisfactory clearness of image are reached when the super-amplifica-
tion is four- to six-fold ; that is, when the total magnifying power of the
objective and eye-piece together is four to six times as great as that
obtained with the objective when used by itself as a magnifying
lens. On the other hand, with apochromatic objectives the available
super-amplification—even with the greatest apertures—is at least
twelve- to fifteen-fold, and considerably higher with medium and low
objectives.

3. Achromatism touches almost an ideal point in these objectives.
The images are practically free from colour over the entire area.
This is of great value in photo-micography. The correction errors
of the ordinary achromatic systems are much more powerful as
disturbing influences than in ordinary observation with the eye.

4. In spite of the removal of the secondary spectrum certain
colour deviations of a tertiary nature remained, and are inevitable
in all objectives of great aperture in which the front lens cannot be
made achromatic by itself. With ordinary achromatic objectives,
from the properties of the glass used, the amount of this is very un-
equal in the central and peripheral parts, but in the apochromatic
object-glass it is approximately constant for all parts of the opening,
and therefore it allows of correction by the eye-piece, a special con-
struction possessing equal but opposite differences of magnifying
power for different colours. The eye-piece is so constructed as to
completely secure the desired result, and, as we have stated above,
images free from colour are obtained.

5. The classification of the eye-picces for this system of objectives
has been established by Abbe, and depends on the increase in the
total magnifying power of the microscope obtained by means of the
eye-piece as compared with that given by the objective alone. The
number which denotes how many times an eye-piece increases the
magnifying power of the objective, when used with a given body-
tube, gives the proper measure of the eye-piece magnification, and
at the same time the figures for rational numeration.?

From their properties these are known as ‘compensating eye-
pieces.’

The following is a fair typical selection of the objectives and
eye-pieces furnished from the workshops of Carl Zeiss, of Jena, on
this important system, viz. :

1 ‘On the Relation of Aperture to Power,’ Journ. R.M.S. 1888, p. 803.
? ¢On Improvements of the Microscope with the aid of new kinds of optical glass’
(Abbe), Journ. R.M.S. 1887, p. 25 et seq.
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Apochromatic Objectives.
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Compensating Eye-pieces for English Bodies.
2 4 8 12 18 27

It is of interest to note that Messrs, Powell and Lealand have
since produced a remarkable lens on the same system, having a N.A.
of 1:50, with a power of y1,*" of aninch. Object-glasses are also now
made by other makers, English, Ewropean, and American, those
having fluorite in them being termed apochromatic, while others
made of new kinds of glass are called semi-apochromatic. Semi-
apochromats are being daily improved, so much so that some recent
objectives nearly equal apochromatic objectives themselves,
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CHAPTER 11

THE PRINCIPLES AND THEORY OF VISION WITH THE
COMPOUND MICROSCOPE

WE are now prepared to enter upon the application of the optical
principles which have been explained and illustrated in the foregoing
pages to the construction of microscopes. These are distinguished
as simple and compound, each kind having its peculiar advantages
to the student of nature. Their essential difference consists in this,
that in the former, the rays of light which enter the eye of the
observer proceed directly from the object itself, after having been
subjected only to a change in their course, as we have shown by
fig. 26, which fully explains the action of the simple lens ; whilst in
the compound microscope an enlarged image of the object is formed
by one lens, which image is magnified to the observer by another,
as if he were viewing the object itself. In the compound micro-
scope not less than two lenses must be employed: one to forin the
enlarged image of the object, immediately over which it is placed,
and hence called the object-gluss ; whilst the other again magnifies
that image, and, being interposed between it and the eye of the
observer, is called the eye-glass. A perfect object-glass, as we have
seen, must consist of a combination of lenses, and the eye-glass is
best combined with another lens interposed between itself and the
object-glass, the two together forming what is teried an eye-piece.
The compound microscope must be the subject of careful and de-
tailed consideration ; but it must be remembered that the shorter
the focus of the simple magnifying lens, the smaller must be the
diameter of the sphere of which it forms part; and, unless its
aperture be proportionately reduced, the distinctness of the image
will be destroyed by the spherical and chromatic aberrations neces-
sarily resulting from its high curvature. Yet notwithstanding the
loss of light and other drawbacks attendant on the use of single
lenses of high power, they proved of great value to the older micro-
scopists (among whom Leeuwenhoek should be specially named), on
account of their freedom from the errors to which the compound
microscope of the old construction was necessarily subject ; and the
amount of excellent work done by means of them surprises every one
who studies the history of microscopic inquiry. An important im-
provement on the single lens was introduced by Dr. Wollaston, who
devised the doublet, still known by his name, which consists of two
plano-convex lenses, whose focal lengths are in the proportion of one
to three or nearly so, having their convex sides directed towards
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the eye, and the lens of shortest focal length nearest the object. In
Dr. Wollaston’s original combination no perforated diaphragm (or
‘stop’) was interposed, and the distance between the lenses was left
to be determined by experiment in each case. A great improvement,
was subsequently made, however, by the introduction of a ‘stop’
between the lenses, and by the division of the power of the smaller
lens between two (especially when a very short focus is required), so
as to form a triplet, as first suggested by Mr. Holland.! When
combinations of this kind are well constructed, both the spherical
and the chromatic aberrations are so much reduced that the angle
of aperture may be considerably enlarged without much sacrifice of
distinctness ; and hence for all, save very low powers, such ¢ doublets’
and ‘triplets’ are far superior to single lenses. These combinations
took the place of single lenses among microscopists (in this country
at least), who were prosecuting minute investigations in anatomy
and physiology prior to the vast improvements effected in the com-
pountl microscope by the achromatisation of its object-glasses.
Another form of simple magnifier, possessing certain advantages
over the ordinary double-convex lens, is that commonly known by
the name of the ‘Coddington’ lens.?2  The first idea of it was given
by Dr. Wollaston, who proposed to apply two plano-convex or hemi-
spherical lenses by therr plane side, with a ¢stop’ interposed, the
central aperture of which should be equal to one-fifth of the focal
length. The great advantage of such a lens is, that the oblique
pencils pass, like the central ones, at right angles to the surface, so
that they are but little subject to aberration. The idea was, how-
ever, greatly improved upon by Sir 1. Brewster, who pointed out
that the same end would be much better answered by taking a
sphere of glass, and grinding a deep groove in its equatorial part,
which should be then filled with opaque matter, so as to limit
the central aperture; in other words, Brewster made Wollaston’s
plano-convex lenses hemispheres. Such a combination gives a
large field of view, admits a considerable amount of light, and
is equally good in all directions; but its power of definition
is by no means equal to that cof an achromatic lens, and its
working distance is inconveniently small. This form is chiefly
useful, therefore, as a hand-magnifier, in which neither high power
nor perfect definition is required, its peculiar qualities rendering
it superior to an ordinary lens for the class of objects for which
a hand-magnifier of medium power is required. Many of the
magnifiers sold as ¢Coddington’ lenses, however, are not really
portions of spheres, but are manufactured out of ordinary double-
convex lenses, and are therefore destitute of the special advantages
of the real ¢ Coddington.” The ¢ Stanhope’ lens somewhat resembles
the preceding in appearance, but differs from it essentially in
properties. 1t is nothing more than a double-convex lens, having
two surfaces of unequal curvatures, separated from each other by a

1 Transactions of the Society of Arts, vol. xlix. B .
? This name, however, is most inappropriate, since Mr. Coddington neither was,
nor ever claimed to be, the inventor of the mode of construction by which this lens

is distinguished.
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considerable thickness of glass, the distance of the two surfaces from
each other hemg so adjusted that when the more convex is turned
towards the eye minute objects placed o the other surface shall be
in the focus of the tens. This s an casy ode of applying a rather
high magnifying power to seales of buttertlies” wings, and other
sl fat and minute ohjects. which will veadily adhere to the
surfice of the gliss: and it also serves to detect the presence of the
lavger anmmindeules o1 of crvstals in minute drops of fluid, to exhibit
the ¢ ecls " in paste or vinegar &e. .\ modified formm of the ¢ Stan-
hope’ lens. in which the surthee reniote from the eye is plane instead
of conves. has been brought ont in Irance under the name of
¢Stanhoscope,” and has heen especiadly apphed to the enlargement of
minnte pretiees photographed on its plane surface in the focus of its
conves surface A good * Stanhoscope, magnifying from 100 to 150
dinmeters, is oa very convenient form of hand-maguifier for the
recognition of diatoms. mtusoria, &e., all that is required being to
place a ammate drop ot the hguid to be examined on the plane
surtice of the lens aud then to hold it up to the light.  But no hand
lenses we have vet seen will comparve with the Steinheil ¢ loups’ of
six and ten diameters made Iy Zewss, and Reichart’s pocket loups.

For the ordinary purposes of mieroscopie dissection single lenses
of from 3 inchesto T inch toens answer very well. But when higher
powers ane tequired, and when the use of even the lower powers is
continued for any length of time, great advantage is derived from
the employment of acliomatic combinations, now made expressly
for thix purpose by several opticians,  The Steinheil combinations
give much more hight than single lenses, with much better definition,
a very flat field longer working distance (which is very important
in minute dissection), and. as a0 consequence, greater ‘focal depth’
or cpenetration.” e o clemer view of those parts of the object:
which lie above or below the exaet loeal plane.  And only those
who live cmried on a piece of minute and difficult dissection
through several consecutive hours can appreciate the advantage in
comfort and in dimiiished futique of eye which is gained by the
substitution of one of these achromatic combinations for a single
lens of equivalent focus. even where the use of the
former reveals no detail that is not discernible hy the
latter.

Although not strictly its position, it ix convenient
here to refer to what is known as the ¢ Brucke lens 3’
it ix mueh used on the Continent, but does not ap-
pear in any English treatise we have scen It has
two achiomatic lenses for the objective, and a concave
eye Jens. It is ilustrated in fig. 29.

i To remedy the mconvenience of the Tens heing too
% close to the object in all but low powers, Charles

i .
Fro. a9 _rhe  Chevalier, mo s - Manuel du Micrographe” (1839),
Briicke lens. [roposed to place above o doublet o coneave achro-
matic lens, the distancee of wineh conld he varied at
pleasure. The effect of this combination s to merease the magnifying
power and lengthen the focus, Thus antaneed, this instrument will
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be the most powerful of all simple microscopes, and the space
available for scalpels, needles, &c. will be much greater than
with a doublet alone. The further the concave lens is removed from
the latter, the greater will be the amplification.! Even in this,
however, Chevalier had been anticipated by Professor Joblot in
1718.

This combination, applied to lenses for examining the eye and
skin, allows the use of doublets which leave a considerable distance
above the object, and it is this idea which has governed the con-
struction of the Briicke lens.

‘The lens has a very long focus, and the construction is that of
the Galileo telescope as applied to opera-glasses, but the amplifica-
tion of the objective is much greater than that usually obtained in
opera-glasses. The focus is about 6 cm., and the power three to
eight times. The latter power is obtained by lengthening the tube,
by which means the distance between the two lenses is much
enlarged, and the amplification increased without inconveniently
modifying the focus.’

This lens may be used in place of the body of a compound
microscope, when it is desired to dissect or to find small objects, or
it can be adapted to a simple microscope or lens-holder, with from
3 to 8 cm. between the object and objective. But the Briicke lens,
like the Galilean opera glass, has a very small field.

Compound microscope.—The compound microscope, in its most
simple form, consists of only two lenses, the object-glass and the
eye-glass, and is a Keplerian telescope adapted for viewing very near
objects. The former receives the light-rays direct from the object
brought into near proximity to it, and forms an enlarged but inverted
and reversed image at a greater distance on the other side ; whilst the
latter receives the rays which are diverging from this image, as if
they proceeded from an object actually occupying its position and
enlarged to its dimensions, and brings these to the eye, so altering
their course as to make that image appear far larger to the eye, pre-
cisely as in the case of the simple microscope. It is obvious that,
in the use of the very same lenses, a considerable variety of magnify-
ing power may be obtained by merely altering their position in regard
to each other and to the object. For if the eye-glass be carried farther
from the object-glass, whilst the object is approximated nearer to the
latter, the image will be formed at a greater distance from the object-
glass, and the dimensions of the magnified image will consequently
be augmented ; whilst, on the other hand, if the eye-glass be brought
nearer to the object-glass, and the object removed further from it,
the distance of the image from the object-glass will be less than it
was before, and the dimensions of the magnified image will be
correspondingly diminished. The amplification may also be varied
by altering the magnifying power of the eye-pieces. In practice,
variations in power must be obtained by altering either the objective
or the eye-piece, or both, and the use of the draw-tube for this
purpose must be altogether abandoned, because objectives are

1 Robin, C., Traité du Microscope et des Injections, 2nd ed. 8vo. pp. 88, 84.
Paris, 1887.



40 VISION WITH THE COMPOUND MICROSCOPE

corrected for a certain length of draw-tube, and, in order that they
may work efficiently, that definite length of draw-tube must be
maintained.

In general it is not advisable to use with an achromatic objective
a greater super-amplification than can be obtained with a 10-power
eye-piece, or with an apochromatic objective that yielded with a
12 or 18 power one.

We shall facilitate the comprehension by the student of the
principles of the modern form of a compound microscope by means
of fig. 30. In this figure the optical portion, that is, the objective and
eye-piece, are drawn to the full size, but the distance between these
has, from the exigencies of space, been much curtailed. A low-
power objective has been specially chosen for simplicity, and a com-
pensating eye-piece (vide Chapter V.) has been introduced to show
its form and mode of action.

The objective is a copy of an old Ross 1l-inch of 1856. The
incident front (that is, the lens on which the incident beams from
the object first strike) is a convex of long radius; the incident sur-
face of the flint lens of the back combination is a concave of very
long radius, being in fact about twenty inches.

The object F has only rays drawn from one side in order that
a clearer perception of the path of the rays may be seen. This pair
of rays passes from the arrow (object) through the combination of
lenses forming the objective, giving an inverted real image at A B.
This image, in fact, has a convex curve towards the eye-piece: this
is a position that will tend to increase the curvature of the virtual
image CD given by the eye-piece, the inverted image (A B) at the
diaphragm of the eye-piece being the subject of still further and
often great magnification.

In addition to the two lenses of which the compound microscope
may be considered to essentially consist, it was soon found needful
to introduce another lens, or a combination of lenses, between the
object-glass and the image formed by it, the purpose of this being
to change the course of the rays in such a manner that the image
may be formed of dimensions not too great for the whole of it to
come within the range of the eye-glass. As it thus allows more of
the object to be seen at once, it has been called the field-glass ; but
it is now usually considered as belonging to the ocular end of the
instrument, the eye-glass and the field-glass being together termed
the eye-piece, or ocular. Various forms of this eye-piece have been
proposed by different opticians, and one or another will be preferred
according to the purpose for which it may be required. That which,
until the construction of the compensation eye-pieces by Abbe, was
considered the most advantageous to employ with achromatic object-
glasses, to the performance of which it is desired to give the greatest
possible effect, was termed the Huyghenian, having been employed
by Huyghens for his telescopes, although without the knowledge of
all the advantages which its best construction renders it capable of
affording. This eye-piece, with others, will be considered in detail
in the chapter (v.) given in part to their consideration; but this
eye-piece consists of two plano-convex lenses, with their plane sides
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towards the eye. A ‘stop’ or diaphragm, B B, must be placed
between the two lenses, in the visual focus of the eye-glass, which
is, of course, the position wherein the image of the object will be
formed by the rays brought into convergence by their passage
through the field-glass. Huyghens devised this arrangement merely
to diminish the spherical aberration ; but it was subsequently shown
by Boscovich that the chromatic dispersion was also in great part
corrected by it. With the apochromatic lenses of the highest and
best quality (see Chapter V.)no amount of obtainable eye-piecing, if
it be of the ¢ compensation’ form, can break down the image. The
editor has tried in vain to break down the image formed by a
24 mm., a 12 mm, a 6 mm., and a 4 mm,, all dry apochromatics
by Zeiss, and especially with a }th by Powell and Lealand. Tt
is, however, a matter of moment and interest to note that with
good objectives of the ordinary achromatic construction of large
N.A. the compensating eye-pieces give better vesults than
Huyghenian.

But of the old form of achromatic object-glass it is true of the
majority that they will not bear high eye-piecing. ‘B, 14 inch in
focus, is a convenient and useful eye-piece for viewing large flat
objects, such as transverse sections of wood or of echinus-spines,
under low magnifying powers. A flat large field may be obtained
by means of a Kellner ; but, on the other hand, there is a very
serious falling off of defining power, which renders the Kellner eye-
piece unsuitable for objects presenting minute structural details ;
and it is an additional objection that the smallest speck or
smear upon the surfuce of the field-glass is made so unplea-
santly obvious that the most careful cleansing of that surface is
required every time that this eye-piece is used. Hence it is
better fitted for the occasional display of objects of the character
already specified than for the scientific requirements of the working
microscopist.

A ‘positive’ or Ramsden’s eye-piece—in which the field-glass,
whose convex side is turned upwards, is placed so much nearer the
eye-glass that the image formed by the objective lies below instead
of above it—is sometimes used for the purpose of micrometry, a
divided glass being fitted in the exact plane occupied by the image,
s0 that 1ts scale and the image are both magnified together by the
lenses interposed between them and the eye. The same end, how-
ever, is also attained with the Huyghenian eye-piece, and it is
doubtful if any advantage is gained by the Ramsden in microscope
work. The compensating eye-piece is also used in conjunction
with the micrometer.

Aperture in microscopic objectives and the principles of micro-
scopic vision.—It is now of the utmost moment that we should
understand clearly the meaning and importance of ‘aperture’ in
microscopic objectives, and by that means be led to a perception of
the principles of the most recent and only rational theory of micro-
scopic vision. Within the last twenty-five years this entire subject
has undergone a rigorous and exhaustive reinvestigation by one
of the most competent and masterly mathematical and practical
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opticians in the world, Professor Abbe of Jena ; and, as a result,
some of the judgments and opinions, as well as what were supposed
to be established truths, depending apparently upon the simplest
prineiples, and not believed to be open to change, have been shown
to be absolutely without foundation ; while principles hitherto quite
unknown and unsuspected have been shown to operate and to rest
on clearly demonstrable mathematical and physical bases. The
result has been a complete revolution of what were held to be
fundamental principles of microscopic opties and the theory of
vision with mieroscopic object-glasses.

Professor Abbe contends that one of the foremost errors relates
to the mode in which microscopic images are formed. It was
assumed that their formation took place on ordinary dioptric
principles. As the camera or the telescope formed images, so it
was assumed that the image in the compound microscope was
brought about. The delicate and complex structure of an insect's
scale or of a diatom were believed to form their images according to
the same precise dioptric laws by which the image of the moon or
Mars is formed in the telescope. Hence it was taken for granted
that every function of the microscope was determined by the geo-
metrically traceable relations of the refracted rays of light, We
would nevertheless remark that visibility of detail in, for example,
the moon depends on the aperture of the telescope ; of course, what
is known as its ‘aperture’ is simply estimated by the diameter of
the object-glass, but accwrney appenrs to require that » sin w=a
ought to he applied to the telescope. In practice the diameter is
taken conventionally for the sake of simplicity, as it makes no
numerical difference, because the sines of small angles such as are
dealt with in the telescope are proportional to the angles themselves.
The microscope, on the other hand, deals with large angles; con-
sequently the sine cannot be dispensed with.

But Professor Abbe argues that a close examination in theory
and practice of the conditions of vision with microscopic objectives
shows that such an estimate of aperture is wholly wrong in prin-
ciple. The front lens of a J;-in. objective may be no more than the
shth of an inch in diameter, while a 3-in. objective may have a
diameter of half an inch. Yet it is the smaller lens that has by far
the larger ¢ aperture.’

Light is dispersed from every point on the surfice of an object
in all directions up to 180°. Only an extremely narrow pencil of
this ean be received by the human eye, a large pencil of light
emanating from the object being lost on each side of what the eye
receives. The apparent problem of practical opties is to be able,
by means of lenses, to gather up and bring to a focus as many of the
unadmitted rays as possible. The general manner in which lenses
act in doing this we have endeavoured in an elementary manner to
show,

Soon after achromatic object-glasses were first made, Dr. Goring
found that the markings on special objects—such as the scales of
the wings of insects—could be seen by some object-glasses, while
with others, although the magnifying power was equal, it was im-
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possible to discern them. In every case the greater ‘angle’ was
shown to possess the greater ‘ resolving’ or delineating power ; and
this led to the important conclusion that power of ‘resolution’in a
lens was dependent upon ‘angular aperture.

This, however, was at a time when only ¢ dry’ objectives were in
use; the immersion and homogeneous systems, as we use thein, were
unknown.

But (as we shall subsequently see), even with objectives employed
only with air, the angle of the radiant pencil did not afford a true
comparison ; when immersion objectives were introduced-—objectives
in which water or cedar oil replaced the air between the objective
and the upper surface of the cover of the mounted object—the
use of angles of aperture becaune in the utmost degree misleading ;
for different media with different refiactive indices were employed,
and the angle of the radiant pencil was supposed not only to admit
of a comparison of two apertures in the same medium, but also to
be a standard of comparison when the media were different. Tt
was, in short, believed that an angle of 180° in air represented
a large excess of aperture in comparison with 96° in water and
82° in balsam or oil, denoting, in reality, what was believed
to be the maximum aperture of any kind of objective, which
could not, it was held, be exceeded, but only equalled, by 180°
in water or oil; in other words, that a radiant pencil has exactly
the same value, when the angles are equal, no matter what the
refractive index of the medium through which the pencil might
be passing.

But to a thorough physical and mathematical study of the ues-
tion such as that in which Professor Abbe engaged, it soon became
apparent that even in the sume medium the only exact method of
comparison for objectives—when the fundamental phenomena of
optics (which the older opticians had disregarded) were taken into
account—was not a comparison by the angles of the radiant pencils
only, but a comparison by their sines; while, when the media are
different, the indices of those media would be found to form an
essential factor in the problem ; for an angle of 180° in air is ‘equal
to 96° in water or 82° in oil; hence three angles might all have the
same number of degrees and yet denote different values, according
as they were in air, water, or oil.

Thus there might be large divergence of aperture in two or
more cases while the angle was identical, and fromn this the greatest
confusion was not only possible but was realised,

A solution of the difficulty was (as we have indicated above)
discovered by Professor Abbe; and it is to Mr. Frank Crisp’s lucid
exposition of Abbe’s elaborate monographs that the English student
is immensely indebted.!

The definition of ¢ aperture’ in its legitimate sense of ‘opening’
is shown by Abbe to be obtained when we compare the diameter of

1 ‘On the Estimation of Aperture in the Microscope’ (Abbe), Journ. R.M.S.
ser. ii. vol. i. 888 ; ‘ Notes on Aperture, Microscopical Vision, and the Value of wide-
angled Immersion Objectives,’ 1bid. 803 ; ‘ The Aperture of Microscope Objectives,’
English Mechanic.
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the pencil emergent firom the objective with the focal length of that
objective.

It will be desirable to explain somewhat more in detail how
this conclusion is arrived at, as given in Professor Abbe’s
papers. .

Taking in the first case a single-lens microscope, the number of
rays admitted within one meridional plane of the lens evidently in-
creases as the diameter of the lens (all other circumstances remaining
the same), for in the microscope we have at the back of the lens the
same circumstances as are in front in the case of the telescope. The
larger or smaller number of emergent rays will therefore be properly
measured by the clear diameter; and, as no rays can emerge that
have not first been admitted, this must also give the measure of the
admitted rays.

Suppose now that the focal lengths of the lenses compared are
not the same—what, then, is the proper measure of the rays
admitted ?

If the two lenses have equal openings but different focal lengths,
they transmit the same number of rays to equal areas of an image
at a definite distance, because they would admit the same number if
an object were substituted for the image—that is, if the lens were
used as a telescope-objective. But as the focal lengths are different,
the amplification of the images is different also, and equal areas of
these images correspond to different areas of the object from which
the rays are collected. Therefore the higher-power lens, with the
same opening as the lower power, will admit a greater number of
rays in all from the same object, because it admits the same number
as the latter from a smaller portion of the object. Thus, if the focal
lengths of two lenses are as 2: 1, and the first amplifies N diameters,
the second will amplify 2 N with the same distance of the image, so
that the rays which are collected fo a given field of 1 mm. diameter

1 .
of the image ave admitted from a field of N mm. in the first case

and of 21N mui. in the second.  Inasmuch as the ‘opening’ of the

objective is estimated by the diameter (and not by the area), the
higher-power lens admits ¢iwice as many rays as the lower power,
because it admits the same number from a field of Aalf the diameter,
and in general the admission of rays with the same opening
but different powers must be in the inverse ratio of the focal
lengths.

In the case of the single lens, therefore, its aperture must be
determined by the ratio between the clear opening and the focal
length, in order to define the same thing as is denoted in the telescope
by the absolute opening. )

Consider now the compound objective—the most important case
in the microscope. What is the opening of this composite system ?
We must adhere to the diameter of the admitted cone at that plane
where it has its wltimate maximum value, which is obviously the
diameter of the pencil at its emergence, from the system, or, practi-
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cally, the clear, effective diameter of the back lens. The emergent
pencil from a microscope-objective converging to a relatively distant
focus has its rays approximately parallel, and the conditions are
once more similar to those of the telescope-objective on the side of
the object. The diameter of this emergent pencil, whether it emerges
from a single lens or from a composite system, must therefore always
have the same signification. The influence of the power on focal
length also remains the same as in the case of the singlelens. An
objective with a focal length equal to half that of another admits,
with the same linear opening, twice as many rays as the latter,
because the amplification of the image at one and the same distance
is doubled, and the same number of rays consequently are admitted
by the higher power from a field of half the diameter. And this
will hold good whether the medium around the object is the same
in the case of both objectives or different ; for an immersion system
and a dry system always give the same amplification when the focal
length is the same.

Thus we arrive at the general proposition for all kinds of objec-
tives. First, when the power is the same, the admission of rays
varies with the diameter of the pencil at its emergence. Secondly,
when the powers are different the same admission requires different
openings in the proportion of the focal lengths, or, conversely, with
the same opening the admission is in inverse proportion to the focal
length—that is, the objective which has the wider pencil relatively
to its focal length has the larger aperture,

Thus we see that, just as in the telescope the absolute diameter
of the object-glass defines the aperture, so in the microscope the
ratio between the utilised diameter of the hack lens and the focal
length of the objective defines its aperture.

This definition is clearly a definition of aperture in its primary
and only legitimate meaning as ¢ opening —that is, the capacity of
the objective for admitting rays from the object and transmitting
them to the image; and it at once solves the difticulty which has
always been involved in the consideration of the apertures of
immersion objectives.

So long as the angles were taken as the proper expression of
aperture, it was difficult for those who were not well versed in
optical matters to avoid regarding an angle of 180° in air as the
maximum aperture that any objective could attain. Hence, water-
immersion objectives of 96° and oil-immersion objectives of 82°
were looked upon as being of much less aperture than a dry objective
of 180°, whilst, in fact, they are all equal, that is, they all transmit
the same rays from the object to the image. Therefore, 180° in
water and 180° in oil are unequal, and both are much larger aper-
tures than the 180° which is the maximum that the air objective can
transmit.

If we compare a series of dry and oil-immersion objectives, and,
commencing with very small air-angles, progress up to 180° air-
angle, then taking an oil-immersion of 82° and progressing again to
180° oil-angle, the ratio of opening to power progresses continually
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also, and attains its maximum, not in the case of the air-angle of
180° (when it is exactly equivalent to the oil-angle of 82°), but is
greatest at the oil-angle of 180°.

If we assume the objectives to have the same power throughout,
we get rid of one of the factors of the ratio, and we have only to
compare the diameters of the emergent beams, and can represent
their relations by diagrams. Fig. 31 illustrates five cases of different
apertures of }-in. objectives—
viz. those of dry objectives of
60°, 97°, and 180° air-angle, a
water-immersion of 180° water-
angle, and an oil-immersion of
180° oil-angle. The inner dotted
circles in the two latter cases
are of the same size as that
corresponding to the 180° air-
angle.

A dry objective of the full
maximum air-angle of 180° is
only able (whether the first sur-
face is plane or concave) to utilise
a diameter of back lens equal to
twice the focal length, while an
immersion lens of even only 100°
(in glass) requires and utilises a
larger diameter, i.e. it is able
to transmit more rays from the
object to the image than any
dry objective is capable of trans-
mitting. Whenever the angle of
an immersion lens exceeds twice
the critical angle for the immer-
sion-fluid, i.e. 96° for water or
82° for oil, its aperture is in ex-
cess of that of a dry objective of
180°. F16. 81.—Relative diameters of the (uti-

i y et lised) back lenses of various dry and
Having settled the principle, imme)arsion objectives of the same

it was still necessary, however, power (4) from an air-angle of 60° to
to find a proper notation for com- an oil-angle of 180°.

paring apertures. The astrono- .

mer can compare the apertures of his various telescopes by simply
expressing them in inches; but this is obviously not available to
the microscopist, who has to deal with the ratio of two varying
quantities.

Professor Abbe here again conferred a boon upon microscopists by
his discovery (in 1873, independently confirmed by Professor Helm-
holtz shortly afterwards) that a general relation existed between the
pencil admitted into the front of the objective and that emerging
from the back of the objective, so that the ratio of the semi-diameter
of the emergent pencil to the focal length of the objective could be

Numerical Aperture
1:62
= 180° oil-angle,

Numerical Aperture

= 180° water-angle.

Numerioal Aperture
100
= 180° air-angle

= 96° water-angle
= 82° oil-angle,

Numerical Aperture

= 97° air-angle.

Numecrical Aperture

¢
®
()

= 60° air-angle.
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expressed by the sine of half the angle of aperture (w)! mul‘tipl'ied
by the refractive index of the medium () in front of the objective,
or m sin % (n being 10 for air, 1-33 for water, and 15 for oil or
balsam).

Fro. 82. —Illustration of the law of consequence for uplanatic systems,

Let O and O* (fig. 32) be the conjugate aplanatic foci of a wide-
angled system ; «, U the angles of inclination of ay wo rays admitted

I In the original translation of the pupers of Professor Abbe from German into
English the German mathematical symbols have been retauned. In the sununary of

A

N.A. of objective —u sin ¢ — 15 x *573="86, nsinw=15x"573="86=N.A.of objective,

35° oil 72 =15 Angularaperture of

K objective = 36° +
. S =/ 35°=70° in glass,
yl ass p=1-5 4 _ylass n=rs which is equiva-
lenttotheangular

. p ene . s_ y.p Aaperture of the
arr 7*= /-0 _.-~"60 60 ar p'=7-0 f Genserm 600 +

.o - °=1920° in air
ntsin ll*/t’.S'l” ¢ 60°=120° in air.

ol p=1-5

N.A, of condenser=n* sin #* =10 x 86 ="86. w'sing’=1-0 x 86="86=N.A. of condenser

F1G. Al.—Identity of » sin « (German math, form) with u sin ¢ (English). Also N.A. and
angular aperture,

Abbe's theories and demonstrations presented in the following pages the Editor has
soarcely felt justified in altering this, especially as the German form of symbol ob-
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from the radiant, and »*, U* the angles of the same rays on their
emergence ; then we shall have always

sin U* :sin w* :: sin U : sin « ;

sin U* _ sin u*
or, — s Z=m———— =const.=c¢;

sin U ™ sin w

that is, the sines of the angles of the conjugate rays on both sides of
an aplanatic system always yield one and the same quotient ¢, what-
ever rays may be considered, so long as the same system and the
same foci are in question.

This proposition holds good for every arrangement of media, and
refracting surfaces that may go to the composition of the system, and
for every position of ohject and image. It is the law upon which de-
pends the delineation of an image by means of wide-angled pencils.

When, then, the values in any given cases of the expression
n sin « (which is known as the ‘ numerical aperture’ and expressed
by N.A.) has been ascertained, the objectives are instantly compared
as regards their aperture, and, moreover, as 180° in air is equal to
1-0 (since 72=1'0 and the sine of half 180° or 90°=1-0), we see with
equal readiness whether the aperture of the objective is smaller or
larger than that corresponding to 180° in air.

Thus, suppose we desire to compare the relative aperture of three

tains in our Universities, and is thoroughly understood amongst University men.
But to those unaccustomed to mathematical formuls confusion might easily arise
from the juxtaposition of different symbols meanmg precisely the same thing. To
meet the possible necessity of these this footnote is inserted with an accompanying
diagram to illustrate the identity of ¢ » sin %’ with ‘ u sin ¢.’

The student who has mastered Snell’s Law of Sines, given and illustrated on p. 8
(fig. 1), will by a glance at the figure Al on p. 48 understand the meaning and import-
ance of the expression ‘N A.’ (numerical aperture) and at the same time will grasp
wherein it differs from ‘angular aperture ’ (g.v.). He will also perceive how it comes
to pass that an angular aperture of 70° 1n glass i8 equivalent to an angular aperture of
120° in air.

In the figure the upper hemispherical lens represents the front of a homogeneous
immersion objective. 1t is supposed to be focussed on an object in contact with the
lower side of acover-glass. Between the plane front of the lens and the upper surface
of the cover-glass is a drop of oil of cedar-wood, whose refractive index is 1'5, being
thus identical with the cover-glass and the front lens.

It is understood that no shp is used, and that there is nothing between the object
and the front lens of the condenser.

In this case the axis A B is the normal (p. b, fig. 3); on the left-hand side there
is a ray which makes an angle of 85° with the normal in glass issuing into air on the
right-hand side of the normal. By Snell’s formula (p. 8)—

usin ¢ =y sin ¢';
s ¢'= KNP :1'_51"6'ﬂ§ =86
# g
@' =60° (from Table I.)
Therefore the ray on emerging from the under surface of the cover-glass will make
an angle of 60° from the normal.
The dotted lines show the path of the ray where the German symbols are used.
n 8in u =n* sin u*;
m8in w_ 1'5x°673 _
TEmu 2 =-86.
n 10
«*=60° (from Table IL.)
Numerieal aperture, therefore, is the sine of half the angular aperture multiplied
by the refractive index of the medium.

It will be observed that the rays passing through the oil of cedar enter the front
lens without refraction; this is due to the fact that the media in which the rays are
travelling are of the same refractive index, i.e. they are homogeneous.

gin w* =—

E
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objectives, one a dry objective, the second a water-immersion, and
the third an oil-immersion. These would be compared on the
angular aperture view as, say, 74° air-angle, 85° water-angle, and
118° balsam-angle; so that a calculation must be worked out to
arrive at a due appreciation of the actual relation between them.
Applying, however, ‘numerical’ aperture, which gives ‘60 for the dry
objective, ‘90 for the water-immersion, and 1:30 for the oil-immersion,
their relative apertures are immediately appreciated, and it is seen, for
instance, that the aperture of the water-immersion is somewhat less
than that of a dry objective of 180°, and that the aperture of the
oil-immersion exceeds that of the latter by 30 per cent.

‘When these considerations have been appreciated, the advantage
possessed by immersion in comparison with dry objectives is no
longer obscured. Instead of this advantage consisting merely in
increased working distance or absence of correction-collar, it is seen
that a wide-angled immersion ohjective has a larger aperture than
a dry objective of the maximum angle of 180°; so that for any of
the purposes for which aperture is desired an immersion must
necessarily be preferred to a dry objective.

1. There exists then a definite ratio between the linear opening
and the focal length of a system, which must be entirely indepen-
dent of the composition and arrangement of the system, and solely
determined by the above-mentioned aperture equivalent of the
admitted cone of rays. When the equivalent is the same we have
always the same proportion of opening to focal length, whatever may
be the particular arrangement of refracting media in the system.

2. If the objectives whose apertures are compared work in the
same medium, and admit angles of, say, 60°, 90°, 180°, their aper-
tures are not in the ratios of those numbers, but are as 50, *70, and
1:0. The 180°, for instance, does not represent three times the aper-
ture of the 60°, but fwice only.

3. If the objectives work in different media, as air and oil, the
latter may have an aperture exceeding that of a dry objective of
180° angle. For with the dry objective the refractive index () and
the sine of half the maximum angle (u) both=1, so that » sin «
=1 also, whilst with the immersion objective n is greater than 1 (say
15 for oil), and the angle « may therefore be much less than in the
case of the dry objective, and yet the value of the expression n sin ».
(i.e. the aperture) may be greater than 1-0.

The two latter deductions are so directly opposed to what was
accepted by the older opticians and microscopists that a closer if
brief consideration of some of the points which bear upon this branch
of the subject may here be serviceably summarised.

Take, first, the case of the medium being the same.

Difference of aperture involves a different quantity of light ad-
mitted to the objective provided all other circumstances are equal.
Hence the question of aperture leads to the consideration of the photo-
‘metrical equivalent of different apertures or aperture angles. It is
not of the essence of the problem, but it affords an additional illus-
tration of numerical aperture, and is thus of great service in its
exposition. It is manifest that aperture cannot be based on quantity
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of light alone—more light can always be obtained in the image by
throwing more upon the object—but no increase in the amount of illu-
mination can make a dry lens equal in performance as regards aperture
to a wide-angled immersion lens.

The popular notion of a pencil of light may be illustrated by
fig. 33, which assumes that there is equal intensity of emission in
all directions, and that the intensity of a portion of the pencil taken
close to the perpendicular is identical with that of another portion
of equal angular extension, but more removed from the perpendicular.
On this view, therefore, the quantity of light contained in any given
pencils may be compared by simply comparing the contents of the
solid cones.

When, however, aperture is considered, and the values of n sin w
are worked out for particular cases, they are seen to differ from

FiG. 88.—Diagram showing erroneous inference as to the intensity of emitted rays.

those obtained by estimating in the above manner the amount of
light in the solid cones, and some perplexity naturally arises from
the supposition that the measure of the aperture of the objective does
not correspond to that of the quantity ot light which it admits.

All this arises from the mistaken assumption that a luminous
pencil is properly represented by fig. 33.

In the last century (1760) Bouguet! and Lambert? established
the important fact that
with any surface of wni-
form radiation the inten-
sity of the emitted rays is
not the same in all direc-
tions. The power of emis
sion and the intensity of
the rays (i.e. the quantity
of light emanating from
a given surface-element
within a cone of given
narrow angle) varies in
t}.le proportion of th(? 0" Fia. 84.—The mtensity of emitted rays is not the
stne of the angle of obliqui- same 1n all directions.
ty under which the ray is
emitted; in other words, in the proportion of the cosine of the angle
of deflection from the perpendicular to the luminous surface under

! Traité @ Optique sur la Gradation de la Lumiére, 1760.
? Photometria, 1760. -
E2
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which the ray is sent out. The rays are more intense in proportion
as they are inclined to the surface which emits them, so that a pencil
varies in proportion as it is taken close to or is removed from the
perpendicular. A pencil is not, therefore, correctly represented by
fig. 33, but by fig. 34, the density of the rays decreasing continuously
from the vertical to the horizontal.

Owing to the different emission in different directions, the quan-
tities of light emitted by an element in the same medium in cones of
different angle such as w and «”, fig. 35, are not in the ratio of the
solid cones, as would be the case with equal emission, but in the
ratio of the squares of the sines of the semi-angles so that the squares
of the sines of the semi-angles constitute the true measure of the
quantity of light contained in any solid penecil.

‘When, therefore, the medium is the same, it is seen that there

F1a. 85.—The unequal emission of rays.

is no contradiction between the measure of the aperture of an ob-
jective (n sin «) and that of the quantity of light aditted by it
the latter being (n sin ).

The simplest experimental proof of the unequal emission in
different directions will be found in the fact that the sun, the moon
the porcelain globe of a lamp or any other bright spherical object
with so-called uniform radiation in all directions, is seen projected
as a swrface of equal brightness. 1If there were equal intensity of
emission in all directions, what would be the necessary result?
Compare two equal portions of the surface, one, a (fig. 36), perpen-
dicular to the line of vision, and the other, b, greatly inclined.
Every infinitesimal surface-element of 4 sends to the pupil of the eye
a cone of the same angle «/, as a similar point of a (the slight differ-
ence of the distance from the eye being disregarded). If the in-
tensity of the rays were equal as supposed, the whole area & would
send to the eye the same quantity of light as the equal area a,
since both areas contain exactly the same number of elements. But
the whole quantity of light from & would be projected upon a
smaller area of the retina than that from a (as b appears under® a
smaller visual angle, being diminished according to the obliquity, or
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as 1:cos w). Consequently, if the assumption were true, & must
appear to be brighter than @, and the sphere would show increasing
brightness from the centre to the circumference. Close to the
margin the increase ought to be very rapid, and the brightness a
large multiple of that at the centre.

This, as is well known, is not the case, the projection of the
sphere showing equal brightness. The quantity of light, therefore,
emitted from & within a given small
solid cone %/ in an oblique direction
must be less than that which is emit-
ted from e within an equal solid cone
« in a perpendicular direction, and the
intensity of the rays must decrease in
the proportion of 1 :cos « when the
obliquity w increases.

As then in one and the same
medium the number of rays conveyed
by a pencil and the photometrical
quantity of light are proportional, this *
theorem of Lambert, established for
more than a century, is sufficient of
itself to overthrow the very basis of
the angular expression of aperture,
and to prove that, when we are dealing
with one and the same medium only,
the angle is not the suflicient expres-
sion, but that it is the sine of the semi-
angle which must be taken.

‘We may pass now to the case of the
media being different, as air and oil,
and comparing the aperture of a dry
objective of 180° with that of an oil-im-
mersion objective of 100°, the values of
n sin « (or the ¢ numerical’ aperture)
give 10 for the former and 1-17 for the
latter, which is therefore represented to
have a larger aperture than a dry ob-
jective of the greatest possible angle.

In this case also considerable per-
plexity has arisen. It has been assumed D .
that the total amount of light emitted FI:;;}?gi-ica? mgi?ﬁff;n?ﬁ?fé
from a radiant point under a given light.
fixed illumination must be the same,
whether the point is in air, water, or oil, and that that being so,
the 180° admitted by the dry objective must represent a maximum
quantity of light, a ‘whole’ which cannot be exceeded, but only
equalled, by a water- or oil-immersion objective. The numerical
aperture notation giving figures in excess of 1'0 (which represents
180° in air) is consequently supposed to be clearly erroneous and
misleading. Here the whole difficulty lies in the absolutely false
assumption that there is identity of radiation in different media.
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In 1864 R. Clausius established, by distinguished research, the propo-
sition ! that the power of emission of a body—in regard to heat as well
as light—is not the same in different media, but varies in the ratio
of the squares of the refractive indices, so that the whole emitted
light from any surface-element of a self-luminous body is increased
in the proportion of 1 : %2 when this body is brought from air into a
denser medium of refractive index n. If a glowing body at a con-
stant temperature, such as a bar of iron, could be immersed in a
mediun of 15 refractive index in such & way that the surface were
in optical contact with the medium, and the eye of the observer im-
mersed likewise in suitable conditions, the body would be seen brighter
in all directions in the proportion of 9: 4 than it appeared in air.

The whole hemisphere of radiation in air is indeed less than the
whole hemisphere of radiation in water or oil, as the squares of the
refractive indices of the media, viz. as 1'0, 1'77, and 2-25.

Thus it is seen that the quantity of light emitted from an object
under a given illumination is 7ot measured by the angle of the
emitted cone at the radiant, nor can it be measured in any way by
means of the angle alone. The quantity depends under all circum-
stances on the product of the sine of the semi-angle and the refractive
index: of the medium in which the object is luminous, and is expressed
by the square of this product, or by the square of the ‘¢ numerical
aperture’ of the pencil.

It thus follows that the estimation of the quantity of light is
found to be in complete accordance with the expression of aperture.?

We are now prepared to advance to another point. It was a
view very commonly held until recently, that the superiority of im-
mersion objectives over dry ones was confined to the case of the
former being used with balsam-mounted objects.

If we have a pencil in air, say 170°, as shown in fig. 37, a dry
objective of large aperture will be able to admit it. If, however,the
object is in balsam, as in fig. 38, it is no longer possible for so large
a pencil to emerge from the balsam. The rays shown by the dotted

@ a
170° IN AIR

? J

Fie. 87.

lines in fig. 38 will be totally reflected by the cover-glass, and only
those within a smaller angle of 82° will pass out. Although these
are expanded into 180° on emerging into air, of which the objective
takes up 170°, yet this 170° contains, it is supposed, less light than
the 170° in fig. 37, as it has been ‘diluted’ by the refraction.

1 ¢Ueber die Concentration von Wiirme- und Lichtstrahlen &c.” Pogg. Annalen
d. Physik, cxxi. 1864.

2 Fig. A 2 gives a good, practical illustration of the relative illuminating power of
objectives of varying apertures, and at the same time affords a simple explanation
of the reason why (% sin %)? is a measure of thisilluminating power. Let the circles
A and B represent the backs of two objectives of the same power but of different
apertures ; then the radii C D and E F will represent the angle 7 sin % (or u sin ¢)
in fig. A1 (p. 48, note). Now because the areas of circles are to one another in the
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A dry objective was therefore supposed to be placed at a disad-
vantage when used upon balsam-mounted objects, its aperture being
supposed to be ¢ cut down’ by the balsam, and the advantage of the
immersion objective was considered to rest on the fact that it
restored, in the case of the balsam-mounted object, the same condi-
tions as subsisted in the case of the dry-mounted object, allowing as
large (but no larger) an aperture to be obtained with the former
object as is obtained by the dry objective with the latter.

The error here lies in the assumption of the identity of radiation
in air and balsam. If there were in fact any such identity, the

170" IN AIR
""":‘:::'_'B/A—LSAM ;

conclusion above referred to would, of course, be correct, for if in
fig. 87 the air pencil of 170° was identical with the balsam pencil of
170° (shown by the dotted lines in fig. 38), there would necessarily
be a relative loss of light in the latter case in consequence of so
much of the pencil being reflected back at the cover-glass.

‘When, however, the increase of radiation with the increase in
the refractive index of the medium is recognised, the mistake of the
preceding view is appreciated. The 170° in air of fig. 37 is not
equal to, but much less than, the 170° in balsam of fig. 38, and not-
withstanding that a great part of the latter does not reach the

Fi.. 88.

proportion of the squares of their radii, it follows that if we designate the radius by
7 8in u (or u sin @), the area of the circle A will be to the area ot the circle B as the
square of the radius of A 1s to the square of the radius of B, or as (n sin u)? is to
(n sin w')%

B

Area
proportional to

Area
proporéional b

( /J/’ sin ¢j~’

F16. A 2.—The backs of two objectives of the same power but aiﬂ’arant apertures.

consequently the area of B will be four times as great as that of A ; which me
that, since the numerical aperture of the objective B is twice as great as that ofghe

The student will observe that the radius of B is twice that of the radius y
objective A, its illuminating power will be four times as great. -
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objective in consequence of total reflection, yet the remainder (80°)
which does reach it is the exact equivalent of the air-pencil of fig. 37,
the two air-pencils of 170° being in all respects identical.

The immersion objective, therefore, which is able to receive the
whole balsam pencil of 170° (dotted lines in fig. 38), takes up a
greater quantity of light than the air pencil of fig. 37, and so not
merely equals the dry objective but surpasses it.

Let it be specially noted that in dealing with the quantity of
light in connection with aperture, the idea has not been that we have
been engaged with what is in any sense essential, but to remove a
difficulty felt by many. It must be clear to all that if a greater
aperture signified nothing more than a greater quantity of light, that
is to say, if there were no such specific difference of the rays which
can be utilised by different apertures, as we have demonstrated
above, the whole question would be of quite subordinate interest.

Another subject requiring some further elucidation here is the
¢ different angular distribution of the rays in different media.” The
essence of the idea of ‘aperture’ is relative opening. However
defined, its significance can only be appreciated by taking into
account the image-forming pencil emergent from the objective, and
the change in its diameter consequent upon the admission of different
cones of light. This diameter affords a visible indication of the
number of rays (not mere quantity of light photometrically, which
can be readily varied) which are collected to a given area of the
image, and which must have been gathered in by the lens from the
conjugate area of the object. If the diameter of the emergent pencil
is seen to be increased, whilst the amplification of the image and the
focal length are unchanged, it is clear that the objective must have
admitted more rays from every element of the object because it has
collected more to every element of an equally enlarged image. Mani-
festly we get an accurate measure of what is admitted into an objective
by being able to estimate what it emits. Tt is physically impossible
that a system of lenses should emit more light than it has taken in.

Hence ¢ aperture’ means the greater or less capacity of objectives
for gathering-in rays from luminous objects.

‘When the admitted pencil is in the same medium, we see the
additional portions of the solid cone from the radiant, which corre-
spond to the additional portions of the enlarging opening. But if in
any other case (e.g. where the medium is different) we see that a
certain solid cone, A, from a radiant is transmitted through a certain
opening, a, and that another solid cone of rays, B, cannot be trans-
mitted through the same opening, «, but requires a wider one, 3,
whilst all other circumstances, except those of the radiant, have
remained the same, we can only conclude that the pencil B must
contain rays which are not contained in A, even if the admitted cone
is not increased in size. For the additional portion (8—a) of the
wider opening, 3 conveys rays to the image which are certainly not
conveyed by the smaller opening @. From the radiant only can this
surplus come, and the pencil B which requires the additional opening
must embrace more rays, even if it should not be of greater angle.

A given objective may, in 'féact,,po{lect the rays from a radiant in
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air almost to the entire hemisphere, and it then utilises a definite
opening double its focal length. But when the radiant is in balsam
(without any other alteration), the same opening is seen to be utilised
by the rays which are within a smaller cone of not more than 82°,
and rays which are outside this cone require a surplus opening which
is never required for rays in air.

This holds good whether there be refiaction or no refraction at
the front surface of the system ; the difference is based solely on the
difference of the medium. Consequently we arrive at the conclusion
that the solid cone of 82° in balsam embraces the same rays which,
in air, are embraced by the whole hemisphere, and every wider cone
in balsam exceeding the 82° conveys more rays from the object than
are admitted by the whole hemisphere of radiation in air.

It follows, therefore, that the same rays which in air are spread
over the whole hemisphere are closed together or compressed in
balsam within a narrower conical space of 41° around the perpen-
dicular, and all rays which travel in balsam outside this cone con-
stitute a swrplus of new rays, which are never met with in air—that
is, are not emitted when the object is in air. The loss which takes
place in the latter case can never be compensated for by increase of
illumination because the rays which are lost are different rays
physically to those obtained by any illumination, however intense, in
a medium like air.

In the paper of Professor Abbe there is an elaborate and careful
elucidation of this change in the angular distribution of the radiating
light when the medium is changed ; but to Mr. Crisp’s paper on the
same subject, giving an exposition and simplification of Abbe’s de-
monstration, the novice will look with the utmost profit.! The
following extract will give clearness and emphasis to the above
deductions of Abbe :—

‘Tf we take the case of refraction, then one of the most funda-
mental of optieal principles shows that the same rays which in air
occupy the whole hemisphere
are compressed in a medium of
higher refractive index within
a smaller angle, viz. twice the
critical angle. If in fig. 39
the object is illuminated by an
incident cone of rays of nearly Fia. 89.-—Comparative compression of
82° within the slide, and the light rays in two different media.
slide has air above in the first
case and oil in the second, it is obvious that the same ray which is
incident on the object at nearly 41° will always emerge in air at an
angle of nearly 90° (¢/), and in oil at nearly 41° (a”), so that the
same rays which in air are expanded over the whole hemisphere are
compressed into 82° in oil, and, therefore, rays beyond 82° in oil
must represent surplus rays in excess of those found in the air-
hemisphere.

¢ If, on the other hand, the case of diffraction is considered, then
Fraunhofer’s law shows that the same diffracted beams which in air

1 Journ. R.M.S. ger- ii. vol. i. p. 808.
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occupy the whole hemisphere (fig. 40) are in oil compressed within
an angle of 82° round the direct beam (fig. 41), so that there is room
for additional beams.’

The unequal equivalent of equal angles becomes, therefore, a de-

F16. 41.—Difiracted beams in oil.

monstrated truth—a truth which is capable of experimental proof by
every owner of a fair microscope.

Any one possessing a dry object-glass of an aperture of 170°, for
example, may readily do so. 1In this case, a, a, fig. 42, will represent
ac . a
170" IN AIR

% 7

Fia. 42.

the pencil radiating from an object in air, and capable of being
taken up by that objective. This pencil, on its emergence from the
back lens of the combination, will present a diameter somewhat less
than twice the focal length of the objective presented in fig. 43.
But let the object be now placed in Canada balsam and

covered in the usual way; the angle of the pencil, by

the greater refractive power of the medium, will be de-

monstrably reduced to 80°, as shown in fig. 44. But it

will be found, on examination of the emergent pencil

from the back lens, that this pencil occupies exactly the

Fie. 48.  same diameter (fig. 43)as before. The medium in which
the object is has not, of course, altered the power of the

objective ; and since the diameter of the emergent pencil is the same
in both cases, the ratio of ‘opening’ to focal length, which is the
aperture, is the same also. Hence it is seen in the simplest way
that different angles in media of different refractive indices may

\170' IN AIR
 S— N
! - G .. BALSAM

Fia. 44.

denote equal apertures, and equal angles in different media denote
different apertures.

That ‘immersion’ objectives may have greater apertures than
the maximum attainable by a dry objective is capable of equally
simple proof by accessible experiment,.

If an oil-immersion objective of 122° balsam angle be taken, and
so illuminated that the whole aperture is filled with the incident rays,
and if we use first an object mounted in air, we really find that we
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have a dry object-glass of nearly 180° angular aperture. This is readily
seen by fig. 45. By the arrangement presented in the figure the cover-
glass is practically the
first surface of the ob-
jective, for the front
lens, the immersion
fluid, and the cover-
glass are all homo-
geneous, and of the
same refractive index, 9BYECTIN AR ___
and consequently they SLioE %

Y 2 7
v

form & .frnnt lens of F1e. 45.—Diagram illustrating difference of emerging

extra tl_u("kn?ss' When pencil without and with balsam.

the object is close to

the cover-glass the pencil radiating from it will be very nearly 180°,
and the emergent pencil will be seen to utilise so much of the back
lens of the combination as is equal to twice the focal length of the
objective, as shown in the inner circle of fig. 46.

If now we run Canada balsam beneath the cover-glass so as to
immerse the object, the pencil taken up by the objective is no longer
180°, but only 122°; but in spite of that the diameter
of the emergent pencil is larger than it was when the
angle of the pencil was 180° in air, and is represented
by the outer circle in fig. 46. In both these cases
the power is identical ; it follows, therefore, that the
greater diameter of the emergent pencil from the
back of the combination denotes the greater aperture Fic. 46.
of the immersion objective over that of the dry one,
although it possessed an «ngle of 180°.  From this escape is impos-
sible, and it is for this reason that opticians make the back lenses of
their immersion object-glasses larger than those of dry ones of the
same power.

Many further illustrations might be given, but none affording
greater facility than the following, viz.: ¢Select a good specimen of
Amphiplewra pellucida and use oblique illumi-
nation, bringing out clearly the striation.

‘On removing the eye-piece, placing the
pupil on the air-image of the diatom, and
looking down on the lens, the direct incident
beam will be seen emerging as a bright spot,
and exactly opposite and close to the margin
a faint bluish light (see fig. 47). If now a
small piece of paper is placed on the back lens
of theg)bjecbivé S(l) as t(} just cover up the blue Fxgl.l 47;;2;’;25;‘ Lex::
light, and the eye-piece i5 veplaced, the diatom  piece when A. pellu-
is still visible, but all the striation which was  cida has been resol-
imaged by the blue marginal light has entirely zfﬁélf:}?:ﬁ:i:g‘;:iﬁ
disappeared. The latter must therefore consist  bluish spot opposite.
of image-forming rays.’

Enough has thus been advanced to enable the student of even
the elementary principles of modern object-glass construction to

FRONT LENS

IMMERS/ION FLUID
COVER CLASS



60 VISION WITH THE COMPOUND MICROSCOPE

demonstrate for himself that immersion lenses not only possess an
excess of aperture over dry lenses, but that the rays so in excess are
image-forming.

The refractive indices of (cedar) oil, water, and air are respec-
tively 1'52, 1-33, and 1:0. ¢ Angular aperture’ claimed that the
amgles of the admitted pencils to lenses of these three constructions
expressed equal ¢ apertures.’ But this is a fallacy, now so palpable,
but which has exerted an influence so deterrent on the progress
of the construction of our higher object-glasses and condensers,
that its final disappearance as an unjustified assumption which had
crept into the area of theoretical and practical optics, unverified by
facts and devoid of the wedding garment of deduction, is a triumph
which will make the name of Abbe long and gratefully remem-
bered.

The principle upon which increase of numerical aperture gives
increased advantage to an object-glass manifestly needs careful
study and elucidation. We have but to refer to the best work done
by those who have employed the microscope to any scientific purpose
for the past fifty years to discover that there has been an admission,
which has steadily strengthened, that by enlargement of aperture an
increase in the efficiency of the objective, when well made, was
inevitable. During the last thirty-five years this has been especially
manifest. To increase the aperture of an objective under the name
of greater ‘angle’ has been the special aim of the optician and the
constant and increasing desire of all workers with moderate and
high powers.

The true explanation of this is quite independent of any con-
sideration of apertures in excess of the maximum in air, and indeed
of the whole question of immersion objectives. The old view that
all high and excellent results depended on the angle at which the
light emerged from the object, involving some assumed property of
a special kind in the obliquity as such, has been most tenaciously
held ; but it is an « in the problem which has not only never been
demonstrated, but the scientific explanations of all the optical
properties of lens combinations in the formation of images by means
of numerical aperture, prove that it is hopeless to attempt to attach
any value to angle as angle.

About thirty years ago it presented itself to Professor Abbe as
a problem worthy of most careful inquiry as to why great ¢angle’
or obliquity as such gave to objectives an enhanced capacity in the
disclosure of obscure structure. The first step was a consideration
of the grounds on which the theory of the value of angle of aperture
rested. But no such basis was found to exist; no investigation of
the question had been made. It was demonstrated that a pencil of
170° would show minuter structure than one of 80° in the same
medium ; and from this a generalisation had been made that upon
the obliquity of the ‘angle’ of light depended the delineating power.
It was taken as a self-evident proposition that the formation of the
image in the microscope took place in every particular according to
the same dioptric laws by which tmages are formed in the telescope,
and it was tacitly taken for granted that every function of the
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microscope was determined by the geometrically traceable relations
of the refracted rays of light.

A prolonged course of able and exhaustive experiments con-
ducted by Abbe showed that, whilst the old view held good in
certain cases capable of definite verification, yet that the wvast
majority of objects, and especially those with which the highest
qualities of an objective are called into operation, the production of
the microscopic image is wholly and absolutely dependent, not upon
the obliquity of the rays to the object, as it had been so long and so
stoutly maintained, but upon their obliquity to the axis of the micro-
scope.

Such coarse objects as require only a few degrees of aperture
to disclose them are dependent on ‘shadow eftects;’ but when
extremely minute and delicate structures are to be disclosed small
apertures are absolutely useless, and mere increase of obliquity of
pencil as such is powerless to alter the result. Tt can be effected
only by increased numerical aperture, showing that the greater
obliquity of the rays incident on, or remitted from, the object is not,
and cannot be, of itself an element in the superior optical perform-
ance of greater aperture. If it were so, all the results of increased
aperture would be secured by inclining the object to the axis of the
microscope ; but it may be readily tested that when a given object
cannot, be ‘vesolved,” or its structure delineated, by an objective with
an aperture of 80° in the ordinary position, but can be resolved in
the ordinary position by an objective with an aperture of 90°, no
inclination of the object to the axis of the instrument will enable the
objective of 80° to do the work easily done by one of 90°. This
may be tested by any one possessing the instruments.

As a matter of fact, this so-called but imaginary ¢ angular grip’
is greater in a wide-angled dry lens than in one of 90° balsam-angle,
and it is certainly cut down more and more when with one and the
same objective preparations are observed in water, balsam, and
cedar oil successively. 1f now the angles qud angles are effective
in any way, something must be lost by change of angle in this direc-
tion, and something ought to be gained by change in the reverse
direction, other conditions remaining the same. It is needless to
say that all experience and the entire course of proof and reasoning
given above are diametrically opposed to such conclusions.

Similarly it will be manifest that the conception that ¢solid
vision’ or perspective effect in a microscopic image is one of the
consequences of oblique ‘angular’ illumination is equally invalid.
It assumes that the different perspective views of a preparation
examined with the microscope, which correspond to the different
obliquities, produce the same effects as if they were seen separately
by different eyes, as in the case with the binocular microscope. In
reality, whenever we have the advantage of solid vision, owing to a
different perspective projection of different images, in the microscope
or otherwise, this is solely because the different images are seen by
different eyes. In microscopic vision tl}ere is no difference of pro-
jection connected with different obliquities ; in thg binocular micro-
scope there is a diversity of images which are depicted by peneils of
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different obliquities at the object which is a certain kind of perspec-
tive difference ; but the above and other observations and experiments
show that even here there is essential divergence from the conditions
of ordinary vision.

It is thus plain that whenever aperture is effective in delineation
the mode in which it becomes so is no¢ by means of the obliquity of
the rays to the object; while it has already been shown that
increase of light, always concomitant with the use of immersion
objectives, is a relative advantage, but no part of the explanation of
the superior action of the combination of lenses. Angle is demon-
strably not the true basis for the comparison of ohjectives; it fails
in regard to aperture in general, so far as it has relation to opening ;
it fails equally in regard to the number of rays and the quantity of
light admitted to the system of lenses ; while its failure in regard to
the delineating power of objectives is everywhere seen and admitted.

At the same time it is plain that the cause of increased power of
performzmce in the ubjective is directly connected with the larger
opening or ¢ aperture’ of the immersion and homogeneous systems.
In other words, it becomes clear that something is adnntted into the
objectives with greater apertures which contributes to the formation
of an image, such as objectives of lesser aperture cannot form
because their ¢ openings’ or ‘apertures’ cannot admit that ¢ some-
thing.’

‘What this is becomes explicable by the vesearches of Abbe. It
is demonstrated that microscopic vision is swi generis. There is,
and can be, no comparison between microscopic and macroscopic
vision. The images of minute objects are not delineated microscopi-
cally by means of the ordinary laws of refiuction ; they are not
dioptrical vesults, but depend entirely on the laws of diffiraction.
These come within the scope of and demonstrate the undulatory
theory of light, and involve a characteristic change which material
particles or fine structural details, in proportion to their minuteness,
effect in transmitted rays of llght The change consists trenelal])
in the breaking up of an incident ray into a group of rays with
large angular dispersion within the range of which periodic alterna
tions of dark and light occur.

If a piece of wire be held in a strong beam of divergent light so
that its shadow fall upon a white surface, the shadow will not be
sharp and black, but surrounded by luminous fringes having the
colours of the spectrum, and the centre, where the black shadow of
the wire should be, is a luminous line, as if the wire were transparent.
This phenomenon, as is generally known, is due to the inflection of
the diverging rays on either side of the wire. The inflected rays, in
passing over one edge of the wire, meet the rays inflected by the
other edge and ‘interfere,” producing alternate increase and diminu-
tion of amplitude of oscillation or undulatory intensity, and giving
rise to coloured fringes if white light is used, and if homogeneous
light be employed giving origin to alternate bands of light and dark,
the centre always being luminous.

Again, if a disc perforated with a very small hole in the centre
be held in a pencil of diverging light, those undulations which pass
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directly through the aperture interfere with those passing obhliquely
at the edge of the disc and produce, at certain distances, a dark
spot, at other distances increased brightness, on that part of the
shadow which is opposite the aperture in the disc; so that light is
supplanted by darkness, and darkness changed to light, by the discord
or concord of the luminous waves.

Independently of all experiment, the first principles of undulatory
optics lead to these experimental conclusions. The laws of recti-
linear propagation of the luminous rays of reflection and refraction
are not absolute laws. They arise from, and depend upon, a certain
relation between the wave-lengths and the absolute dimensions of
the objects by which the waves are intercepted, or reflected, or
refracted.

Taking as illustrative the waves of sound, an acoustic shadow is
only produced if the obstacle be many times greater than the length
of the sound-waves. If the obstacle is reduced, the waves pass com-
pletely round it and there is no shadow, or if the notes are of higher
pitch, so that the waves are reduced, a smaller obstacle than before
will produce the shadow. In the case of light there are similar
phenomena. If the obstacles to the passage of light be large in
comparison with the wave-lengths, shadow effects result ; but if the
linear dimensions of objects are reduced to small multiples of the
wave-lengths of light, all shadows or similar effects of solidity must
cease. As in the instances given above, light and dark, or maxima
and minima of luminosity, interchange their normal positions by
harmony or disharmony of luminous waves.

It is then by means of diffraction phenomena that Abbe is
enabled to explain the formation of the images of objects containing
delicate striee or structure, and requiring large apertures for their
complete or approximate delineation. Tn the interests of this ex-
position we must here for a moment diverge on slightly personal
grounds. Tt has been the good fortune of the present editor to obtain
the courteous consent of Dr. Abbe to read and criticise the whole
of the present chapter; however careful and earnest a student of
such complex and original work as Dr. Abbe has done and recorded
in German and English during the last thirty years or more, it is
impossible to be wholly satisfied with the most sympathetic and
sincere desire to give such work a popular form unless it should
have been perused and accepted by the author. Dr. Abbe has read
the entire chapter, and, with many generous words besides, relieves
the editor in his consciousness of great respounsibility by saying that
he distinctly approves of the ¢lively interest and care which (the
present editor) has bestowed on the exposition of his (Dr. Abbe's)
views,” and that he feels ¢ the greatest satisfaction in seeing (his)
views represented . . . so extensively and intensively.’

But beyond this, an original worker like Dr. Abbe would almost
inevitably find, in the course of years, reason for slight verbal and
other more serious modifications of his inferences, explanations, and
views; and the editor has great satisfaction in being able to put
these modifications where they occur, with the approval of Dr. Abbe,

In the expositions of Dr. Abbe's views on the diffraction theory
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of microscopic vision given up to this time, it has been usual to
state that he held and taught that the microscopic image consists of
two superimposed images, each having a distinct character as well
as a different origin, and capable of being separated and examined
apart from each other. The one called the ¢ absorption image’ is a
similitude of the object itself, an image of the main outlines of the
larger parts; but by the other image all minute structures, striation,
and delicate complexity of detail whose elements lie so close together
as to occasion diffraction phemomena can alone be formed, because
these cowld not be geometrically imaged. So that in the case of an
object with lines closer than the 5., of an inch apart, the image
seen by the eye is formed, not simply by the central dioptric beam,
but by the joint action of that and the superimposed diffraction
images, and their exact union in the upper focal plane of the objective.

The first of these was held to be a negative image, representing
geometrically the constituent parts of the object; but the second
was considered a positive image because it delineates structure, the
parts of which appear self-luminous on account of the diffraction
phenomena which they cause. It was this ¢ diffraction image’ that
was said to be the instrument of what has so long been known as
the ¢ resolving ' power of lenses.

But Dr. Abbe, with the full light of further investigation and
experience, does not hesitate to modify this explanation. He says:
‘I no longer maintain in principle the distinction between the
“ absorption image " (or direct dioptrical image)and the “ diffraction
image,” nor do I hold that the microscopical image of an object
consists of two superimposed images of different origin or different
mode of production.

¢ This distinction, which, in fact, T made in my first paper of 1873,
arose from the limited experimental character of my first researches
and the want of « more exhaustive theoretical consideration at that
period. T was not then able to observe in the microscope the dif-
fraction effect produced by relatively coarse objects because my
experiments were not made with objectives of sufficiently long focus ;
hence it appeared that coarse objects (or the outlines of objects
containing fine structural details) were depicted by the directly
transmitted beam of light solely, without the co-operation of diffracted
light.
¢ ¢ My views on this subject have undergone important modifica-
tions. Theoretical considerations have led me to the conclusion
that there must always be the same conditions of the delineation as
long as the objects are depicted by means of transmitted or reflected
light, whether the objects are of coarse or very fine structure,
Further experiments with a large microscope, having an objective
of about twelve inches focal length, have enabled me to actually
observe the diffraction effect and its influence on the image, viewing
gratings of not more than forty lines per inch.!

1 Diffraction effects may be observed without a microscope ; they can be easily
demonstrated by observing a lamp-flame throuih a linen pocket-handkerchief or a
fine gauze wire blind. This can be done readily by placing the eye close to the linen
or wire.
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¢ My present views may be thus expressed : With coarse objects
the diffracted (bent off) rays belonging to an incident ray or pencil
are all confined within a very narrow angular space arowund that
incident ray, and do not appear separated from this except with
objectives of very long focus. The whole of such a narrow diffraction
pencil is consequently always admitted to the objective together with
the direct (incident) beam, whatever may be the direction of inci-
dence, axial or oblique. According to the proposition of p. 72 (1)
the image is in this case strictly similar to the object, i.e. the effect
is the same as if we had a direct delineation by the incident cones
of light alone, and as if the image did not depend at all upon the
diffractive action of the object.

‘1f we have a preparation like a diatom—n relatively coarse
object, including fine structural details-—or another preparation con-
taining coarse elements and fine ones in juxtaposition, the total
diffraction effect may be separated (theoretieally and practically)
into two parts : (1) that which depends on, or corresponds with, the
conrse object (e.g. the outlines of the diatom) or to the coarse
elements ; and (2) that depending upon, or resulting from, the fine
structural detail or the minute elements. The foregoing consideration
applies to (1): this constituent part of the total diffraction pencil
of the preparation which is admitted to the objective completely,
independently of the limiting action of the lens opening, and hence
the corresponding parts of the object (outlines &e.) nre depicted as
if there were a direct delineation, i.e. in perfect similarity—even
with low apertures. Those difftacted rays within the whole diffrac-
tion pencil which are due to the minute elements are strongly
deflected from the incident beams to which they belong.’ !

According to the less o1 greater aperture of the objective and
the axial or oblique incidence of the illuminating pencil or cone,
this part of the total diffiaction pencil will be subject to a more or
less incomplete admission to the objective, and the corresponding
image will therefore show the characteristic traces of the diffraction
image, that is to say, change of aspect with different apertures and
different illmmination, dissimilarity to the real structure, and so
forth. Thus we have practically, in most eases, a composition of
the microscopical image, consisting of two superimposed images of
different behaviour. But the difference is not to be considered one
of prrinciple, so far as the production of the image is concerned; for
it depends solely upon the different angular expression of the diffrac-
tion fans resulting from coarse and from extremely fine elements.?

Resuming, then, our illustration of diffinction phenomena as
applied to the theory of microscopic vision, we would point out that
perhaps the most serviceable illustration for our purpose is a plate
of glass ruled with fine parallel lines. If the flame of a candle be so
placed that its image may be seen through the centre of the plate, this

1 Letter from Dr. Abbe.

2 Thus it appears that both the ‘absorption image '’ and the ¢ diffraction image’
are now held to be equally of diffraction origin; but, whilst a lens of small aperture
would give the former with facility, it would be powerless to reveal the latter because

of its limited capacity to gather in the strongly deflected diffraction rays due to the
minuter elements.

F
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central image will be clear and uncoloured, but it will be flanked on
either side by a row of coloured spectra of the flame which are fainter
and more dim as they recede from the centre : fig. 48 illustrates this.

A similar phenomenon may also be produced by dust scattered
over a glass plate und by other objects whose structure contains very
minute particles, the light suffering a characteristic change in pass-
ing through such objects, that change
consisting in the breaking up of a
parallel beam of light into a group of
rays diverging with wide angle, and
forming a regular series of maxima and
minina of intensity ot light due to difference of phase of vibration.

"In the same way in the microscope the diffraction pencil origi-
nating from a beam incident upon, for instance, a diatom appears
as a fan of isolated rays, decreasing in intensity as they are further
removed from the direction of the incident beam transmitted through
the structure, the interference of the primary waves giving a number
of successive maxima of light with dark interspaces.

With daylight illumination if a dianphragm opening be interposed
between the mirror and a plate of ruled lines placed upon the stage,
the appearance shown in fig. 49 will be observed at the back of the

objective on removing the eye-piece and
looking down the tube of the microscope.
The central circle is an image of the dia-
phragm opening produced by the direct,
so-called non-diffracted rays, while those
on either side are the diffraction images

o O O QG produced by the rays which are bent off

from the incident pencil. In homogene-

ous light the central and lateral images

agree in size and form, but in white light

the diffracted images are radially drawn

out with the outer edges red and the

Fio. 49. mnner blue (the reverse of the ordinary

spectrum), forming, in fact, regular spec-

tra, the distance separating each of which varies inversely as the

closeness of the lines, being, for instance, with the same objective
twice as far apart when the lines are twice as close.

The formation of the miecroscopical image is explained by the
fact that the rays collected at the back of the objective, depicting
there the direct and spectral images of the source of light, reach in
their further course the plane which is conjugate to the object, and
give rise there to an interference phenomenon (owing to the connec-
tions of the undulations), this interference effect giving the ultimate
image which is observed by the eye-piece, and which therefore
depends essentially on the number and distribution of the diffracted
beams which enter the objective.

It would exceed the limits and the object of this handbook to
attempt a theoretical demonstration of the action of diffraction
spectra in forming the images of fine structure and striation so as
to afford ¢ resolution.” Those who desire to pursue this part of the
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subject may do so most profitably by the study of the only book in
our language that deals exhaustively with the theory of modern
microscopical optics, viz. the translation of Naegeli and Schwendener’s
¢ Microscope in Theory and Practice,’ translated and placed within
the reach of English microscopists by the joint labour of Mr. Frank
Crisp and Mr. John Mayall, jun. The experimental proof of the
diffraction theory of microscopic vision lies within the range of our
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F1a. 50.—Daffraction grating F1¢. 51.—Diffraction image at back

of lens without eye-piece.

purpose, and the following experiments will suffice to show those who
possess the instruments, and desire the evidence, that to the action
of diffraction spectra we are indebted for microscopical delineation.

The first experiment shows that with, for instance, the central
beam, or any one of the spectral beams alone, only the contour of
the object is seen, the addition of at least one diffraction spectrum
being essential to the visibility of the structure.

Fig. 50 shows the appearance presented by an object composed
of wide and narrow lines ruled on glass when viewed in the ordinary
way with the eye-piece in place, and fig. 51 the appearance presented
at the back of the objective when the eye-piece is removed, the

Fi1a. 52. F1a. 53. -

spectra being ranged on either side of the central (white) image, and
at right angles to the direction of the lines ; in accordance with theory,
they are farther apart for the fine lines than for the wide ones.

If now, by a diaphragm at the back of the objective, like fig. 52,
we cover up all the diffraction-spectra, allowing only the direct rays
to reach the image, the object will appear to be wholly deprived of

= Q
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fine details, only the outline remaining, and every delineation
of minute structure disappearing just as if the microscope had sud-
denly lost its optical power (see fig. 53).

This illustrates a case of the obliteration of structure by obstruct-
ing the passage of the diffraction-spectra to the eye-piece.

The second experiment, shows how the appearance of fine structure
may be created by manipulating the spectra.

k‘\—._n_a.aL“

Fia. 54. F1a. 55.

If a diaphragm such as that shown in fig. 54 is placed at the back
of the objective, so as to cut off each alternate one of the upper row
of spectra in fig. 50, that row will obviously become identical with
the lower one, and if the theory holds good, we should find the image
of the upper lines identical with that of the lower. On replacing
the eye-piece we see that it is so : the upper set of lines are doubled
in number, a new line appearing in the centre of the space between
each of the old (upper) ones, and upper and lower sets having become
to all appearance identical (fig. 55).

In the same way, if we stop off all but the outer spectra, as in fig.
56, the lines are apparently again doubled. and are seen as in fig. 57.

T
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A case of apparent creation of structure similar in principle to
the foregoing, though more striking, is afforded by a network of
squares, such as fig. 58, having sides parallel to the page, which gives
the spectra shown in fig. 59, consisting of vertical rows for the
horizontal lines and horizontal rows for the vertical ones. But it
is readily seen that two diagonal rows of spectra exist at right
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angles to the two diagonals of the squarves, just as would arise from

sets of lines in the direction of the diagonals, so that if the theory
holds good we ought to find, on obstructing all the other spectra and
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allowing only the diagonal ones to pass to the eye-piece, that the
vertical and horizontal lines have disappeared, and two new sets of
lines at »ight angles to the diagonals have taken their rlace.

A 4

Fia. 6v.

On inserting the diaplnagm, fig. 60, and replacing the eye-piece,
we find, in the place of the old network, the one shown in fig. 61,

F1a. 62.

the squares being, however, smaller in the proportion of 1 : v/2, as
they should be in exact accordance with theory. . )
An object such as Plewrosigma angwlatum, which gives six
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diffraction spectra arranged asin fig. 62, should, according to theory,
show markings in a hexagonal arrangement. For there will be one
set of lines at right angles to b « e, another set at right angles to
ca f, and a third at right angles to g @ d. These three sets of lines
will obviously produce the appearance shown in fig. 63.

A great variety of other appearances may be produced with this
same arrangement of spectra. Any two adjacent spectra with the
central beam (as bca) will form equilateral triangles and give
hexagonal markings. Or by stopping off all but gce (or bd f) we
again have the spectra in the form of equilateral triangles; but as
they are now further apart, the sides of the triangles in the two
cases-being as &/ 3 : 1, the hexagons will be smaller and three times
as numerous. Their sides will also be arranged at a different angle
to those of the first set. The hexagons may also be entirely
obliterated by admitting only the spectra g ¢ or g /" or b f, &c., when
new lines will appear parallel at right angles or obliquely inclined
to the median line.

By varying the combinations of the spectra, therefore, different
figures of varying size and positions are produced, all of which cannot
of course represent the true structure.

In practice, indeed, it has been proved that if the position and
relative intensity of the spectra, as found in any particular case, be
given, what the resultant image will be can be reached by mathe-
matical caleulations wholly, and with an exactness that may even to
some extent transcend the results of previous observation on the
actual image of the object whose spectra formed the mathematician’s
data.

If P. angulatum be illuminated by central light transmitted
from an achromatic condenser, and examined by means of a homo-
geneous lens of large aperture, Mr. Stephenson points out?! that
under ordinary conditions it would show, on withdrawing the eye-
piece and looking down the tube, one bright central light from the
lamp with six equidistant surrounding diffraction spectra, produced
by the lines (‘if, indeed, lines they be’) in the object itself. But let
a stop made of black paper, which entirely excludes the central beam
of light, be placed at the back of the objective and close to the pos-
terior lens ; in the stop let six marginal openings be made through
which the diffraction spectra may pass. On examining the image
we find that in lieu of the ordinary hexagonal markings the valve
appears of a beautiful blue colour on a black ground, and covered
with circular spots, clearly defined, and admitting of the use of deep
eye-pieces.

This is precisely what we learn from Abbe that the diffraction
theory involves. In support of this, the philosophical faculty of the
University of Jena had proposed as a question to the mathematical
students the effect produced in the microscope by these interference
phenomena. One problem was that of the appearance produced by
six equidistant speectra in a circle ; they correspond precisely with
the spectra of P. angulatum, as accessible to us with our present
numerical aperture ; and the diagram of the diffraction image, de-

1 Journ. B.M.S. vol. i. 1878, p 186.
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duced from theory, of what spectra of the given position and inten-
sity of the proposed data should give is seen in fig. 64. But what
seems quite as much to the purpose is, that Dr. Zeiss has produced a
fine photograph of P. angulatum, given in Plate X., where it will
be seen that the details shown in fig. 64 appear.

Let it be clearly understood that this does not pretend to be an
interpretation of the markings of the diatom; it is only held by
Abbe to be an accurate indication by calculation of what image the
given diffraction spectra should produce. An optical glass and
media for ‘ mounting’ and ‘ immersion’ of immensely greater refrac-
tive and dispersive indices—at present wholly inaccessible to us—
must, he contends, be found and employed before all the diffraction
spectra of P. angulatum could be admitted to form its absolute and

Fia. 64,

complete ¢ diffraction image ;’ but from such spectra as the objective
employed can admit, it is maintained by Abbe that the mathe-
matician can accurately show what the image will be. In the case of
P. angulatum theory indicated the optical, but not necessarily the
structural existence ! of smaller markings, shown in fig. 64, between
the circular spots. These had not been before seen by observers ; and
the mathematician who made the calculation (Dr. Eichhorn) had never
seen the diatom under the microscope ; but when Mr. Stephenson
re-examined the object—stopping out the central beam as above
described and allowing the six spectra only to pass—he saw the
small markings, and showed them at a meeting of the Royal Micro-
scopical Society to many experts who were there. They were small
and faint, and no doubt purely optical ; and, we learn from experiment,
may readily escape observation; but by careful investigation they

1 Conf. Abbe's recent note, pp. 72 et seq.
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are as present to the observer as they are capable of being demon-
strated by calculation to the mathematician,

Clearly, then, on these assumptions and with all other considera-
tions put aside, our finest homogeneous objectives of greatest aper-
ture inevitably fail to reveal to us the real structure of the finer
kinds of diatom valves. We learn that dissimilar structures will -
give identical microscopical tmages when the difference of their
diffractive effect is removed, and conversely similar structures may
give dissimilar tmages when their diffractive images are made
dissimilar. A purely dioptric image answers point for point to the
object on the stage, and therefore enables a safe inference to be
drawn as to the true nature of that object; but the diffraction or
interference images of minute structure stand in no direct velation
to the nature of the object, and are not of necessity conformable to
it.  As Dr. Abbe has already insisted, minute struetural details arve
not imaged by the microscope geometrieally or dioptrieally and can-
not be interpreted as images of material forms, but only as signs of
material differences of composition of the particles composing the
object, so that nothing more can safely be inferved from the image
as presented to the eye than the presence in the object of such
structural peculiavities as will produce the specifie diffraction pheno-
mena on which the images depend.!

It follows, therefore, that the larger the number of diffracted rays
admitted into the objective the greater s the similarity between the
image and the object. But carefully observe—

(1) Perfect similarity hetween these depends always on the ad-
mission to, and utilisation by, the optical combination of the whole of
the diffracted 1ays which the structure is competent to emit.

For the same reason the diffraction fan of isolated corpuscles ov
Sagells in a clear field must be exactly identical to that of equal-
sized holes or slits of equal shape in a dark background, and theory
shows that there must be a continuous and nearly uniform dissipa-
tion of diffineted light over the whole hemisphere, provided the
diameter of the ohject is a small fraction of the wave-length of light ;
and this would be so even in a medium of highest known refractive
index. Swch isolated objects can be seen, however minute they mauy

2; it is merely a question of contrast in the distribution of light, of
good definition in the objective, and of sensibility of the retina.
The diffraction theory does not put a limit to visibility with micro-
scopic objectives; it simply proves, in theory and practice, what is
the limit of visible separation in fine striation and structure.

In the visible flagellum of Bacterium termo only a fraction of a
wave-length in diameter appears as of considerably increased dia-
meter, even with a very wide aperture. The image seen is that of
another thread, the composition of which theory can be employed to

1 See Abbe's note, p. 65. But we cannot pass over in this connection the
remarkable paper in the Jowrn. Quekett Club, ser ii. vol. iv. on the ¢ Sub-stage
Condenser,’ by Mr. Nelson. His photo-micrographs illustrating the mutable diffrac-
tion effects of the ‘ small cone’ of oblique illumination, as distinct from a ¢ solid central
cone,’ and the curious ‘ghostly’ diffraction images of the former, as distinct from the
immutable diffraction images of the lutter, deserve careful consideration. From
p- 126 of the paper this matter is carefully discussed.
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compute, which would give an exactly similar diffraction fan, but
abruptly broken off at the limit of the aperture. Theory shows that
a thread-shaped object which could yield such a particular diffraction
effect must (without considering other differences) be greater in
breadth than another one vielding the full continuous dissipation of
light; in other words the actual thread, so inconceivably fine,
belonging to the Bacteriuin has produced a ¢ diffraction effect’
through the microscope, resulting in the appearance of a thread
which is the ¢ diffraction image.” But this latter is greater in width
than the actual thread or protoplasmic fibre would be could it be
seen directly without the aid of diffraction.

(2) Whenever a portion of the total diffiaction fan appertaining
to a given structure is lost, the image will be more or less incomplete
and dissimilar from the object; and in general the dissimilarity
will be the greater the smaller the fraction of light admitted. With
structures of every kind (vegular and irregular) the image will lose
more and more the indications of the minuter details, as the peri-
pheral (more deflected) rays of the diffinction pencil are more and
more excluded. The image then becomes that of a different structure,
namely, of one the whole of whose diffracted beams would (if it
physically existed) be represented by the wtilised diftracted beams of
the structure in question.

At this place it is suitable to point out that Dr. Abbe em-
phasises to the present editor the importance of interpreting the
“intercostal points’ shown by Mr. Stephenson in P. angulatum
(fig. 64) as not a revelation of real structure. ¢ The fact is that the
image, which is obtained by stopping off the direct beam, will be
more dissimilar from the real structure than the ordinary image.
It has already been shown that the directly transmitted ray is a
constituent and most essential part of the total diffraction pencil
appertaining to the structure ; it is the central maximum of this
pencil.  TIf this be stopped oft a greater part of the total diffraction
pencil is lost than otherwise, and the image, consequently, is a more in-
complete one, and therefore more dissimilar than the ordinary image.

¢ The inderest of the experiment in question is consequently confined
to two points, viz.—

i. ‘It is an exemplification of the general proposition that the
same object affords different inages if different portions of the total
diffraction fan are admitted to the ohjective.

ii. ¢ The image in question shows to the observer what would be
the #rue aspect of that structure which will split up an incident beam
of light into six isolated maxima of sécond order of equal intensity,
suppressing totally the (central) maximum of the first order, as
fig. 65; a structure of such a particular and unusual diffraction effect
is theoretically possible, although it may be probably impossible to
realise it practically. Mr. Stephenson’s experiment shows, in fact,
the true projection of the hypothetical structure.

(3) ¢ As long as the elements of a structure are large multiples of
the wave-length of light, the breaking up of the rays by diffraction
is confined to smaller and smaller angles ; that is, all diffracted rays
of perceptible intensity will be comprised within a narrow cone
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around the direction of the incident beam from which they originate.
In such a case even small apertures are capable of admitting the
whole. 'The images of such coarse objects will therefore be always
perfectly similar to the object, and the result of the interference
effect is the same as if there were no diffraction at all, and the
object were a self-luminous one.

(4) ¢ When the elements of a structure are reduced in diameter to
smaller and smaller multiples of the wave-length which corresponds
to the medium in which the object is, the diffraction pencil originating
from an incident beam has a wider and wider angular expansion
(the diffracted rays are further apart); and when they are reduced

. to only a few wave-lengths, not even
the hemisphere can embrace the whole
diffiaction effect which appertains to
the structure. In this case the whole
can only be obtained by shortening
the wave-length, i.e. by increasing
the refractive index of the surround-
ing medium to such a degree that the
linear dimensions of the elements of
the object become a large multiple of
the reduced wave-length. With very
minute structures, the diffinction fan
which ean be admitted in air, and
even in water or balsam, is only a
greater or less central portion of the
whole possible diffraction fan corre-
sponding to those structures, and which
could be obtained if they were in a
medium of much shorter wave-length.
Under these circumstances no objec-
tive, however wide may be its aperture,
can yield @ complete or strictly similay
image.

1t is at points of such extreme
delicacy and moment as this that the
diffraction hypothesis of Dr. Abbe is
s0 liable to misapprehension and mis-
interpretation, and a further note from
him relating to the dissimilarity of the
image in the case of incomplete admis-
sion of the diffraction pencil will be of

Fro. 65. great value here.

i. ¢ In the case of regular periodic
structures (i.e. equidistant strize, rows of apertures, ¢ dots,” and so forth)
the distance of the lines apart is, even with an incomplete admission
of the diffracted light, nlways depicted correctly ; that is to say, the
number of the lines per inch is never changed, provided the direct beam
(i.e. the central maximum of the diffraction fan) is admitted to the
objective and at least one of the next diffracted rays,, or,in other words,
one of the next maxima of second order. The range of dissimilarity
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is in this case confined to the proportion hetween the bright and the
dark interspaces of the striation and to the appearance of the con-
tours of the strie.

¢ 1f not more than the said two rays of the total diffraction fan are
admitted, the dark and the light intervals are always shown of
approximately equal breadth, even if the real proportion of both
intervals differs much from 1 : 1 ; and the dark and bright strie show
always gradually increasing and decreasing brightness; in other
words, want of distinet contours.

v ‘This phenomenon shows the typical picture of every regular
striation for the depiction of which not morve than two diffraction
rays can be utilised. For exmmple, Amphipleura pellucida, or any
other striation which is near to the limit of resolution for the optical
system in use, and, therefore, even with oblique light, brings only
one diffracted beam into the objective.

ii. ¢ Whenever a structure gives rise to a diffiraction fan of con-
siderable angular extension, the observation with a central incident
beam or axial light may lose a greater or smaller portion of the
whole diffiacted light if the angular expansion of the fan extends to
the aperture of the objective in use. But oblique illunination must
always involve a loss, and this Joss is not confined to the external
(peripheral) rays of the diffraction pencil (as is the case in central
light), but the portion lost will more and more extend to one full
half of the whole when the obliquity is gradually increased to the
utmost limit, so that the direct beam touches the edge of the aper-
ture. It follows that the images which are obtained with obligue
light will always be incomplete and not similar to a geometrical
projection of the ohject ; and generally (though not always) more dis-
similar than those by central light in regard to the minuter details.

¢ Strictly similar images cannot be expected, except with a ceniral
illumination with a narrow incident pencil, because this is the
necessary condition for the possible admission of the whole of the
diffracted light.’

Let it be noted that these principles of the diffraction theory of
microscopical vision relate to structures of all kinds, whatever may
be their physical and geometrical composition. Irregular structures,
isolated elements of any shape, equally produce diffraction effects,
observed either by transmitted or reflected light, and being either
transparent, semitransparent, or opaque.

The value of « = 7 sin « indicates the number of rays which
an objective can admit ; the aperture equivalent measures the very
essence of microscopical performance. It measures the degree in
which a given objective is competent to exhibit a true, complete
delineation of structures of given minuteness, and conversely the
proportion of « in different objectives is the exact measure of the
different degree of minuteness of structural details which they can
reach, either with perfect similarity of the image or with an equal
degree of incompleteness of the image, provided that the purely
dioptrical conditions are the same.

‘ Resolving ’ power is thus a special function of aperture. The
limit of visible separation in delicate structure and striation is
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determined by the fact that no resolution can be effected unless at
least two diffraction pencils are admitted, and the admission of these
we have seen is absolutely dependent on the aperture of the objective.

The rule given by Professor Abbe for determining the greatest
number of lines per inch which can be resolved by oblique light will
be found (taking any given colour as a basis) to be equal to fwice
the number of wndulations in an inch multiplied by the nuwmerical
aperture.

To those who have studied this subject it will be seen that the
‘ numerical aperture ’ here takes the place of what was formerly the
‘sine of half the angle of aperture ;’ and it has the effect of giving
the proposition a broader generality. By using the ‘sine of half
the angle of aperture,’ the proposition is only true with the addition
that the number of undulations be calculated from the wave-length
within the special medium to which the angle of aperture relates.

In introducing the numerical aperture instead of the sine of the
angle, the latter (the sine) is increased in the proportion of 1: »
(n standing for the index of the medium), and that has the same
effect as increasing the other factor the number of undulations.

‘What the colour employed should be is only capable of individual
determination, since the capacity for appreciating light varies with
different individuals.

1f, for instance, we take ‘43u in the solar spectrum as being
sufficiently luminous for vision, we find the maximum—so far as
seeing is concerned—to be 118,000 to the inch (the object, in this
case, being in air); but as the non-luminous chemical rays remain
in the field after the departure of the visible spectrum, a photo-
graphic image of lines much closer together might be produced.
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This important subject can scarcely be considered complete, even
in outline, without a brief consideration, in their combined relations,
of apertures in excess of 180° in air and the special function these
apertures possess.

1. Suppose any object composed of minute elements in regular
arrangement, such as a diatom valve ; and, to confine the considera-
tion to the most simple case, suppose it illuminated by a narrow
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axial pencil of incident rays. 1f this object is observed in air, the
radiation from every point of the object is, in consequence of the
diffraction effect, composed of an axial pencil 8, fig. 66 (the direct
continuation of the incident rays), and a number of bent-off pencils,
8, 8,, . . . surrounding 8.!

If, now, instead of air, the object is immersed in a medium of
greater refractive index, n, it results from Fraunhofer’s formula that
the sine of the angle of deflection of the first, second, . . . bent-off
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beam is veduced in the exact proportion of », and the angle is re-
duced also—that is, the whole fan of the diffracted vays is contracted
in comparison with its extension in air.  Fig. 67 will represent the
-ase of the same object in oil.

If now any dry objective (with a given angular semi-aperture )
is capable of gathering-in from air the first, or the first and second,
diffraction beams on every side of the axial pencil, another ohjective
with a more dense front medium of the refractive index, », will be
capable of admitting, from within the dense medium, exactly the same
beams (no more and no less), if its angular semi-aperture, v, is less
than « in the proportion :

sin e csinw=1:n,
or n sin ¢ = sin «,
all other circumstances—ohject and  illumination—uremaining the
same.

For example, a diatom forr which the distance of the strie is 046 u,
will give the first bent-off beam of green light (A = "55u) in aér under
an angle of 66:5°.  This will be just admitted by a dry objective of
133° angular aperturve. In balsam (n =1'5) the saume pencil will
be deflected by 37:5° only, and would be admitted, therefore, by an
ohjective of not move than 75° balsam-angle.  Again, if the distance
of the lines should be greater, as 1-2u, the second deflected beam

1 In figs 66, 67, and 68 S, and Sg are supposed to be identical with the surfaces,

but are drawn at a slight inclination to them for the purpose of clearnesd in the dia-
grams.
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would be emitted in «ir under an angle of 66:5°, but in balsam the
third would attain the same obliquity. Whilst now the dry objective
of 133° air-angle cannot admit more than the two first diffraction
beams on each side of the axis, the immersion of 133° balsam-angle
is capable of admitting from balsam three on each side under exactly
the same illumination.!

Tt follows, therefore, that a balsam-angle of 75° denotes the same
aperture as the larger air-angle of 133°, and a balsam-angle of 133°
a much greater aperture than an air-angle of the same number of
degrees, and in general two apertures of different objectives must be
equal if the sines of the semi-angles are in the inverse ratio of the
refractive index of the medium to which they relate—or, which is the
same thing, if the product of the refractive index multiplied by sine
of the angular semi-aperture (n sin w) yields the same value for both,
i.e. if they are of the same numerical aperture.

2. Suppose the same object to be observed by a dry objective
of a given air-angle, at first in air uncovered, and then in balsam
protected by a cover-glass. The first case would be represented by
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fig. 66, and the second by fig. 68. As we have seen, the group of
diffracted beams from the object in balsam is contracted in com-
parison to that in air in the ratio of the refractive index. But

! The following are the actual angles represented in the diagrams, viz.:

(Strie =22 u, wave-length A="'65 u, medium air n =1.)

S, :=14° 80’

S,=80° 0/

S =48° 36’

8,=90° 0.

Striee=2'2 u, wave-length A="55 u, medium balsam 7 =1'5.)

1 =9° 86’

8,=19°98

S5=80° 0

S, =41° 48’

Sy =56° 26’

Sy =900 0.
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according to the law of refraction, this group, on passing to air by
the plane surface of the covering-glass, is spread out—the sines of
the angles being compared—in the ratio of the same refractive index.
Consequently the various diffraction pencils, the first, second, . . .
on every side, after their transmission into air, have exactly the
same obliquity which they have in the case of direct emission in
atr from an uncovered object.

If now any dry objective of, say, 133° air-angle is capable of
admitting a certain number of these pencils from the uncovered
object, it will admit exactly the same pencils from the balsam-
mounted object. The contracted cone in balsam of 75° angular
aperture embraces all rays which are emitted in air within a cone of
133°.

The aperture of an objective is not, therefore, cut down by
mounting the object in a dense medium, for no ray which could be
taken in from the uncovered object is lost by the balsam-mounting.

3. A comparison of figs. 66, 67, and 68 will show that a cone of
82° within the balsain medium embraces all the diffracted rays
which are emitted from the object in air or transmitted from balsam
to air. This, however, is not the totality of 1ays which are emitted
in the balsam. The formula of Fraunhofer shows that the number
of the emitted beams is greater in balsam than in air in the same
ratio as the refractive index.

A structuve the distance of whose elements equals 2:2u emits in
balsam siz distinet beams on each side of the direct beamn, but in air
only four (see figs. 66, 67, and 68); the fifth and sixth are completely
lost inair. A dry objective of an angular aperture closely approaching
180° will not even take in the fourth deflected beam, as this is de-
flected at an angle of 90°. But any immersion-glass of a balsam-
angle slightly exceeding 82° will take in the fourth, and if the
balsam-angle should exceed 112° it will take in the fifth beam also,
provided the object is in balsam, and in optical continuity with the
front of the lens.

Thus, again, it is seen (as was before shown by the purely dioptric
method) that an immersion objective of balsam-angle exceeding 82°
has a wider aperture than any dry objective of maximum angle can
have, for it is capable of gathering in from objects in a dense medium
rays which are not accessible to an air-angle of 180°.

Tt is, then, by the above facts and reasoning, placed beyond all
dispute—

1. That a wide-angled ¢ immersion’ or ‘ homogeneous’ ohjective
possesses an aperture 1n excess of 180° ¢ angular aperture’ in air ;

2. That the great value of this-—always manifest practically—is
fully accounted for and explained by the diffraction theory of micro-
scopic vision ; and

3. That ¢dry’ objectives, so far as regards the perfect delineation
of very minute structures, can only be considered as representing an
imperfect phase of construction. When made by the best hands,
with every precaution and care employed to secure the best possible
corrections, their defects do not lie in the direction of the presen-
tation of false or even partially erroneous and distorted images.
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Their defects are their inevitable incapacity to open up details in
structure that can be disclosed with relative ease by the inclusion
into an oil immersion, and especially an ‘apochromatic’ objective of
great aperture, of the all-revealing diffraction beams excluded by the
dry lens of equivalent power.

With dry objectives splendid results have been attained both in
low and high power work ; but all the latter is being advanced upon
by revision with lenses ()f greater (Lperture in a striking manner.
For twenty years we h‘we l)een urging our best English microscope
wakers to enlar ge the ‘angle’ of our objectives, and employing
them from a L-inch to a Js-inch focus. We have seen them
advance from dry to water immersion, and from this to oil ; from
Js-inch, a gy-inch, and a Jg-inch of N.A. 095 each, and re-
spectively to water immersions of N.A. 1:04 and then to ‘oil
immersions’ or homogeneous lenses of N.A. 1:38 for the 4'5-inch
and ;Y;-inch respectively, and ultimately by a ,l -inch with N.A.
of 1:50; and from that we have progressed to the apochromatic
objectives with compensating eve-pieces.

Now the objectives with which the carlier work done by the
present editor and his colleague, Dr. Drysdale, was effected—to
which allusion is made only as being the mstance with which we
have most practical familiar are still in our possession ; what
was revealed by them ﬁfteen, twelve, or ten years ago we can
exactly repeat to-day ; and in the generll features of the Work—m
the hroad charactevistics of the life histories of the saprophytic
organisms, minute as they are, revision with objectives of N.A. 150
and other lenses of the best Enghsh and German makers, reveals no
positive error, even in the minutest of the details then discovered and
delineated. But the later lenses of great aperture and beautiful
corrections have opened up structure absolutely invisible before.

Thus, for example, a minute oval organism from the 5, ,th to
the 5‘—,5‘,11\ of an inch in long dinmeter was known to possess a
distinet nucleus; the long dinmeter of this was from the 1oth to the
Psth of the dizameter of the whole body of the organism. Inthe obser-
vations of fifteen to twenty-five yoars since the cyelic changes of the
entire organism were clearly visible and constantly observed; but
of the nuclews nothing could be made out save that it appeared to
share the changes in self-division and genetic reproduction, initiated
by the organism as a whole. But by lenses of N.A. 1-50 and the
finest apochromatic¢ objectives of Zeiss, especially a most beautifully
corrected 8 mm. and 2 mm., structure of a remarkable kind has
been demonstrated in the nucleus, and it has been shown that the
initiation of the great cyclic changes takes place in the nucleus, and
is then shared in by the organism as a whole. In short, we have
discovered as much concerning the ¢inaccessible’ nucleus-——which
may be not more than, say, a twelfth of the long diameter of the
whole organism—by means of lower powers, but greater apertures, as
we were able to find concerning the complete body of the saprophyte
with dry objectives.

But in spite of these facts there is a certain class of even high
power work in biology from which the dry lens can never be dis-
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missed. It must always be an indispensable instrument in a Iarge
part of the work done in the study of the life history of active
living organisms; and whatever accessories in research on such
subjects be employed, the main path of accurate and well correlated
discovery must be by ultimate and consecutive veference to the
changes of the living organism. But we cannot with any certainty
do this with either a water immersion or a homogeneous objective.
With an active organism under investigation, we desive, as far as
practicable, to limit the area of its excursions; a cover-glass of not
more than four-tenths o1 a quarter of an inch in dizaneter is large
enough when objectives from a Y inch to a ., inch ure used,
or when the recent 2 mm. objective with 27 eye-piece is employed.
To have oil or water on the top of the cover, between it and the
frront lens of the objective combination, is, with almost inevitable
certainty, sooner or later, in following the object with counter mnove-
ments of the stage, to veach the edge of the cover, and cause the oil
or water above to mingle by capillarity with the minute drop of fluid
under observation, and thus to involve the whole in eatastrophe.

To do the main work of studying consecutively the life history
of unknown organisms, dry objectives will and must be used ; but
in all cases such work must be supplemented by the use of objectives
of great aperture. The details and velations of minute structure
must be studied in one field, and their general origin and sequences
in another. The latter will be ‘continuous,” the former will be
employed as necessity indicates.  The diffraction theory of micro-
scopic vision does not invalidate, but in reality, under definable
conditions, directs the employment of ‘narrow’ apertures. All
depends on the minuteness of microscopic detail.  The law has been
enunciated above : the minuter the dimensions of the structural
elements, the wider nwest be the aperture: the larger the details of
ultimate structure, the nrower the aperture that will suffice. This
is true in regard to objects of every kind ; there is no variation in
the conditions of microscopical delineation.

The men engaged in microscopical research have different aims,
nay, the same worker at different, times differs in the object pursued.
‘Ultimate structure’ is not the ore consideration of the micro-
scopist ; he often, as indicated above, has to take a comprehensive
view of the whole object or objects of his vesearch, apart from the
most complex and delicate details.

It is folly to suppose that because great apertures have been
proved theoretically and practically to be able to open out minute
structure so perfectly, therefore there is no raison d'étre for small
apertures. Low amplification cannot vender distinctly visible de-
tails beyond a certain limit of minuteness, and wide apertures
cannot be utilised unless there is a concurrent linear amplification
of the image which is competent to exhibit to the eye the smallest
dimensions which are by optical law within the reach and grasp of
such an aperture. '

In the same way great amplification will be useless if we have
small apertures which delineate details of dimegsions only eapable
of being distinetly seen in an image of much lower amplification.

G
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1t will be ¢ empty amplification,” because there is nothing in the
image which requires so much power for distinct recognition. 1f
the power be deficient, aperture will not avail; if the aperture be
wanting, nothing is gained by high power. If the angular aperture
of the microscope is such that the delineation of fine lines, whose
interspaces are one micron,! is just possible, it is fruitless labouwr to
increase the amplification beyond what we know to be sufficient, for
their observation. We potentially differentiate what we are power-
less to see.

Thus it may be inferred from the diffraction theory, as such, that
wide aperture should accompany high amplification, and moderate
aperture be the accompaniment of low o1 moderate amplification.
We have observed with great regret that students at our Biological
Schools in these days of low-priced objectives frequently abandon a
fairly good %-inch objective of suitable numerical aperture, and
obtain in its place a § inch or ', inch with scarcely any increase of
numerical aperture, merely for the ease with which amplification is
effected. But it would be well to remember that high amplification
effects nothing unless accompanied by suitably widened aperture.

The circumstances on which what has been called ¢ penetration’
in objectives is dependent will be shortly considered ;2 it may be
stated here that theory and experience alike show that ¢ penetration’
is reduced with increasing aperture under one and the saume ampli-
fication. As we have indicated, there are many subjects of study
and research presented to the biologist forr which he needs as much
¢ penetration’ as possible.  This is always the case where the recog-
nition of solid forms—as the infusoria, for example—is important.
A fair vision of different planes at once is required.® Indeed the
greater part of all morphological work is of thisx kind; here, then,
in the words of Abbe, ‘a proper economy of aperture is of equal
importance with economy of power. 4

Whenever the depth of the object or objects under observation
is not very restricted, and for the purposes of observation we require
depth dimension, low and moderate powers must be used; ‘and no
greater aperture should therefore be used than is required for the
effectiveness of these powers—an excess in such a case is a real
damage.” ?

Moreover, in biological work— constant application of the instru-
ment to varied objects—lenses of moderate aperture and suitable
power facilitate certainty of action and conserve labour. Increase
of aperture involves a diminished working distance in the objective,
and it is inseparable from a rapid increase of semsibility of the
objectives for slight deviations from the conditions of pervfect cor-
rection. If it be not necessary to encounter the possible difficulties
these things involve, to do so is to lose valuable moments. These
difticulties, of course, are diminished by the use of homogeneous, and

1 A micron is u=+gyy mm. Vide Jowrn. R.M.S. 1888, pp. 502 and 526; and
Nature, vol. xxxviii. pp. 221, 244. ? See p. 83. .

5 Abbe’s explanation of the reason of the non-stereoscopic perception of these is
given (see pp. 98 et seq.).

+ }The Relation of Aperture to Power,’ Journ. R.M.S. series ii. vol. ii. p. 804.
5 Ibid.
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especially apochromatic objectives, but even with these they are
not, in practice, eliminated where the hest results are sought.

Employ the full aperture suitable to the power used. This is the
practical maxim taught in effect by the Abbe theory of microscopie
vision.

It has been suggested that all objectives be made of relatively
wide apertures, and that they be ‘stopped down’ by diaphragms
when the work of ‘lower apertures’ has to be done. But this is
not a suggestion that commends itself to the working biologist. If
there were no other defects in such a method, the fact that the
working distance remains unaltered would be fatal; and we may
safely adopt the statement of Abbe,! that ¢scientific work with the
microscope will always require, not only high power objectives of
the widest attainable apertures, but also carefully finished lower
powers of small and very moderate apertures.

We complete this section with a table of nwmerical apertures,
which will be found on the following page. As already stated, the
resolving powers are exactly proportional to the numerical apertures,
and the expressions for this latter will allow the resolving power of
different objectives to be compared, not only if the medium be the
same in each, but also if it be different. The resolving power for an
obhjective, when illuminated by a  solid axial cone of white light, is
found by multiplying its N.A. by 70,000, and for monochromatic
blue-green light (Gifford’s screen) by 80,000.2

The first column gives the numerical apertures from 40 to 1-52.
The second, third, and fourth, the nir-, water-, and oil- (or balsam-)
angles of aperture, corresponding to every ‘02 of N.A. from 47° air-
angle to 180° balsam-angle. The theoretical resolving power in
lines to the inch is shown in the sixth column; the line E of the
spectrum about the middle of the green (A == 0:5269u) being taken.

The column giving ¢illuminating power,” we have already seen,
is of less importance; while it must be borne in mind in using
the column of ‘penetrating power’ that several data besides

1 go to make up the total depth of vision with the microscope.
«

Penetrating Power in Objectives.—Intelligibility and sequence,
more than custom, suggest the consideration of this subject at this
point. The true meaning and real value of ¢ depth of focus,” or what
is known as ‘penetrating power,” follows logically upon the above
considerations.

That quality in an objective which was supposed to endow it
with a capacity of visual range in a vertical direction, that is, in the
direction of the axis of vision, has been called ‘penetration, it
being supposed that by this ¢ property’ parts of the object not in
the focal plane could be specially presented, so as to enable their
perspective and other relations with what lies precisely in the focal
plane to be clearly traced out.

Concerning the manner in which this quality of the objective
operated, there have been most diverse opinions; indeed, the whole

1 ¢ The Relation of Aperture to Power,” Journ. R.M.S. series ii. vol. ii. p. 809.
? Journ. R.M.S. (1898), p. 17. 2
G
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matter was involved in obscurity. The remarkable insight and
learning of Professor Abbe have, however, found forr this important
subject a sound scientific basis.

The delineation of solid objects by a system of lenses is hy
virtue of the most general laws of optical delineation. subject to «
peculinr disproportion in amplification.  The linear amplification of
the depth-dimension is, when both the ohject and the image are in
the same medium (air), found to be always equal to the square of
the linear amplification of the dimensions at right angles to the
optical axis ; but if the object be in a more highly refracting medinm
than air, it is equal to this square divided by the refiactive index
of the medium. In proportion to the lateral amplification there is
a progressive, and with high powers a rapidly increasing, over-
amplification of the depth of the threc-dimensional image, Tf a
transverse section of an object is magnified 100 times in breadth the
distunce between the planes of parts lyving one behind the other is
magnified 10,000 times at the corresponding parts on the axis when
the object is in air, 7500 times when it ix in water, and 6600 times
when it is in Canada balsam.

Thix excessive distortion in the ease of high amplifieations is not,
however, of itself so complete a hindrance to correcet appreciation of
solid forms in the microscopical imnge as at fiest appears. The
appreciation of solid form is not a matter of sensation only ; it is a
mental act—a conception—and, therefore, the peenliavity of the
optieal image, however great the amplification, would not prevent
the conception of the solidity of the object so long as salient points
for the construction of o theee-dimensional image were found.  But,
for this the solid object, as such, must be simultancously visible ;
a single layer of inappreciable depth can convey no conception of
the three space dimensions possessed by the object.

Owing to the disproportional amplification of the depth-dimension
normal to the action of optical instruments, the visual space of the
nicroscope loses more and more in depth as the mnplification increnses,
and thus constantly approximates to a bave horizontal section of the
object.

The visual space, which at one adjustment of the focus is plainly
visible, is made up of two parts, the limits of which as regards the
depth ure determined in a very different manner.

Firvst, the accommodation of the eye emlnaces a certain depth,
different planes being successively depicted with perfect sharpness
of image on the retina, whilst the eye, adjusting itself by conscious
or unconscious accommodation, obtains virtual images of greater or
less distance of vision. This depth of accommodation, which plays
the same part in microscopical asx in ordinary vision, is wholly
determined by the extent of power in this direction possessed by the
particular eye, the limits being the greatest and the least distance
of distinet vision. Its exact numerical measure is the difference
between the reciprocal values of these two extreme distances. The
depth of distinct vision isx divectly proportional to this numerieal
equivalent of the accommodation of the eye, directly proportional
to the refractive medium of the object, and inversely proportional
to the square of the amplification when referred always to the same
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image-distance. For example, a moderately short-sighted eye sees
distinetly at 150 mm. as its shortest distance, and at 300 mm. ax
its longest distance; then the numerical equivalent of the extent
of accommodation would be equal to 51, mm.; the caleulation for
an object in air would give a depth of vision by accommodation
amounting to
2:08 mm. with 10 times amplification
30

0-23 " »
0-02 ., 100 "
00023 ., 300 .
000021 ,. 1000 .
000002 ,, 3000 N

These figures are modified by the medinm in which the object ix
placed and by the greater or less shortness and length of vision.
Secondly, the perception of depth is assisted by the insensi

bility of the eye to small defects in the union of the rays in the optic
image, and therefore to small circles of confusion in the visual image.
Transverse sections of the object which are a little above and below
the exact foeal adjustment are seen without prejudicial effects. Z%e
total effect so obtuined is the so-called pemetration or depth of focus
of an objective.  This may be determined numerieally by defining
the allowable magnitude of the circles of confusion in the micro-
scopieal image by the visual angle under which they appear to the eye.
It is found that one minute of are denotes the it of sharply
defined vision, two to three minutes for fairly distinet vision, and five
to six minutes the limits of vision only just tolerable.  This being
determined, the foeal depth depends only on the refinctive index of
the medinm in which the object is placed, the amplification, and the
angle ot aperture, and it is directly proportional to the refractive
index of the object medium, and inversely proportional to the
¢ numerical aperture’ of the ohjective, as also to the first power of
the amplification.  These assume the visible angle of allowable
indistinetness to be fixed at 5/, the aperture angle of the image-
forming pencils to be 60° in air; the depth of focus of an ohject in
«ir will then be—

0:073 mm. for 10 times amplification

0-024 ” 30 v
00073 ,, 100 ”
00024 ,, 300 "
000073 ,, 1000 »
0-00024 ,, 3000 "

By limiting or enlarging the allowable magnitude of indistinctuess
in the image we correspondingly modify these figures, as we should
do with media of different vefractive indices and increased aperture-
angle.

It is plain, then, that the actual depth of vision must always he
the exact sum of the accommodation depth and focal depth. The
former expresses the object space through which the eye by the play
of accommodation can penetrate and secure a sharp image ; the latter
gives the amount by which this object-space is extended in its
limits—reckoning both from above and below—because without per-
fect sharpness of image there is still a sufficient distinctness of vision.
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As the amplification increases the over-amplification of the
depth-dimension presents increasingly unfavourable relation between
the depth and width of the object-space accessible to accommodation.
When low powers are employed we have relatively great depth of
vision, because we have large accommodation-depth ; but as we pass
to medium powers, the accommodation-depth diminishes in rapid
ratio, becoming equal to only a small depth of focus; while when
the magnifying power is greatly increased the accommodation-depth
is a factor of no moment, and we have vision largely, indeed almost
wholly, dependent on depth of focus.

The following table shows the total depth of vision from ten to
3,000 times :—

Depth of Vislon, Ratio of Depth ! ‘

: ., Diameter of Accommoda- Accommodation' ot Vision to
A“‘Phﬂc“‘"“ Field tion Depth | Focal Depth """pDepth, and . Diameter of
‘ ¥ocal Depth i Field |
mm. mm. ) mm. mm. 1 {
10 250 2:08 0:073 2-153 116 |
] |
30 83 0-23 0024 0-254 327
100 2:5 002 0:0073 0-0273 i)11-6
X ) ¢
| 1 '
300 083 0-0023 0:0024 0:0047 1766 ‘
1000 . 0-25 0:00021 ‘ 0:00073 0:00094 Ztli(i l
. 1 1
3000 0083 0:00002 0:00024 0:00026

| |
| '

319

It has been pointed out by Abbe that this over-amplification of
depth-dimension, though it limits the direct appreciation of solid
forms, yet is of great value in extending the indirect recognition of
space relations.  When with increase of magnifying power the depth
of the image becomes more and more flattened, the images of different
planes stand out from each other more perfectly in the same ratio,
and in the same degree are clearer and more distinct. With an
increase of amplification the microscope acquires increasingly the
property of an optical microtome, which presents to the observer’s
eye sections of a fineness and sharpness which would be impossible
to a mechanical section. It enables the observer, by a series of
adjustments for consecutive planes, to construe the solid forms of
the smallest natural objects with the same certainty as he is
accustomed to see with the naked eye the objects with which it is
concerned. This is a large advantage in the general scientific use
of the instrument; a greater gain, in fact, than could be expected
from the application of stereoscopic observation.

Stereoscopic Binocular Vision.—This subject has been elaborately
considered and partially expounded and demonstrated by Professor
Abbe ; his exposition differs in some important particulars from
that of the original author of this book, but in its present incomplete
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forms it appears to the editor to be the wiser way to allow Dr. Car-
penter’s treatment of the subject to stand, and to place below it as
complete a digest of Professor Abbe’s theory and explanation of the
same subject as the data before us will admit.

The admirable invention of the stereoscope by Professor Wheat-
stone has led to a general appreciation of the value of the conjoint
use of both eyes in conveying to the mind a notion of the solid forms
of objects, such as the use of either eye singly does not generate with
the like certainty or effectiveness; and after several attempts,
which were attended with various degrees of success, the principle of
the stereoscope has now been applied to the microscope, with an
advantage which those only can truly estimate who (like the Author)
have been for some time accustomed to work with the stereoscopic
binocular! upon objects that are peculiarly adapted to its powers.
As the result of this application cannot be rightly understood with-
out some knowledge of one of the fundamental principles of binocular
vision, a brief account of this will be here introduced. All vision
depends in the first instance on the formation of a picture of the
object upon the retina of the eye, just asthe camera obscura forms
a picture upon the ground glass placed in the focus of its lens. But
the two images that are formed by the two eyes respectively of any
solid object that is placed at no great distance in front of them are
far from being identical, the perspective projection of the object
varying with the point of view from which it is seen. Of this the
reader may easily convince himself by holding up a thin book in
such a position that its back shall be at a moderate distance in front
of the nose, and by looking at the book, first with one eye and then
with the other; for he will find that the two views he thus obtains
are essentially different, so that if he were to represent the book as
he actually sees it with each eye, the two pictures would by no
means correspond. Yet on looking at the object with the two eyes
conjointly, there is no confusion between the images, nor does the
mind dwell on either of them singly ; but from the blending of the
two a conception is gained of a solid projecting body, such as could
only be otherwise acquired by the sense of touch. Now if, instead
of looking at the solid object itself, we look with the right and left
eyes respectively at pictures of the object, corresponding to those
which would be formed by it on the retinw of the two eyes if it were
placed at a moderate distance in front of them, and these visual
pictures are brought into coincidence, the same conception of a solid
projecting form is generated in the mind, as if the object itself were
there. The stereoscope-—whether in the forms originally devised by
Professor Wheatstone or in the popular modification long subse-
quently introduced by Sir D. Brewster—simply serves to bring to
the two eyes, either by reflexion from mirrors or by refraction
through prisms or lenses, the two dissimilar pictures which would
accurately represent the solid object as seen by the two eyes respec-

!t It has become necessary to distinguish the binocular microscope which gives
true stercoscopic effects by the combination of two dissimilar pictures from a
binocular which simply enables us to look with both eyes at images which are
assentially identical (p. 106).
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tively, these heing thrown on the two retie m the precise positions
they would have occupied if formed there diccet from the solid
object, of which the mental fmage (it the pictures Tuve heen correctly
taken) is the precise conntevpart. Thus in fig, 69 the upper patre of
pictures (A,B) when combined in the stercoscope snggest the idea of
a prajecting truncated pyramid, with the small square in the centre
and the four sides sloping equally away (rom it; whilst the combi-
nation of the lower pair, C, D (which e identical with the upper,
hut are transferred to opposite sides), no less vividly hrings to the
mind the visual conception of a receding pyramid, still with the swall
square in the centre, but the four sides sloping equally towards it.
Thus we see that by simply erossiiy the pictures in the stereo-
scope, so as to bring before each eye the pictine taken for the other,
a ‘conversion of relief’ ic produced in the resulting solid image,
the projectimg parts heing made to recede and the receding parts
brought into reliet.  In like manner, when several objects are com-

Fria. 69.

bined in the same crosscd pictures, their apparent velative distances
are reversed, the remoter heing brought nearer and the newrer
cirvied hackwards 3 so that (for example) a stereoscopic photograph
representing a man standing in front of a mass of ice shall, by the
crossing of the pictures. muke the figure appear as if imbedded in the
ice. A like conversion of relief may also be made in the case of
actual solid objects by the use of the pseudoscope, an instrument
devised by Professor Whenatstone, which has the effect of reversing
the perspective projections of objects seen through it by the two
eves vespectively ; so that the interior of a basin or jelly-mould is
made to appear as a projecting solid, whilst the exterior is made to
appear hollow. Hence 1t is now customary to speak of stereoscopic
vision as that in which the conception of the true natural velief of an
object is called up in the mind by the normal combination of the
two perspective projections formed of it by the right and left eyes
vespectively ; whilst by pseidoseopic vision we mean that ¢ conver-
sion of relief’ which is produced by the combination of two reversed
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perspective projections, whether these be obtained directly from the
object (as by the pseudoscope) or from ‘crossed’ pictures (as in the
stereoscope). Tt is by no means every solid object, however, or every
pair of stereoscopic pictures which can become the subject of this
conversion. The degree of facility with which the ¢ converted ’ form
can be apprehended by the mind appears to have great influence on
the readiness with which the change is produced. And while there
are some ohjects—the interior of a plaster mask of a face, for ex-
ample—which can always be ‘converted’ (or turned inside out) at
once, there are others which resist such conversion with more or less
of persistence.!

Now it is easily shown theoretically that the picture of any
projecting object seen through the microscope with only the »ight-
hand half of an objective having an even moderate angle of aperture,
must differ sensibly from the picture of the same object received
through the left hand of the same objective ; and, further, that the
difference bhetween such pictures must increase with the angular
aperture of the objective. This difference may be practically made
apparent by adapting a ¢ stop’ to the objective in such a manner as
to cover either the right or the left half of its aperture, and then by
cavefully tracing the outline of the object as seen through each half.
But it is more satisfactorily brought into view by taking two photo-
graphic pictures of the object, one through cach lateral half of the
objective ; for these pictures when properly paired in the sterco-
scope give a magnified image in relief, bringing out on a large scale
the solid form of the object from which they were taken. What is
needed, therefore, to give the true stereoscopic power to the micro-
scope is & means of 5o bisecting the cone of vays transmitted by the
objective that of its two lateral halves one shall be transmitted to
the right and the other to the left eye. Tf, however, the image thus
formed by the »ight half of the objective of a compound microscope
were seen by the right cye, and that formed by the left half were
secen by the left eye, the resultant conception would be not stereo-
scopic but pseudoscopic, the projecting parts being made to appear
receding, and vice versw. The reason of this is, that as the microscope
itself reverses the picture, the rays proceeding through the right and
the lef¢ hand halves of the objective must be made to cross to the
left and the right eyes respectively, in order to correspond with the
direct view of the object from the two sides; for if this second
reversal does not take place, the effect of the first reversal of the
images produced by the microscope exactly corresponds with that
produced by the ¢ crossing’ of the pictures in the stereoscope, or by
that reversal of the two perspective projections formed direct from
the object, which is effected by the pseudoscope. It was from a
want of due appreciation of this principle (the truth of which can
now be practically demonstrated) that the earlier attempts at pro-
ducing a stereoscopic binocular microscope tended rather to produce
a ¢ pseudoscopic conversion’ of the objects viewed by it than to
represent them in this true relief.

1 For a fuller discussion of this subject see the Author’s Mental Physiology,
§§ 168-170.
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In contradistinction to this explanation of binocular vision Dr.
Abbe, as we have seen, has demonstrated that oblique vision in the
microscope is wholly unlike ordinary vision ; there is, in fact, no
perspective. The perspective shortening of lines and surfaces by
oblique projection is entirely lost in the microscope, and, as a con-
sequence, it is contended that the special dissimilarity which is the
raison d'étre of ordinary stereoscopic effects does not exist, but that
an essentially different mode of dissimilarity is found between the
two pictures. The outline or contour of a microscopic object is
unaltered, whether viewed by an axial or an oblique pencil ; there i
no foreshortening, there is simply lateral displacement of the images
of consecutive layers. But Abbe contends that, whilst the manner in
which dissimilar pictures are formed in the binocular microscope is
different from that by which they are brought about in ordinary
stereoscopic vision, yet the activities of the brain and mind by which
they are so blended as to give rise to sensations of solidity, depth,
and perspective are practically identical.

The fact that lateral displacements of the image are seen in the
microscope depends on a peculiar property of microscopic amplifica-
tion, which is in strong contrast to the method of ordinary vision.
It depends entirely on the fact, enunciated above, that the amplifi-
cation of the depth is largely exaggerated. Hence solid vision in
the binocular microscope is confined to large and coarse objects, the
dimensions of which are large multiples of the wave-length. It
therefore follows that when moderate or large apertures have to be
employed—that is to say, whenever delineation requires the employ-
ment of oblique rays—the elements of the object are no longer
depicted as solid objects seen by the naked eye or through the telescope
would be depicted ; nevertheless the brain arranges them so that
the characteristics of solid vision are still presented.

Professor Abbe demonstrates ! that in an aplanatic system pencils
of different obliquities yield identical images of every plane object,
or of a single layer of a solid object. This is true however large the
aperture may be.

This carries with it, as we have said, a total absence of perspec-
tive and an essential geometrical difference between vision with the
binocular microscope and vision with the unaided eye.

An object, not quite flat, as a curved diatom, when observed with
an objective of wide aperture will present points of great indistinet-
ness. This has been by some supposed to arise from the assumption
that there was a dissimilarity between the images formed by the
axial and oblique pencils; but this is not so. It is wholly expli-
cable by the fact that the depth of the object is too great for the
small depth of vision attendant upon a large aperture.

It will be seen, then, that so long as the depth of the object is
within the limits of the depth of vision, corresponding to the aperture
and amplification in use, we obtain a distinct parallel projection of
all the successive layers in one common plane perpendicular to the
axis of the microscope—a ground plan, as it were, of the object.
Manifestly, then, since depth of vision decreases with increasing

! Journ. R.M.S. series ii. vol. iv. pp. 21~-24.
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aperture, good delineation with these must be confined to thinner
objects than can be successfully employed with objectives of narrow
apertures,

Stereoscopic vision with the microscope, therefore, is due solely
to difference of projection exhibited by the different parallactic dis-
placements of the images of successive layers on the common ground
plane and to the perception of depth, not to the delineation of the
plane layers themselves. For, if there were dissimilar images per-
ceptible at different planes, the out-of-fucus layers must appear con-
fused and no viston of depth would be possible.

Now stereoscope vision requires, as shown by Dr. Carpenter, that
the delineating pencils shall be so divided that one portion of the
admitted cone of light is conducted to one eye and another portion to
the other eye. If this division ofthe image is effected in a symmetui-
cal way, the cross section of, e.g., a circle must be reduced to two
semicireles representing one of these two mrrangements seen in

O and P, fig. 70.

0 o D » €
Fia. 70.

Drv. Abbe’s theory is that the only condition necessary for ortho-
scopic effect in any binocular system is that these semicircles or
their equivalents should be depicted according to diagram O, fig. 70,
and for pseudoscopic effect according to diagram P in the same figure ;
and he demonstrates that all other circumstances, such, e.g., as the
crossing of the images, are wholly immaterial.

Orthoscopic vision is always obtained when the right half of the
right pupil and the left half of the left pupil only are employed;
pseudoscopie vision in the opposite conditions. ¢TIt is quite indif-
ferent whether the effect is obtained with crossing or non-crossing
rays, whether the image be erect, or inverted, or semi-inverted, and
whatever may be components of the optical arrangement.’

The observant reader will perceive that it is at this point that
there is a radical divergence from the interpretation given by Dr.
Carpenter, who, as we have seen above, insisted that orthoscopic
vision is not to be obtained in a binocular with non-erecting eye-pieces
unless the axes of the two halves of the admitted cone cross each
other.

Of course we must keep clearly before us the fact that in micro-
scopic vision it is not the object but its virtual image only that we
see, This apparently solid image is placed in the binocular micro-
scope under circumstances similar to those of common objects in
ordinary vision. Clearly, then, it is the perspective projections of
this #mage which require to be compared to the projections of solid
objects in ordinary vision, in respect to which the criteria of ortho-
scopic and pseudoscopic vision have been defined. But it can be
geometrically demonstrated that right-eye perspective of the ap-

" parently solid ¢mage is always obtained from the right-hand portion of
the emergent pencils, left-eye perspective from the left-hand portion ;
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and it s quite immaterial, as regards this result, which partion of the
emergent rays is admitted by the right or the left part of the objective.

The manner in which the delineating pencils are transmitted
through the system may be such as to require crossing over of the
rays from the right-hand half of the objective to the left eye-piece,
and vice versa. But it is not essential to binocular effect. In the
Wenham and Nachet binocular (pp. 98, 99) crossing over s required
because the inversion of the pencils is not changed by two reflexions.
If the delineating pencils have been reflected an even number of times
in the same plane, it will be necessary for the rays to cross; but if
they have been reflected an odd number of times, it is not only un-
necessary, but is destructive of orthoscopic effect, provided ordinary
eye-pieces (non-erecting) are employed. Hence in the Stephenson bi-
nocular it is not only not required, but would give pseudoscopic effect.

Principal Forms of Binocular Microscopes.—The first binocular
of a practical character was the arrangement of Professor J. L.
Riddell, of New Orleans. It was devisedin 1851 and constructed in
1852, and a description of its nature and its genesis was given by
him in the second volume of the first series of the ¢ Quarterly Journal
of Microscopical Science’ in the year 1854.1

A representation of his original instrument is presented in fig. 71,
and the arrangement of the prisms by which the binocular effect was
obtained is shown in fig. 72.

It will be seen that the pencil of rays emerging from the back
lens of the combination { is divided into two, each half passing re-
spectively into the right and left prisms; the path of the rays is
indicated at a, b, ¢, , the ohject being at o.

To secure coincidence of the images in the field of view for
varying widths between the eyes Professor Riddell devised (1) a
means of regulating the inclination of the prisms by mounting them
in hinged frames, so that, while their lower edges, near q, fig. 72,
remain always in parallel contact, the inclination of the internal
reflecting surfaces can be varied by the action of the milled head in
front of the prism box; (2) the lower ends of the binocular tubes
are connected by travelling sockets, moving on one and the same
axis, on which are cut corresponding right- and left-handed screws,
s0 that the width of the tubes may correspond with that of the
prisms; and (3) the upper ends of the tubes are connected by racks,
one acting above and the other below the snme;r pinion, so that right-
and left-handed movements are communicated by turning the pinion.

This instrument could only be used in a vertical position, as
shown in the figure (71). The two prisms in fig. 72 correct the in-
version of the image in a lateral direction, two more prisms are
needed to correct the inversion in the vertical direction. These
Professor Riddell placed above the eye caps, but now they are placed
immediately above the binocular prisms, fig. 78.

This system of binocular excited much interest in England im-
mediately after its publication, and Mr. Wenham in London and
MM. Nachet, of Paris, soon snggested and devised a variety of
“inocular systems.

! P.18.
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Nachet's Binocular was early in the field, but was not «
practical construction on account of the pavellelism of its tubes, and
ix not now advocated by its inventor or adopted by opticians of any
country.

Wenham's Stereoscopic Binocular.—All these objections arve
overcone in the admivable arangement devised by the ingenuity of
Mi. Wenhang i 1860 (rans Microscopi-
enl Soc. of London.vol 1. NS, p. 15), in
whose binoeulin the cone of rays pro-
cecdimg upwands from the objective is
divided by the amterposition of & prism
of the peculiar form shown in fig. 73, so
placed in the tube which carries the ohjec-
tive (figs 74, 75, @), as only to interrupt
one half, « ¢, of the cone, the other half,
@ b, going on continwously to the eye-
piece of the principal or right-hand body,
R, in the axis of which the objective is
placed.  The interrupted half of the cone
(figs. 73, 74, a), on its entrance into the
prism, is searcely subjected to any refrac-
tion, since its axial ray is perpendicular
to the surface it meets ; but within the prism it is subjected to two
reflexions at b and ¢, which send it forth again obliquely in the line

L R

Fia. 78.—Wenham's prism
(1860).

=)

Fia. 74. Fia, 75.
Wenham's stereoscopic binoculnr microscope (1860).

o towards the eye-piece of the secondary or Ieft-hand body (fig. 74,
L); and since at its emergence its axial ray is again perpendicular
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to the surface of the glass, it suffers no more refraction on passing
out of the prism than on entering it. By this arrangement the
image received by the right eye is formed by the rays which have
passed through the left half of the objective, and have come on
without any interruption whatever ; whilst the image received by
the left eye is formed by the rays which have passed through the right
half of the objective, and bave been subjected to two reflexions within
the prism, passing through only two surfaces of glass. The adjustment
for the variation of distance between the axes of the eyes in different.
individuals is made by drawing out or pushing in the eye-pieces, which
are moved consentaneously by means of a milled head, as shown in
fig. 75. Now, although it may be objected to Mr. Wenham's methed
(1) that, as the rays which pass through the prism and are obliquely
reflected into the secondary body traverse a longer distance than
those which pass on uninterruptedly into the principal body, the
picture formed by them will be somewhat larger than that which
1s formed by the other set ; but this can be easily compensated forr
by (a) altering the power of one of the eye-pieces, (b) by increasing the
tube length of the direct tube ; and (2) that the picture formed by the
rays which have been subjected to the action of the prism must be
inferior in distinctness to that formed by the uninterrupted half of
the cone of rays; these objections are found to have no practical
weight. For it is well known to those who have experimented
upon the phenomena of stereoscopic vision (1) that a slight differ-
ence in the size of the two pictures is no bar to their perfect com-
bination ; and (2) that if one of the pictures be good, the full effect
of relief is given to the image, even though the other picture be
faint and imperfect, provided that the outlines of the latter are
sufficiently distinct to represent its perspective projection. Hence
if, instead of the two equally Aalf-good pictures which are obtainable
by MM. Nachet’s original construction, we had in Mr. Wenham’s
one good and one indifferent picture, the latter would be decidedly
preferable. But, in point of fact, the deterioration of the second
picture in Mr. Wenham’s arrangement is less considerable than
that of both pictures in the original arrangement of MM. Nachet;
so that the optical performance of the Wenham binocular is in every
way superior. It has, in addition, these further advantages over
the preceding: First, the greater comfort in using it (especially for
some length of time together), which results from the convergence
of the axes of the eyes at their usual angle for moderately near
objects ; secondly, that this binocular arrangement does not necessi-
tate a special instrument, but may be applied to any microscope
which is capable of carrying the weight of the secondary body, the
prism being so fixed in a movable frame that it may in a moment
be taken out of the tube or replaced therein, so that when it has
been removed the principal body atts in every respect as an ordinary
microscope, the entire cone of rays passing uninterruptedly into it;
and thirdly, that the simplicity of its construction renders its de-
rangement almost impossible.!

1 The Author cannot allow this opportunity to pass without expressing his sense

of the liberality with which Mr. Wenham freely presented to the public this im-
H2
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Stephenson's Binocular.—A new form of stereoscopic binocular
has been introduced by Mr. Stephenson,! which has certain dis-
tinctive features, and at the time Mr. Stephenson devised it he was

F1a. 76.—Riddell’s binocular
prisms, as apphied by Mr.
Stephenson (1870).

entirely unaware that any part of the
method he employed had been used by
another.  He had, however, independently
conceived Riddell’s device for dividing the
beam as a part of his very ingenious in-
strument. This he discovered and acknow-
ledged about three years after the full de-
seription and completion of his binocular.?
The cone of rays passing upwards from the
object-glass meets a pair of prisms (A A,
fig. 76) fixed in the tube of the microscope
immediately above the posterior combina-
tion of the objective, so as to catch the
light-rays  on their emergence from it;
these it divides into two halves and he-
haves as deseribed in the Riddell priss,
which,y in fact, they are. As the cone of
rays is equally divided by the two prisms,
and its two halves are similarly acted on,
the two pictures are equally illuminated,
and of the same size ; while the close ap-

proximation of the prisms to the back lens of the objective enables
even high powers to be used with very little loss of light or of
definition, provided that the angles and surfaces of the prisms are

worked with exactness; and as the two
hodies can be made to converge at n
~maller angle than in the Wenham ar-
rmngement, the observer looks through
them with more comfort.  But Mr. Ste-
phenson’singeniousarrangementisliable
to the great drawback of not heing
convertible (like Mr. Wenham’s) into
an ordinary monocular by the with-
drawal of a prism, so that the use of
this form of it will be probably re-
stricted to those who desire to work
with a binocular when employing high

Fia. 77.—Stephenson’s erecting POWers.

prism (1870).

But one of the greatest advantages
attendant on Mr. Stephenson’s con-

struction is its capability of being combined with an erecting
arrangement, which renders it applicable to purposes for which
the Wenham binocular cannot be conveniently used. By the in-
terposition of & plane silvered mirror, or (still better) of a reflecting

————_e

portant invention, by which, there can be no doubt, he might have largely pro-
fited if he had chosen to retain the exclusive right to it.
v Monthly Microscopical Journal, vol.iv. (1870), p. 61, and vol. vii. (1872), p. 167.

? Ibd. vol. x. p. 41.
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prism (fig. 77), above the tube containing the binocular prisms,
each half of the cone of rays is so deflected that its image is reversed
vertically, the rays entering the prism through the surface C B, being
reflected by the surface A B, so as to pass out again by the surface
A C in the direction of the dotted lines. Thus the right and the left
half-cones are directed respectively into the right and the left
bodies, which are inclined at a convenient angle, as shown in fig. 78 ;
so that—the stage being horizontal—the instrument becomes a most
useful compound dissecting microscope, and as thus arranged by
Swift, with well adjusted rests for the hands, has but few equals for
the purposes of minute dissectionsand delicate mounting operations ;
indeed, the value of the erecting binocular consists in its applica-
bility to the picking out of very minute objects, such as Diatoms,
Polycystina, or Foraminifera, .
and  to the prosecution of
minute dissections, especially
when these have to be carried on
in fluid. No one who has only
thus worked monocwlarly can
appreciate the guidance derivable
from binocular vision when once
the habit of working with it has
been formed.

Tolles’s Binocular Eye-piece.
An ingenious eye-piece has been
constructed by Mr. Tolles (Boston,
U.S.A.), which, fitted into the
body of a monocular microscope,
convertsitintoan erecting stereo- FIc. 78.—Stephenson’s erecting
scopicbinocular. Thisconversion binocular (1870).
is effected by the interposition .
of a system of prisms similar to that originally devised by MM.
Nachet, but made on a larger scale, between an ¢ erector’ (re;-
sembling that used in the eye-piece of a day-telescope) and a pair
of ordinary Huyghenian eye-pieces, the central or dividing prism
being placed at or near the plane of the secondary image formed by
the erector, while the two eye-pieces are placed immediately above
the two lateral prisms, and the combination thus making that
division in the pencils forming the secondary image which in the
Nachet binocular it makes in the pencils emerging from the objective.
As all the image-forming rays have to pass through the two surfaces
of four lenses and two prisms, besides sustaining two 1nbgrnal re-
flexions in the latter, it is surprising that Professor H. L. Smith, Wl}lle
admitting a loss of light, should feel able to speak of the definition
of this instrument as not inferior to that of either the Wenham or
the Nachet binocular. It is obviously a great advantage that this
eye-piece can be used with any microscope and with objectives of
high power; but as its effectiveness must depen('i upon extraordinary
accuracy of workmanship its cost must necessarily be great.!

1 See American Journal of Science, vol. xxxviii, (1864), p. 111, and vol. xxxix.
(1865), p. 212; and Monthly Microsc. Journal, vol. vi. (1871), p. 45.
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A form of this binocular eye-piece was made b)" Professor Abbe
with the ingenuity and thoroughness characteristic of the ﬁx‘m of
Zeiss; but in spite of its beauty as an optical instrument, and its use-
fulness ax applicable to any tube, and especially the shorter tubes
to which the Wenham -
binocular could not well
apply, the double image
in the right-hand tube
was most conspicuously
apparent, greatly inter-
fering with the perfection
of the stereoscopic image.
On this account chiefly it
has not come into general
use. We are nevertheless
indebted to the firm of
Zeiss for the introduction
of a very satisfactory
form of binocular instru-
ment, of which we can
speak with unconditional
praise. It is designated
as Greenough’s binocular 8
microscope, and we ean
confidently affirm’ that
it furnishes an accurate
solid and withal an erect
image, so that for all the

purposes for which the use of the binoeular is at present desirable it ac-
complishes what is sought, and will be found invaluable for zoologists,
botanists, and embryologists. The microscope is shown in fig. 79,
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and has been constructed by means of a combination of Porro prisms
with a compound microscope of the usual optical type ; it possesses
many of the advantages of the compound miero-
scope, but inevitably loses light by the passing of
the ray through so many prisms, yet by means of
the Porro prisms the inverted image is rendered
erect. Thismay be practically illustrated by fig.
80, which shows that the rays oflight in passing
from the object to the eye undergo four succes-
sive reflexions at the surfaces of the prisms and
emerge from the last prism with undiminished
intensity. The prisms, it will be seen, have the
effect of erecting the inverted image formed
by the object-glass. But in this microscope
binocular vision is obtained, not as in the usual
form of binocular microscope, by the subsequent
division of a pencil of light passing through
one object-glass ; but two complete microscopes,
each having its own objective and eye-pieces,
are simultaneously directed upon the object.
This secures perfect stereoscopie (orthomorphic)
vision, but of course no power higher than
1% inch can be employed. The path of the rays
is more clearly seen in fig. 81, giving a diagram Fie. 80.—Showing the
by Mr. Nelson with one of the prisms turned gﬂ'gt’t‘ﬂ:‘tg’;’tﬁf i
round 90° to make clearer the action of the rays (1894).

prisms on the ray. It is well to note that,

when two of these erectors with a double objective binocular are
used, the distance between the eyes can be compensated for by
merely turning the erector adaptors round in the microscope tube.

This method of erection, which is both valuable and practical, was
first deseribed in Zahn’s ¢ Oculus Artificialis’ (1702), only reflectors
were used instead of prisms, but the path of the rays is diverted in
precisely the same way as with the Porro prisms.

The stereoscopic bhinocular is put to its most advantageous use
when applied either to opague objects of whose solid forms we are
desirous of gaining an exact appreciation or to &ransparent objects
which have such a thickness as to make the accurate distinction
between their nearer and their more remote planes a matter of im-
portance. All stereoscopic vision with the microscope, so far as it
18 anything more than mere seeing with two eyes, depends, as already
seen, exclusively upon the unequal inclination of the pencils which
form the two images to the plane of the preparation, or the axis of
the microscope. By uniform halving of the pencils—whether by
prisms above the objective or by diaphragms over the eye-pieces—
the difference in the directions of the illumination in regard to the
preparation reaches approximately the half of the angle of aperture
of the objective, provided that its whole aperture is filled with rays.
By the one-sided halving we have been considering, the direct image
is produced by a pencil the axis of which is perpendicular to the
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plane of the preparation, and the deflected image by one whose axis
is inclined about a fourth of the angle of apertuve.
With low powers, which allow of a relatively considerable
depth-perspective, the slight ditterence of inchimation, which remains
in the Jatter cose, s quite sutficient to
<~ produce a very marked difference in
the perspective of the successive layers
in the images. But with high powers
the difference in the two images does
not keep pace—even when both eye-
pieces are half covered—with the in-
<<—= crease of the angle of aperture, so long
as ordinary central illumination is
used. TFor in this case the incident
pencil does not fill the whole of the
opening of the objective, but only a
relatively small central part, which,
as o rule, does not embrace more than
40° of angle, and in most cases can-
not embrace more without the clear-
ness of the microscopic image being
affected and the focal depth also being
unnecessarily  decreased. But as
those parts of the preparation which
especially allow of solid conception
----- are always formed by direct trans-
mitted rays in observation with trans-
mitted light, it follows that under
. . . these circumstances the difference of
FI;{;&I'ES{;gl’lf;;lt‘itif“zﬁ: ‘I’,f“t;“ﬁ the two images is founded, not on the
turned through an angle of 90° to Whole aperture-angle of the objec-
make the path of the rays clearer. tive, but on the much smaller angle
of the incident and directly trans-
mitted pencils, which only allow of relatively small differences
of inclination of the image-forming rays to the preparation. It is
evident, however, that when objectives
of short focus and correspondingly large
angle are used, a considerably greater
differentiation of the two images with re-
spect to parallax can be produced if, in
place of one axial illuminating pencil, two
pencils arve used oppositely inclined to the
axis in such a way that each of the
images i~ produced by one of the pencils.
This kind of double illumination, though
it cannot be obtained by the simple
Fio. 82, mirro, can he easily produced by using
with the condenser o diaphragm with two
openings (fig. 82), placed in the diaphragm stage under the con-
denser. We then have it in our power to use, at pleasure, pencils
of narrower or wider apcrture and of greater or less inclination

A R

i
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towards the axis by making the openings of different width and
different distance apart.

With diaphragms of this form (which can easily be made out of
cardboard) the larger aperture angles of high-power objectives may
be made use of to intensify the stereoscopic effect without employing
wide pencils, which are prejudicial both as diminishing the clearness
of the image and the focal depth.

Of course with this method of illumination both eye-pieces must
he half covered in order that one image may receive light only from
one of the two illuminating cones, and the other only
from the other. The division of light in both the aper-
ture-images will then be as shown in fig. 83; and it is
evident that in this case the brightness of the image for
hoth eyes together is exactly the same as would be given  Fig. 83.
by one of the two cones alone without any covering.

The method of illumination here referred to—which was origi-
nally recommended by Mr. Stephenson for his binocular microscope—
has, in fact, proved itself to be by far the best when it is a question
of using higher powers than about 300 times. It necessarily requires
very well corrected and properly adjusted objectives if the sharpness
of the image is not to suffer ; but if these conditions are satisfied it
yields most striking stereoscopic effects, even with objectives of 2 mm.
and less focal length, provided the preparation under observation
presents within a small depth a sufliciently characteristic structure.

Non-Stereoscopic Binoculars.—The great comfort which is ex-
perienced by the microscopist from the conjoint use of both eyes has
led to the invention of more than one arrangement by which this
comfort ean be secured when those high powers are required which
cannot be employed with the ordinary stereoscopic binccular. This
is accomplished by Messrs. Powell and Lealand by
taking advantage of the fact already adverted to, that
when a pencil of rays falls obliquely upon the sur-
face of a refracting medium a part of it is reflected
without entering that medium at all. In the place
usually occupied by the Wenham prism, they in-
terpose an inclined plate of glass with parallel sides,
through which one portion of the rays proceeding up-
wards from the whole aperture of the objective passes
into the principal body with very little change in its
course, whilst another portion is reflected from its sur-
face into a rectangular prism so placed as to direct it /7
obliquely upwards into the secondary body (fig. 84).
Although there is a decided difference in brightness be-
tween the two images, that formed by the reflected rays
being the fainter, yet there is marvellously little loss of Fic.s4. (1865.)
definition in either, even when the 50th of an inch objec-
tiveisused. The discand prism are fixed in a short tube, which can
be readily substituted in any ordinary binocular microscope for the
one containing the Wenham prism. Other arrangements were long
since devised by Mr. Wenham,! and subsequently by Dr. Schrider,

1 Transactions of the Microsc. Soc. N.S. vol. xiv. (1866), p. 105.
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for securing binocular vision with the highest powers. We have used
the latter of these with perfect satisfaction, but all that is required
is at the disposal of the student in the arrangement of Powell and
Lealand.

To those who have used these forms of binocular habitually it
has been a frequent source of surprise and perplexity that, although
theoretically such a form as that of Powell and Lealand’s is non-
stereoscopic, yet objects studied with high powers have appeared as
if in relief, and the effect upon the mind of stereoscopic vision has

been distinctly manifest. The Editor was conscious

! @ of this for many years in the use of the Powell and
% -G Lealand form, with even the };th of an inch power

4 of the achromatic construction ; at the time he inter-

: preted it as a conceptual effect ; but it always arose

when the pupils fell upon the outer halves of the

‘ , Ramsden circles.  The explanation, Dr. A. C.
; i Mercer considers,! is due to Abbe. Since (fig. 85)

} ) when the eye-pieces are at such a distance apart that
@ the Ramsden circles correspond exactly with the
pupils of the eyes, centre to centre, the object appears

flat. But if the eye-pieces be racked down, so as

Fia. 85. to be nearer together, the centres of the pupils fall

upon the outer halves of the Ramsden circles and we
have the conditions of orthoscopic effect ; while if they be racked up
s0 as to be more separated, the centres of the pupils fall on the inner
halves, and we have pseudoscopic effect.

The Optical Investigations of Gauss.—Before leaving this section
of our subject, in which we have endeavoured, with as much clear-
ness as we could command, to enable the general reader to com-
prehend with intelligibility the principles of theoretical and applied
optics as they relate to the microscope, we believe we shall serve
the higher interests of microscopy, and the wants or desires of the
more advanced microscopical experts, if we endeavour to present in
a form either devoid of technicality or with inevitable techniealities
explained @ general outline and then an application of the famous
dioptric investigations of Gauss, an eminent German mathematician,
who, amongst many other brilliant labours in applied mathematics,
expounded the laws of the refraction of light in the case of a co-axial
system of spherical surfuces, having media of various refractive in-
dices lying between them.

Although the assumptions upon which the formule of Gauss
rest are not coincident with the conditions presented by the lens-
combinations which are employed in the construction of modern
objectives of great aperture, the results, nevertheless, furnish an
admirable presentation of the path of the rays and the positions of
cardinal points, even in the microscope as we know and use it.

‘We remember that the microscope is largely used in England
and America by men who can only employ it in their more or less
brief recessions from professional and commercial pursuits, but who
often employ it with enthusiasm and intelligent purpose. Much

1 Journ. R.M.S. ser. ii. vol. ii p. 271.
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scientific work may be done by such men, and it will promote the
accomplishment of this, in our judgment, if the frequently expressed
desire be met which will enable
such students to understand in a
general but thoroughly intelli-
gent manner the principles in- M
volved in the employment of
systems of lenses.

Many such either have scanty
knowledge of algebra, or in the
continuous pressure of other
claims have lost much that they
once possessed. We believe that
in these cases the following ex-
position of the dioptric system
of Gauss, with a following ex-
ample worked out in full and
with every step made clear, will
be of real and practical value.
Without some intelligible under-
standing of the ultimate prin-
ciples of the microscope no re-
sults of the highest order can, at
least with moderate and high-
power lenses of the best modern
construction, be anticipated. On
this ground we commend the
study to the earnest reader.

Let R N, 8 N/ (fig. 86) be
the spherical surfaces of a lens
of density greater than air, and
let P RS p be the course of a
ray of light passing through it;
C, ¢/, the centres of the spherical
surfaces.

Let PR, RS be produced
to meet the perpendiculars
through C and ¢/ in A and A’.

Let C R=r, ¢/ 8=2,2 p=
index of refraction out of air
into the medium. N N’'=d, the \ <
thickness of the lens. N R=b,
N’S=#". These may be con-
sidered as straight lines.

Let the equation to P R be

Fic. 86.1

y—b=m@x—ON) . )
Let the equation to RS be ™ Q
y—b=m/(x—ON) . . (2)

1 This figure is greatly exaggerated for the sake of clearness.
2 If either of the curvatures be turned in the opposite direction the sign of the
corresponding r must be changed.
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or, y—b=m/(x—0 N’) . . (3)
Let the equation to Sp be y — ¥ =m/(x—0 N’) . . (4)
From (2) and (3)

b —b=m' (ON'—ON)=mw/ N’ N=w/d . . . (5)
Now sin CRA=pu.sin CR B;
_ CA OB ..
or, R sin CAR=p. (:R.snl(/BR.

Now C A and C B are the values of  in equations (1) and (2)
when =0 C;

" CA=b+m(OC—-0ON)=b+mr;
and similarly CB=b+m/7r;
o (b4+mr) sin CAR=p (b+m'7) sin C BR.
Now CA R, CBR do not in general differ much from each

other, so that for a first approximation we may consider them to be

equal.

Sobtmor=p(b+m r), ie. p ' =m—P1 g,
»
-1
Let K , =w; then pm/'=m—bu . . . (6)
Similarly, sin ¢/ S B'=p.sin ¢'S A/;
v B
or, %,I; nC' B Q_(L‘g .sin C¢' A’ S;

and, as before,

O B=t+m/ o, ¢/ A= 4w/ from equations (4) and (3);
.. as before we may take

O 4w v =p (V' +m/2'), or pua/=m" K ~lb
Let HT_';l.zu’, then p m =m!’=b n . . . (7)1
From (5) and (6) 1)’=l;+7§fbllb(l=b (1 _ d 'lb) +m (l‘
© M [z
» this and (7) m"=um/+bw’ < d“) +",”,,,d w
M I
q !
and from (6) =m—bu+bu/ (1 — du L d
n i
=m <1+ )+b<u—u (uu)‘
z !
Aasume
du do dw/
;l-/& 1— W= 1+° #u—l, W - — ﬁu_k
then V=g b4l
m”—% bi;:b} where gl —h k=1 . . (8)

Now let X, Y be the coordinates of P, the point from which the
ray of light proceeds ;

then by (1) b=Y—m (X—ON);
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substituting in (8) V=g Y+m (h—g.X=O0N);
m'"=kY +m (I—kX—ON);
whence
m/—kY , h—g (X—ON)
m= — "~ b= ! g
"= mpE—oN Y= ko wy
Now substituting in (4) the equation to the refracted ray

becomes
h—yg (X =0 N))
-Y k
4 (J I~k (X=0 Ny

k=g (X-0ON)
=m" (e —ON + (h~yg )

" < (=% (X-0N)
Y k—t/ g (X=0 N)) )
1-k(X-ON =k (X=0XN) '
First: 1f X be taken such that [—k (X—0O N)=1, ie

X=0N- ! ;l___() E, suppose;

or by (8)

y - )=m” (a::() N +

then when

w=O N/ —h 4+ l—l-—()N’-}- '(/=()E’,sn))ose
g 3 L ppose,

y=Y, or P and p are equally distant from the axis.
Also, if Y =0, y = 0; orif a ray proceed from E, it will after
o —kY
{—%k (X —ON)
the ray will be equally inclined to the axis before and after refrae-

tion.
I8 and B ave ealled the ¢ principal points.

refraction pass through E/. Also m = = w/!, that i,

da
1 —1 P
OE=0N— - =0N+ £ .
wo— _dnw
IU.
VN 4+ duw )
= (0 — ) —dwu’
&
p i
ow=0x+ T I=0w4 ¢ )
5 W — d "
B
ON + du

g (! — ) — dun’
Secondly : If w// =0, or the ray be parallel to the axis after
refraction, we have from (8)

7 . o
b= — ];m, and the equation to the incident 1ay becomes

Y +;ldm=m(:c —ON),ory=m (:1: —ON-— ll> :

v
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x4

z L+
. wheng/=0,x=0N+/\;=0N+ , dua
wo—u—

= O F, suppose. ~ ®

If m = 0, or the ray be parallel to the axis before refraction, we
have from (8)

V=gb= zm” , and the equation to the refracted ray becomes

Y —-'Zm” =m" (x — O N'), ov y = m// <:lc —ON' + (/) ;

k
| du
) _ _ v 9 "
. when y =0, z=0N k_ON n,_u_duu’
/@ S V -
=0F, suppose. M
F and F’ are called the ¢ focal points.’
_ e+ d
OF=O0N + p(w — ) —(lun'\‘
, A du
OF=0N", p( — u)—tluu’[

The focal distance — f=O0OF —OE=0FE - OF
S R
p —u)y—due "k
Similarly, it may be shown that if there be two lenses, and sub-
script numbers refer to the first and second lens respectively, while
E, &, F, F/ vefer to the entire system, and if
i=0E,—OE/,

v = —% =p, () — ) —d, u, w/,
vy = — F2 = py (1)) — wg) — dyuyuy,
2
1 80,

OE=0E R — —-—)
1t Pa¥y + vy + 30, Vo |
OE =0E,/— — Lkd } ’

M2 V) + gy vy + 0V 0y

d v,
OF=O0E, + (e +0w)
Pav1 + vy + 80 0y
0 F/ — 0 EQI— . 71“2 (”|7+7§1{|) .
B2V + py vy + v vy
We are now prepared to work out an example of the Gauss system
by tracing a ray through two or more lenses on an axis, showing how
any conjugate may be found through two or more lenses on that axis.!
1 Rememberin%1 our object, and the assumed conditions of some for whom we
write, we do not hesitate to preface this with the following notes to remind the
reader of the sense attached to certain mathematical expressions.

©o means infinity. A plane surface of & lens is considered a spherical surface of
an infinite radius. Any number divided by ©©=0 any number divided by 0=co;



EXAMPLE AFTER GAUSS III

The Gauss system of tracing a ray through two or more lenses
on an axis illustrated by means of & worked-out example.

Two lenses, 1 and 2, fig. 87, or an axis « y are given. No. 1 is
a double convex of crown % inch thick, the refractive index u being
#, the radius of the surface A is 2 and that of B 1 inch. No. 2 lens
i¢ a plano-concave of flint {; inch thick, the refractive index u being
%, the radius of the surface C is §, and the surface D is plane. The
distance between the lenses, that is, from B to C measured on the
axis, is } inch. The problem is to find the conjugate focus of any
given point V.

In order to accomplish this two points have first to be found with
regard to each lens. These points are called principal points (see
PP/, QQ’ in fig. 87). When the radii of curvature » and v/, d,
the thickness, and u; py, the refractive indices of the respective
lenses,! are known, the distance of these points from the vertices, i.e.
the points where the axis cuts the surfaces of the lens, can be found.
Thus by applying Professor Fuller’s formuli to lens 1 the distance of
P from the vertex A can be determined—see p. 115 (i)—similarly P’
from B—p. 115 (ii). Tn the same way the points QQ’ from C and D
in lens 2 can be measured off—(v) (vi), pp. 115, 116.

It must be particularly noticed that in measuring off any dis-
tance if the number is 4 it must be measured from left to right,
and if — from right to left. Thus in (i) p. 115 because the sign of
‘158 is + P lies '158 of an inch to the right of A. And in (ii)
because ‘21 is — P’ lies *21 of an inch to the left of B. The same
rule applies to the radii ; thus the radius of A, being measured from
the vertex to the centre or from left to right, is 4+ ; but the radius
of B, being measured from the vertex to its centre or from right to
left, is —. Similarly with the concave surface, C being measured
from right to left is —.

In both the examples before us the points PP/, QQ’ fall inside

any number multiplied by 0=0. <o plus, or minus, or multiplied by any number is
still co,

The following are the rules for the treatment of algebraical signs :

In the multiplication or division of like signs the result is always plus; but if
the signs are dissimilar it is always menus.

In addition, add all the terms together that have a plus sign ; then all the terms
with a minus sign; subtract the less from the greater and affix the sign of the
greater. Example:

+8-4+2-5=—4,

In subtraction change the sign of the term to be subtracted and then add in

accordance with the previous rule. Example:
-8
+2
-5

An example occurs in the annexed equations (x) and (xi), p. 116, of —+— = +,
but then the + is changed into a — by the negative sign in front of the fraction.
Tn (xii), p. 116, however, there being a + in front of the fraction, the result remains

positive.

P In the worked-out example no distinction has been made between the 7, 7' of
one lens and the 7, 7 of the other lens, as well as of u and d, because when the
principal points and focal length are determined for one lens those expressions are
not again needed, so the same letters with different values assigned to them may be
equally well used for the next lens. Too many different terms are apt to confuse
the student, while those who are familiar with mathematical expressions will under-
stand the arrangement.
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their respective lenses, but it does not follow that they will do so in
every instance. In some forms of menisci, for example, they will fall
outside the lens altogether.

With regard to the focus of the lens it follows the same rule;
thus, fin lens 1 is measured to the left from P, and f” to the right
from P’; similarly in lens 2, /7 is measured to the right from Q,
and f"" to the left from Q.

Having determined the focal length of each lens, the distance
between the right-hand principal point of the first lens P’ and the
left-hand principal point of the second lens @ must next be found. It
manifestly is the distunce of B from P’ 4 the distance B C between
the lenses, Q being at the point C. Therefore,

P Q=21+-25="46=0¢.

When these three data have been obtained—that is, the focal
length of each lens, and the distance between them—we are in a
position to apply the formulw (ix) and (x), p. 116, to find the principal
points E and E’ of the combination.

In selecting the value of the focus to be put into the equations
for both leuses, the last must be taken, that is, in lens 1 (iv) or
+°947, and in lens 2 (viii), or— 1875,

It will be noticed that the value of E being negative, it will be
measured 314 inch to the left from P. Similarly, E/ is measured
622 inch to the left from Q.

o also is 128 to the left from E, and ¢/ 1-28 to the right from E/.

These four points, E E/ and ¢ ¢/, are called the cardinal points
of the combination.

Here it must be observed that in this work it has been necessary
for want of space to restrict the problem to dry lenses, that is, to
those cases where the ray emerges from the combination into air, the
same medium in which it was travelling on immergence. It is on
that account that the values of ¢ and ¢/ are the same.

Having now obtained the four cardinal points, we may at once
proceed to find the conjugate of .

Let @ equal the distance of the point 2 from the focal plane ¢,
and y the distance of its conjugate from ¢/. Then by formula (xiii)

xy = ¢% and as =1 inch, y = ! 6'1384 = 1-6384.
This numerically determines the position of the conjugate plane.
If the rays incident on the combination are parallel, then = o
2
fo = 0, which means that y is coincident with ¢/.

The following is the graphic method of finding the conjugate of
V. From V, fig. 87, draw a line parallel to the axis to meet K/, and
from the point where it meets E/ draw a line through N, the point
where ¢’ cuts the axis, to W.

From V draw another line through M, the point where ¢ cuts
the axis, to mneet E, and from the point where it meets E draw a
line parallel to the axis, cutting the other line in W. "W will be the
conjugate of V, which was required.

K

and y =
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If it is required to find
the conjugate of a ray pass-
ing through three lenseson
an axis, two of the lenses
must be combined and their
four cardinal points found.

The principal points
and the focal length of the
third lens must then be
calculated, and then com-
bined in their twrn by
formulee (ix), (x), (xi), and
(xii), p. 116, with the car-
dinal points of the double
combination. 8 is taken as
the distance of the first
principal point of the com-
bination, neavest the third
lens, to the second principal
point of the lens, neavest
the combination. A fresh
set, of cardinal points is de-
termined in this manner
for the three lenses.

So also with four lenses ;
the cardinal points of each
pair being found, they are
combined by the same
formule, and new cardinal
points for the whole com-
bination of four lenses are
obtained.  Similarly, the
cardinal points of five, six,
or any number of lenses
can be found and the con-
Jjugate of any point localised.

Finally, no one need be
discouraged by the appear-
ance of the length of the
calculation ; the example is
given in full, so that any
one acquainted only with
vulgar fractions and deci-
mals can work it, or any
other similar problem, out.

In lens No. 1, for in-
stance, the numerators of
the fractions are all very
simple, and the denomina-
tors of the four equations
are all alike; so, too, in
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the equations for No. 2 and in those for both lenses. Further, f is
the same as f”/, f'” as f', and ¢’ as ¢. Hence the problem is much
shorter than it looks,

If the conjugate of a point on the aais is only required, and if
the principal points and foci of each lens have heen determined, it
will not be necessary to enter into the further calculation to find E,
E’ and ¢, ¢, the cardinal points of the combination,

The method of procedure is as follows: If  is the given point,
its distance from f, the focus of lens No. 1, must first be measured.
Call this distance . Then the distance of o its conjugate from the

other focus, f7, supposing lens No. 2 to be removed, can be found by
formula

2
ox=f3% o= 'f ,
@
f2= 897, = 165H;
897 -
= = -H43.
R B

This is the distance from f/ to o.

As the distance from x to /" is positive, the distance between f’
and o is also positive ; 80 o0 isto the right of #”.

Before proceeding it will be as well to examine other possible
cases which might occur.

Suppose that x was at the point f, then 2 would equal 0, and
o=o0 ; that is, 0 would lie at an infinite distance from f/. If, on
the other hand, the point  was to the right of f, « would be nega-
tive, and o would be also negative, because f2? is always positive ;
o would then be measured off to the left of f’, and the conjugate
would be virtual. This means that there will be no real image,
because the rays will be divergent on the f/ side of the lens, as if
they had come from some focus on the f side of the lens. But to
return. The point o having been found to he the conjugate of w,
due to the sole influence of No. 1 lens, we have next to measure the
distance between o and £/, and, by applying the same formula, find
the distance of its conjugate from f’”/, owing to the exclusive effect
of No. 2 lens now replaced. This distance o /7 may be found thus:

Po=P f'+f 0="94T+543=1'49;
P f'=P' B+BC+Q f"=21+254+1-875=2'335;
P fI'—P o=o0 f/'=2'335—1"49 = 845.

Calling this distance O, then, by formula y O= f"’ 2, we shall find

J"? 3515

0 = ‘845
=4-16, which is positive ; therefore y lies 4:16 inches from "/’ to the
right hand. y is therefore the conjugate of «, due to the influence
of both lenses 1 and 2. Similarly, the conjugate of any point on the
axis may be found through any number of lenses.

Lens No. 1: Data—Radius A =£ =7r; radinvs B=—1 =1/

the distance of y from /7", which we shall call y. »=

foci, f, f’; thickness = ‘1)= d; p=_; P = principd point mea-
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sured from A ; P/=principal point measured from B
: 3
p—1 _o—1 o —1_3—! 1
U= = = =P =—_;
r 3 73’ T2
4
’ N3 1 2\_ 7, 1 2 1 1.
p(w’—u)_;z (__2_3)_ i duwn = g Xy X —g= — ¢}
7 1 19
@ —uw)y—duw =—y 1o= —1583;
B
dw 2772 3
P=A+- (u —zc)—dzc ! =A+ 19 —A+19
12
1 2
o X
(X7 273 4
PP=B4+_ %% BtV =B
+ p (W —u)—d o + 19 19
12
=B—-21 . . . . . (i)
:3
2 18
=P =P :
f= +p (N —u)—cl w P+=79= 19
12
=P—-947 . . (iid)
3
2 18
r=P — . M =P ————P g "
J p (o —w)—d u 19 b 19
12
=P +947 N )
Lens No. 2: Data.—Radius C = — 9

= ; radius D = o0 = ’;
8 ’

. . 1 8 . .
foci, f”, f"; thickness =10=% r= Q = principal point
measured from C; Q =principal point measured from D

8 _1 8 _
I*‘_l 5_ 8 /__M_l 5
= 7_*-—_— -—T)=-—]5, U = Py =T=0;
8

8 64 , 1 8
p (W —u)= <0+15) ;75,(luu=10x__]5x0=0;

p (W —u)—dw o —7§—0 = $4~ 853 ;
da VL0
Q=C+ ,u (u’—u)—r?l‘u’u'= C+ 64_(j+0 )
75

12
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1 8
SN
dw 10 15 1
o - =D+~ —, =D— "
=D+ u (2 —n)y—d u D+ 64 16
75
=T)——‘062: . . . . . (vi)
» 7 _ _.’2 _ 15__ 1-875 ..
F'=Qt s mque= QTR = @ g =R ()
7
i 8
i -
S —_ “‘__l“ e = = o = — 1’)
J v u (' =2y —d w o Q 64 4 8
75
=Q—1875 . . . . . (vii)

Both Lenses.—Distance apart = BC =-=25; P'Q =21 + 25

=46 =2¢; f = focus of No. | lens =947 ; f’ = focus of No. 2
lens = — 1'875.

. of 46 x 947 436
}‘A-:l) Y = A N N - =P X
M f+f =9 + 947 — 1'875 — 46 T 1388
=P—-314 . . ) ) . (%)
W A e A6 x — 1475
Yo f+Sf—=c 947 — 1'875 — 46
— 862
=Q —— —_=Q —-621 . . o (x
Vg = V0 (x)
p=k— T =wm 94T > — 1875

. =K — 2
f+f =38 947 — 1-87H — 46
"l —_— 1'775 __

=E— =Bl ()
P=F w4 94T x — 1875
4 * S+S =3 047 —1°875 — 46
_— — 1775 — R » ..
=E +_ ge=EF+l2m. . (xi)
2 i
Al = ("12 ; Yy = (/:7=.L(]E()Sé;= 1-6384 ) ] ' (xu])
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CHAPTER Il11
THE HISTORY AND DEVELOPMENT OF THE MICROSCOPE

THE historic progression of the modern microscope from its earliest
inception to its most perfect form is not only full of interest, but ix
also full of the most valuable instruction to the practical micro-
scopist.  Tn regard to the details of this, our knowledge has bheen
greatly enriched during recent years. The antiquarian knowledge
and zeal in this matter possessed by Mr. John Mayall, jun., and
the unique and valuable collection of microscopes made by Frank
Crisp, Esq., LLB., ranging as they do through all the history of
the instrument, from its earliest employment to its latest forms,
have furnished us with a knowledge of the details of its history not
possessed by our immediate predecessors.

‘We may obtain much insight into the nature of what is indix-
pensable and desirable in the microscope, both on its mechanical and
optical sides, by a thoughtful perusal of these details. It will do
more to enable the student to infer what a good microscope should
be than the most exhaustive account of the varieties of instrument
at this time produced by the several makers (always well presented
in their respective catalogues) can possibly do. Availing ourselves
of the material placed at our disposal by the generosity of these
gentlemen, we shall therefore trace the main points in the origin
and progress of the microscope as we now know it.

Mr. Mayall! gives what we must consider unanswerable reasons
for looking upon the microscope, ‘as we know and employ it,) as a
strictly modern invention. Its occurrence at the period when the
spirit of modern scientific research was asserting itself, and when
the necessity for all such aids to physical inquiry and experimental
research was of the highest value, is as striking as it is full of
interest.

It may be held as fairly established that magnifying lenses werc
not known to the ancients, the simplest optical instruments as we
understand them having no place in their civilisation.

A large number of passages taken from ancient authors, and
having an apparent or supposed reference to the employment of
magnifying instruments, have been collected and carefully criticised,
with the result that all such passages can be explained without in-
volving this assumption.

We learn from Pliny the elder and others, that crystal globes
filled with water were employed for canterisation by focussing the

1 Cantor Lectures on the Microscope, 1886, p. 1.
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sun’s rays as a burning-glass, and that these were used to produce
ignition; but there is no trace of suggestion that these refracting
globes could act as magnifying instruments.

Senecn (‘Queest. Nat.” i. 6, § 5) states, however, that ‘letters
though small and indistinet are seen enlarged and more distinet
through a globe of glass filled with water.” He also states that
¢ fruit appears larger when seen immersed in a vase of glass” But
he only concludes from this that all objects seen through water
appear larger than they are.

In like manner it could be shown that Archimedes, Ptolemy,
and others had no knowledge of the principles on which refraction
took place at curved surfaces.

Nor is there any ancient mention of spectacles or other aids to
vision. Optical phenomena were treated of ; Arvistotle and the Greek
physician Alexander dealt with myopy and presbyopy; Plutarch
treated of myopy, and Pliny of the sight. But no allusion is made
to even the most simple optical aids; nor is there any reference to
any such instruments by any Greek or Roman physician or author.
Tn the fifth century of the Christian era the Greek physician Actius
says that myopy is incurable; and similarly in the thirteenth
century another Greek physician, Actuarius, says that it is an in-
firmity of sight for which art can do nothing. But since the end of
the thirteenth century, which is after the invention of spectacles,
they are frequently referred to in medical treatises and other works.

If we turn to the works of ancient artists we find amongst their
cut gems some works which reveal extreme minuteness of detail and
delicacy of execution, and some have contended that these could
only have been executed by means of lenses. But it is the opinion
of experts that there is no engraved work in our national collection
in the gem department that could not have been engraved by a
qualified modern engraver by means of unaided vision; and in
reference to some very minute writing which it was stated by Pliny
that Cicero saw, Solinus and Plutarch, as well as Pliny, allude to these
marvels of workmanship for the purpose of proving that some men
are naturally endowed with powers of vision quite exceptional in
their excellence, no attempt being made to explain their minute
details as the result of using magnifying lenses.

These and many other instances in which reference to lenses
must have been made had they existed or been known are con-
clusive ; for it is inconceivable that even simple dioptric lenses, to
say nothing of spectacles, microscopes and telescopes, could have
been known to the ancients without reference to them having been
mlal,de by many writers, and especially by such men as Galen and
Plin,

The earliest known reference to the iuvention of spectacles is
found in a‘manuseript dating from Florence in 1299, in which the
writer says, ‘I find mys self so pressed by age that I can neither
read nor write without those glasses they call spectacles, lately in-
vented, to the great advantage of poor old men when their sight
grows weak.’! Giordano da Rivalto in 1305 says that the invention

! 8mith’s Optics, Cambridge, 1738, 2 vols. ii. pp. 12, 18.
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of spectacles dates back ¢ twenty years,” which would be about 1285,
It is now known that they were invented by Salvino d’Armato degli
Armati, a Florentine, who died in 1317. He kept the secret for
profit, but it was discovered and published before his death. But
there is a singular evidence that a lens used for the purpose of
magnification was in existence as early as between 1513 and 1520,
for at that time Raphael painted a portrait of Pope Leo X. which
is in the Palazzo Pitti, Florence. In this picture the Pope is drawn
holding & hand magnifier, evidently intended to examine carefully
the pages of u book open before him. But no instruments com-
parable to the modern telescope and microscope arose earlier than
the beginning of the seventeenth century and the closing years of
the sixteenth century respectively.

It is, of course, known that there is in the British Museum a
remarkable piece of rock erystal, which is oval in shape and ground
to a plano-convex form, which was found by Mr. Layard during the
excavations of Sargon’s Palace at
Nimroud, and which Sir David
Brewster believed was a lens de-
signed for the purpose of magni-
fying. 1If this could be established
it would of course be of great
interest, for it has been found
possible to fix the date of its pro-
duction with great probability as
not later than 721-705 B.c.

A drawing of this ¢‘lens’ in two
aspects is shownin figs. 88 and 89,
and we spent some hours in the Fro. 88.
careful examination of this piece
of worked rock crystal, which by
the courtesy of the officials we were E—
permitted to photograph in various F1c. 89.—An Assyrian ‘lens’ (?).
positions, and we are convinced
that its lenticular character as a dioptric instrument cannot be made
out. There are cloudy striee in it, which would prove fatal for
optical purposes, but would be even sought for if it had been intended
as a decorative boss; while the grinding of the ‘convex’ surface
is not smooth, but produced by a large number of irregular facets,
making the curvature quite unfit for optical purposes. In truth,
it may be fairly taken as established that there is no evidence of any
kind to justify us in believing that lenses for optical purposes were
known or used before the invention of spectacles.

From the simple spectacle-lens, the transition to lenses of shorter
and shorter focus, and ultimately to the combination of lenses into
a compound form, would be—in such an age as that in which the
invention of spectacles arose—only a matter of time. But it is
almost impossible to fix the exact date of the production of the first
microscope, as distinguished from a mere magnifying lens.

There is nevertheless a consent on the part of those best able
to judge that it must have been between 1590 and 1609 ; while it is




120 THE HISTORY AND DEVELOPMENT OF THE MICROSCOPE

probable (but by no menns certain) that Hans and Zachavias Janssen,
speetacte makers. of Middelburg, Holland, were the miventors, But
1t would appear that the earliest microscope was constructed  for
observing objects by reflected light only.

At the Loan Colleetion of Scientific Instruments in London in
1876 an old nneroscope, which had been found at Middelburg, was
shown. which., Professor Tharting eonsidered, might  possibly have
been made by the Janssens. It is drawn in fig, 90, and consists of
a combimation of a convex object-lens and o convex eye-
lens, which form was not published as an actual con-
struetion until 1646 by Fontana, which, as Mr. Mayall
points out, does not harmonise with the assumption
that this instrument was constructed by one of the
Janssens.

Tt is strictly a compound microscope, and the dis-
tance between the lenses can be regulated by two
diaw-tubes.  There are three diaphragms, and the eye-
lens lies in a wood cell, and is held there by & wire ring
sprung in.  The object-lens, @, is loose in the actual
instrument, but was originally fixed in a similar way
to b.

It cannot be an easy task—if it be even a pos-
ey sible one—to definitely determine upon the actual indi-
Juneeen's ' Vidual or individuals by whom the compound micro-

compound  scope was first invented.  Recently some valuable
"2‘1";85;“},119 evidence has been adduced claiming 1ts sole invention

T for Galileo. In a memoir published in 18881 Professor
(i, Govi, who has made the question a subject of large and continuous
reseanrch, certainly adduces evidence of a kind not easily waived.

Huyghens and, following him, many others assign the invention
of the compound microscope to Cornelius Drebbel, & Dutchman, in
the year 1621 : but it has heen suggested that he derived his know-
ledge from Zachavias Janssen or his father, Hans Janssen, spectacle
makers. in Holland about the year 1590 ; while Fontana, a Nea-
politan, claimed the discovery for himself in 1618. Tt is said that
the Jinssens presented the first mieroscope to Charles Albert, Arch-
ditke of Austinacs and Sir D, Brewster states, in his ¢ Treatise on the
Microscope, that one of their microscopes which they presented to
Prinee Manice was in 1617 in the possession of Cornelius Drebbel,
then mathematicin to the Court of James 1., where ‘he made
microscopes and passed them oft as his own invention.

Nevertheless we e told by Viviand, an Italian mathematician,
in his - Lafe of Gaileo.” that ¢ this great man was led to the discovery
of the microscope from that of the telescope,” and that ‘in 1612 he
sent one to Sigsmund. King of Poland.

We now geeene evidenee through the researches of (lovi that
the myvention was solely due to Galileo in the yenr 16100 Professor
Govi understands by *simple microscope” an instrument ¢ consisting
of a smigle Tens or mirror,” and by “componnd mn'l'n.\cnpe’ one ‘con-

. VAt R Acad. Sei. Fis. Nat Nupoli, vol. ii. series 1i. ¢ I1 microscopio composto
inventato da Galleo,” Journ, R.M.S. Pt. IV. 1889, p. 574.
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sisting of several lenses or a suitable combination of lenses and
mirrors.

In a pamphlet published in 1881, treating of the invention of
the binocular telescope, Govi pointed out that Chorez, a spectacle
maker, in 1625, used the Dutch telescope as a microscope, and stated
that with it ‘a mite appeared as large as a pea; so that one can
distinguish its head, its feet, and its hair—a thing which seemed in-
credible to many until they witnessed it with admiration.’

To this quotation he added :—

‘This transformation of the telescope into a microscope (or, as
opticians in our own day would say, into a Briicke lens) was not an
invention of the Frenchoptician. Galileo had accomplished it in the
year 1610, and had announced it to the learned by one of his pupils,
John Wodderborn, a Scotchman, in a work which the latter had
Jjust published against the mad ¢ Peregrinazione ” of Horky. Here
are the exact words of Wodderborn (p. 7) :—

‘Ego nunc admirabilis huius perspicilli perfectiones explanare
nd conabor: sensus ipse iudex est integerrimus circa obiectum pro-
prium. Quid quod eminus mille passus et ultra cum neque videre
iudicares obiectum, adhibito perspicillo, statim certo cognoscas, esse
hunc Socratem Sophronici filium venientem, sed tempus nos docebit
et quotidians nouarum rerum detectiones quam egregie perspicillum
suo fungatur munere, nam in hoc tota omnis instrumenti sita est
pulchritudo.

¢ Audiueram, paucis ante diebus authorem ipsum Excellentissimo
D. Cremonino purpurato philosopho varia narrantem scitu dignissima
et inter cetera quomodo ille minimorum animantium organa motus,
et sensus ex perspicillo ad vnguem distinguat ; in particulari autem
de quodam insecto quod utrumque habet oculum membrana crassius-
cula vestitum, qua@ tamen septé foraminibus ad instar larve ferreee
militis cataphracti terebrata, viam prabet speciebus visibilium. En
tibi [so says Wodderborn to Horky] nouum argumentum, quod per-
spicillum per concentrationem radiorum multiplicet obiectd ; sed
audi prius quid tibi dicturus sum: in ceeteris animalibus eiusdem
magnitudinis, vel minoris, quorum etiam aliqua splendidiores habent
oculos, gemini tantum apparent cum suis supereciliis aliisque partibus
annexis.’

To this Govi adds :—

¢ T have wished to quote this passage of Wodderborn textually,
so that the honour of having been the first to obtain from the Dutch
telescope a compound microscope should remain with Galileo, which
the latter called occhialino, and that the glory of having reduced the
Keplerian telescope to a microscope (in 1621) should rest with
Drebbel. The apologists of the Tuscan philosopher, by attributing
to him the invention of the microscope without specifying with what
microscope they were dealing, defrauded Drebbel of a merit which
really belongs to him; but the defenders of Drebbel would act un-
justly in depriving Galileo of a discovery which incontestably was his.’

I turn now to Wodderborn’s account, published in 1610 (the
date of the dedication to Henry Wotton, English Ambassador at
Venice, is October 16, 1610), which reads thus :—
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¢I will not now attempt to explain all the perfections of this
wonderful occhiale; our sense alone is a safe judge of the things
which concern it. But what more can I say of it than that by
pointing a glass to an object more than a thousand paces off, which
does not even seem alive, you immediately recognise it to be
Socrates, son of Sophronicus, who is approaching? But time and
the daily discoveries of new things will teach us how admirably the
glass does its work, for in that alone lies all the beauty of that
instrument.

¢I heard a few days back the author himself (Gialileo) narrate to
the Most Excellent Signor Cremonius various things most desirable
to be known, and amongst others in what manner he perfectly dis-
tinguishes with his telescope the organs of motion and of the senses
in the smaller animals; and especially in a certain insect which has
each eye covered by a rather thick membrane, which, however, per-
forated with seven holes, like the visor of a warrior, allows it sight.
Here hast thou a new proof that the glass concentrating its rays
enlarges the object ; but mind what I ain about to tell thee, viz. in
the other animals of the same size and even smaller, some of which
have nevertheless brighter eyes, these appear only double with their
eyebrows and the other adjacent parts.’

After reading this document Govi judges that it is impossible to
refuse, Galileo the credit of the invention of a compound microscope
in 1610, and the application of it to examine some very minute
animals; and if he himself neither then nor for many years after
made any mention of it publicly, this cannot take away from him or
diminish the merit of the invention.

It is not to be believed, however, that Galileo after these first
experiments quite forgot the microscope, for in preparing the
¢ Saggiatore’ between the end of 1619 and the middle of October,
1622, he spoke thus to Lotario Sarsi Segensano (anagram of Oratio
Grassi Salonense) :—

‘I might tell Sarsi something new if anything new could be told
him. Let him take any substance whatever, be it stone, or wood,
or metal, and holding it in the sun examine it attentively and he
will see all the colours distributed in the most minute particles, and
if he will make use of a telescope arranged so that one can see very
near objects, he will see far more distinctly what I say.’

It will not therefore be surprising if, in 1624 (according to
some letters from Rome, written by Girolamo Aleandro to the
famous M. de Peiresc), two microscopes of Kuffler, or rather Drebbel,
having been sent to the Cardinal of 8. Susanna, who at first did not
know how to use them, they were shown to Galileo, who was then
in Rome, and he, as soon as he saw them, explained their use, as
Aleandro writes to Peiresc on May 24, adding, ¢ Galileo told me
that he had invented an occhiale which magnifies things as much
as 50,000 times, so that one sees a fly as large as a hen.’

This assertion of Galileo, that he had invented a telescope which
magnified 50,000 times, so that a fly appears as big as a hen,
must, without doubt, be referred to the year 1610, and from the
measure given of the amplification by the solidity or volume the
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linear amplification (as it is usually expressed now) would have
been equal to something less than the cubic root of 50,000—that is,
about 36—and that is pretty fairly the relative size of a fly and
u hen.

Aleandro’s letter of May 24 (1624) does not state at what time
Galileo saw the telescope and explained the use of it, but another
letter of Faber’s to Cesi, amongst the -autograph letters in the
possession of D. B. Boncompagni, says (May 11): ‘1 was yesterday
evening at the house of our Signor Galileo, who lives near the
Madalena; he gave the Cardinal di Zoller a magnificent eye-glass
for the Duke of Bavaria. I saw a fly which Signor Galileo him-
self showed me. I was astounded, and told Signor Galileo that he
was another creator, in that he shows things that until now we
did not know had been created” So that even on May 10, 1624,
Galileo had not only seen the telescope of Drebbel, and explained
the use of it, but had made one himself and sent it to the Duke of
Bavaria.

We lack documents to show how this microscope of Galileo was
made, that is, whether it had two convergent lenses like those of
Drebbel. A letter of Peiresc of March 3, 1624, says that ‘the
effect of the glass is to show the object upside down . . . and so
that the real natural motion of the animaleule, which, for example,
goes from east to west, seems to go contrariwise, that is, from west
to east,” or whether it was not rather composed of a convex and a
concave lens, like that made earlier by him, and used in 1610, and
then almost forgotten for fourteen years.

It is, however, very probable that this last was the one in
question, for Peiresc, answering Aleandro on July 1, 1624, wrote :—
‘But the occhiale mentioned by Signor Galileo, which makes flies
like hens, is of his own invention, of which he made also a copy
for Archduke Albert of pious memory, which used to be placed on
the ground, where a fly would be seen the size of a hen, and the
instrument was of no greater height than an ordinary dining-room
table” Which description answers far better to a Dutch tele-
scope used as a microscope, in the sane way exactly as Galileo
had used it, rather than to a microscope with two convex
lenses. .

One cannot find any further particulars concerning Galileo’s
occhialini (so he had christened them in the year 1624), either in
Bartholomew Tmperiali’s letter of September 5, 1624, in which he
thanks Galileo for having given him one in every way perfect, or in
that of Galileo to Cesi of September 23, 1624, accompanying the
gift of an occhialino, or in Federico Cesi’s answer of October 26, or
in a letter of Bartholomeo Balbi to Galileo of October 25, 1624,
which speaks of the longing with which Balbi is awaiting ¢ the little
occhiale of the new invention,” or in that of Galileo to Cesar Marsili
of December 17 in the same year, in which Galileo says to the
learned Bolognese ‘that he would have sent him an occhialine to
see close the smallest things, but the instrument maker, who is
making the tube, has not yet finished it” This, however, is how
Galileo speaks of it in his letter to Federico Cesi, written 'from
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Florence on September 23, 1624, more than three months after his
departure from Rome :—

¢1 send your Excellency an occhialino, by which to see close the
smallest things, which I hope may give you no small pleasure and
entertainment, as it doesme. 1 have been long in sending it, because
T could not perfect it before, having experienced some difliculty in
finding the way of cutting the glasses perfectly. The object must
be placed on the movable circle which is at the base, and moved to
see it all, for that which one sees at one look is but a small part.
And because the distance between the lens and the object must be
most exact, in looking at objects which have relief one must be able
to move the glass nearer or further, according as one is looking at
this or that part ; therefore the little tube is made movable on its stand
or guide, as we may wish to call it. It must also be used in very
bright, clear weather, or even in the sun itself, remembering that the
object must be sufficiently illuminated. T have contemplated very
many animals with infinite admiration, amongst which the flea 1s
most horrible, the gnat and the moth the most beautiful ; and it was
with great satisfaction that I have seen how flies and other little
animals manage to walk sticking to the glass and even feet npwards.
But your Excellency will have the opportunity of observing thousands
and thousands of other details of the most curious kind, of which 1
beg you to give me account. In fact, one may contemplate endlessly
the greatness of Nature, and how subtilely she works, and with what
unspenkable diligence.—P.S. The little tube is in two pieces, and
you may lengthen it or shorten it at pleasure.

It would be very strange, knowing Galileo’s character, that in
1624, and after the attacks made on him for having perhaps a little
too much allowed the Dutch telescope to be considered his invention,
he should have been induced to imitate Drebbel’s glass with the two
convex lenses, and have wished tomake them pass as his owninvention,
whilst he had always used, and continued to use to the end of his days,
telescopes with a convex and a concave lens without showing that
he had read or in the least appreciated the proposal made by Kepler,
ever since 1611, to use two convex glasses in order to have telescopes
with a large field and more powerful and convenient.

In any case it is impossible to form a decided opinion on such a
matter, the data failing ; but the very fact that from 1624 onwards
Galileo thought no more of the occhialino (probably because he found
it less powerful and less useful than the occhiale of Drebbel), as he
had not occupied himself with it or had scarcely remembered it from
the year 1610 to 1624, seems sufficient to show that the occhialino,
like the microscope of 1610, was a small Dutch telescope with two
lenses, one convex and one concave, and not a reduced Keplerian
telescope like that invented by Drebbel in 1621.

The name of microscope, like that of telescope, originated with
the Academy of the Lincei, and it was Giovanni Faber who invented
it, as shown by a letter of his to Cesi, written April 13, 1625, and
which is amongst the Lincei letters in the possession of D. B. Bon-
compagni. Here is the passage in Faber’s letter :—

‘T only wish to say this more to your Excellency, that is, that
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you will glance only at what I have written concerning the new in-
ventions of Signor Galileo; if T have not put in everything, or if
anything ought to be left unsaid, do as best you think. As I also
mention his new occhiale to look at small things and call it micro-
scope, let your Excellency see if you would like to add that, as the
Lyceum gave to the first the name of telescope, so they have wished
to give a convenient name to this also, and rightly so, because they
are the first in Rome who had one. As soon as Signor Rikio’s
epigram is finished, it may be printed the next day; in the mean-
while I will get on with the rest. I humbly reverence your Excel-
lency.—From Rome, April 13, 1625. Your Excellency’s most
humble servant, Giovanyt Faser (Lynceo).

The Abbé Rezzi, in a work of his on the invention of the micro-
scope, thought that he might conclude from the passage of
Wodderborn, reproduced above, that Galileo did not invent the com-
pound microscope, but gave & convenient form to the simple micro-
scope;, and in this way as good as invented it, forr the Latin word used
by Wodderborn, perspicillum, ‘signified at that time, it is clear,” Rezzi
says, ‘no other optical instrument than spectacles or the telescope,
never the microscope, of which there is no mention whatever in any
book published at that time, nor in any manuscript known till then.”’

But Rezzi was not mindful that on October 16, 1610, the date
of Wodderborn’s essay, the name of microscope had not yet been
invented, nor that of telescope, which, according to Faber, was the
idea of Cesi, according to others of Giovanni Demisiano, of
Cephalonia, at the end, perhaps, of 1610, but more probably at the
time of Galileo’s journey to Rome from March 29 to June 4, 1611.
If, thercfore, the word microscope had not yet heen invented, and
if the telescope, or the occhiale as it was then called, was by all
named perspicillum, one cannot see why Wodderborn's perspicillum
cannot have been a cannocchiale (telescope) smaller than the usual
ones, o that it could easily be used to look at near objects, but yet
a cannocchiale with two lenses, one convex and one concave, like the
others, and, thervefore, n veal compound microscope, although mnot
mentioned by that name either by Wodderborn or others. And,
besides that, how could it be that Wodderborn beginning to treat
‘admirabilis huius perspicilli,) that is, of the telescope in the first
line, should then have called perspicillum a single lens in the eleventh
line of the same page ! Rezzi’s mistake is easily explained, remem-
bering that he had not under his eyes Wodderborn's essay, but only
knew a brief extract reported by Venturi.

It thus appears as in the highest degree probable that Galileo,
in 1610, was the inventor of the compound microscope; it was
subsequently invented, or introduced, and zealously adopted in
Holland ; and when Dutch invention penetrated into Italy in 1624
Galileo attempted a reclamation of his invention (which was undoubt-
edly distinct from that of Drebbel) ; but as these were not warmly
seconded and responded to abroad he allowed the whole thing to
pass. Nevertheless the facts Govi gives are as interesting as they
are important.

In regard to the discovery of the simple lens Govi points out
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that after the year 1000, minds having reopened to hope and in-

tellects to study, there began to dawn some light of science, so that

in 1276 a Franciscan monk, Roger Bacon, of Ilchester, in his ¢ Opux

Majus,” dedicated and presented by him to Clement IV, could show

many marvellous things, and amongst these the eflicacy of erystal

lenses, in order to show things larger, and in this wise he says make
of them ‘an instrument useful to old men and those whose sight is
weakened, who in such a way will be able to see the letters suf-
ficiently enlarged, however small they are” As long as no documents
anterior to him are discovered, Roger Bacon may be considered the
first inventor of convergent lenses, and therefore of the simple micro-
scope, however small the enlargement by his lenses may have been.
As, however, that man of rare genius, the initiator of experi-
mental physies, had brought on himself the
hatred of his contemporaries, they kept him
for many years in prison, then shut him up
in a convent of his order to the end of his
long life of nearly eighty years. His writings
had to be hidden, at least those treating on
natural science, to save them from destiruc-
tion, and so the invention of lenses, or the
knowledge of their use to enlarge images and
to alleviate the infirmities of sight, remained
unknown or forgotten in the pages of the
famous ¢ Opus Majus,” which only came to

light in 1733 by the care of Samuel Jebb, a

learned English doctor.

H \ A Florentine, by name Salvino degli
\\ Armati, at the end of the thirteenth century
| (?1280) (in Bacon’s lifetime), had therefore
/| the glory of inventing spectacles, and it was

#/ ~ monk of Pisa, Alexander Spina, who sud-

4 denly charitably divulged the secret of their
construction and use.

i Perhaps Salvino degli Armati and Spina

Fﬁiﬂéscc&?&?ﬁﬁeﬁﬁt}gf really discI:)vered more ghan Roger Baconphml

(1687). discovered ; that is, they found out the use
of converging lenses for long-sighted people, and of diverging lenses
for short sight, whilst the English monk had only spoken of the
lenses for long sight, and perhaps they added to this first inven-
tion the capability of varying the focal lengths of the lenses accord-
ing to need, and the other of fixing them on to the visor of a cap to
keep them firm in front of the eyes, or to fasten them into two
circles made of metal, or of bone joined by a small elastic bridge
over the nose. However it may be, the discovery of spectacles, or,
as it may be called, of the simple microscope, may be equally divided
betwen Roger Bacon and Salvino degli Armati, leaving especially to
the latter the invention of spectacles.

The earliest known illustration of a simple microscope is given
by Descartes in his ¢ Dioptrique’ in 1637 : fig. 91 reproduces it. It
is practically identical with one devised by Lieberkiihn a century
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after and shown on p. 139. A lens is mounted in a central aperture
in a polished concave metal reflector.  Descartes appavently devised
another and much more pretentious instrument, but it appears im-
~ practiecable and could never
: . ~ have existed save as o Sugres-
o . - - tion.  But he appears to have
been the first to publish figures
and  descriptions for grinding
and polishing lenses.

In the Museo i Fisica there

Fia. 93‘—Cn;mpa‘um s inicroscope (1660)?
are two small microscopes which
it 1s affirmed have heen handed
down from generation to gene-
ration since the dissolution of
the Accademia del Cimento in
- 1667, with the tiradition of
having been constructed by
Galileo.  They are shown in
fig. 92, but from the superiovity of construetion of these instiru-
ments it is very improbable that they helong to the davs of Galileo,
who died in 1642; and there is a specially interesting compound

Fic. 92.—Galileo’s microscopes.
? Campani or later,
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wicroscope, by Giuseppe Caimpani, which was published fivst in 1686,
which is presented in fig, 935 its elose similarity to * Galileo miero-
scopes” s planly apparvent, making it still more improbable that
these could he given adate prior to 1642,

Ina jowrnal of the travels of M. de Monconys, published in
1665, there is o deseription of his mieroscope which is of much
intevest,  He states that the distance from the object to the first
lens s one inehand whalf; the focus of the first lens is one inch ;

the distance from the first lens to the second is fifteen
inchest the focus of the second lens, one inch and a half;
distance from the second to the thivd, one inch
eight lines ; the focus of the third lens, one inch
eight lines ; and the distance from the eye to the thind
lens, eight lines.

This would form the data of a practical com-
pound microscope with w field lens; and as Mon-
conys had this instrument made in 1660 by the
¢son-in-law of Viselius,’ it becomes probable in a
very high degree that to him must be attributed
the earlicst device of @ microscope with « field-
lens.

In 1665 Hooke published his ¢ Miero-
graphia,” giving an aceount and a figure of
his compound  microscope.  He adopted
the field-lens employed by Monconys and
gives details as to the mode and ohject
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of its employment, which are at once interesting and instiue
tive ; for they show quite clearly that it was not employed by him

to correct the spherical aheriation of the
eye-lens, but merely to increase the size of
the field of view. He tells usthat he used
it ¢ only when he had occasion to see much
of an object at once. . . . But whenever
I had occasion to examine the small parts
of a body more accurately | took out the
middle glass (field-lens) and only wmade use
- of one eye-glass with the object-glass.

Fig. 94 is a reproduction of the original
drawing, and the general design appears
to be claimed by, Hooke. Therve is a hall-
and-socket movement to the body, of
which he writes: ¢On the end of this arm
(D, which slides on the pillar C C) was
a small ball fitted into a kind of socket
F, made in the side of the brass ring (i,
through which the small end of the tube
was screwed, by means of which contri-
vance I could place and fix the tube in
whatsoever posture I desired (which for
many observations was exceedingly neces-
sary), and adjusted it most exactly to any
object.’

It need hardly be remarked that, useful
as the ball-and-socket joint is for many
purposes in microscopy, it is not advan-
tageously employed in this instrument.

Hooke devised the powerful illuminat-
ing arrangement seen in the figure, and
employed o stage for objects based on a
practical knowledge of what was required.
He described a useful method of estimat-
ing magnifying power, and was an in-
dustrious, wide, and thoroughly practical
observer, But he worked without =«
mirror, and the screw-focussing arrange-
ment seen in the drawing must have been
as troublesome as it was faulty. But as a
microscopist, Hooke gained a Kuropean
fame, and gave a pewerful stimulus to
microscopy in England.

In 1668 a description was published
in the ¢ Giornale dei Letterati’ of a com-
pound microscope by Eustachio Divini,
which Fabri had previously commended.
It was stated to be about 16} inches
high, and adjustable to four different
lengths by draw-tubes, giving a rauge of

F16. 95.—Divini’s compound
microscope (1668).

K
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magnification from 41 to 143 diameters,  Tnstead of the usnal hi-
conmvex eve lens, two plano-convex lenses weve applied with theiv
convex surfaces in contact, by which he claimed to obtain amuch
flatter fiecld.  Mr. Mayall found in the Mnseo Copernicano at Rome
a microscope answering so closely to this descviption that he does
not hesitate to refer its origin to Divini.  He made the sketeh of
it given in fig. 95.
But the optical con-
struction  had  been
tampered with and
could not be esti-
mated.

Chérubin 'Orléans
published, in 1671, a
treatise containing a
design forr a micro-
scope, of which fig.
96 is an illustration.
The =serolls were of
ebony, firmly  at-
tached to the Dbase
and to  the collar
encireling  the fixed
cential portion of the
body-tube. An ex-
terior sliding  tube
carried the eye-piece
above on the fixed
tube, and a similar
sliding tube carried
the object-lens below,

- these sliding’ tubes
serving to focus the
nnage and regulate
(withincertainlimits)
the magnification,
“He also suggested a
SCTOW arrangement
to he applied beneath
the stage for focus-
sing.  He devised, or
recommended, seve-
ral combinations  of
I"16. 96.—Chérubin (1‘01'1&5:-:}115’ compound microscope  Jopsex for the optical
(1671). part ol the micro-
seope, and refers to combinations of three or four separate lenses,
Iy which objects could he scen ereet, which he considered “much to
he preferred.)

He also invented & binoculu form of microscope and published
it in his work, ¢Ta Vision Parfaite,) in 1677, It consisted of two
compound microscopes joined together in one setting, so as to he
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npplicnble to both eyes ab once; a segment. of ecach ()l{j(‘('l*]t'nx
(supposed to be of one-inch focus) wasx srownd awav 1o allow {he
convergent axes starting from the two cves 1o meet at about 16
inches distance at the common focus,

. . Mechanisim was provided for
regulating the width of the axesto correspond with the observers eyes

Chérubin d'Orléans’ binocular microscope (1685).
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Fig. 97, showing the optical construction, is copied from the
original diagram (‘ La Vision Parfaite,” tab. i. fig. 2, p. 80). Accord-
ing to the arrangement of the lenses as shown in the figure o pseudo-
stereoscopie image would have heen obtained.

A drawing of this binoceular, as known to Zahn, was given in
the first edition of his * Oculus Artificialis” in 1685 (Fundamen 11T,
p. 233), and is veproduced in fig. 98,

x 2
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In 1672 Sir Isane Newton communicated to the Royal Society
a note and dingram for a reflecting microscope ; we have, however,
no evidence that it was ever constructed.  But in 1673 Leenwen-
hoek began to send to the Royal Society his microscopical discoveries.
Nothing was known of the construction of his instruments, except
that they were simple microscopes, even down to so late a period as
1709. We know, however, that his microscopes were mechanieally
rough, and that optically they consisted of simple bi-convex Tenses,
with worked surfices mounted between two plates of thin metal
with minute apertures throngh which the ohjects were directly seen.
At his death Lecawenhoek hequeathed o enhinet of twenty-six of his
microscopes to the Royal Society ; unhappily, they have mysteriously

i : — : disappeared. But Mr. May-
all was enabled to figure one
lodged in the museum of the
Utrecht University, which is
given in figs. 99 and 100 in
full size. The lens is seen in
the upper third of the plate.
It has o }-inch focus. The
object is held in front of the
lens; on the point of a short
rod, with screw  arrange-
ments  for  adjusting  the
object under the lens.

Many modifications of
this and the preceding in-
struments are found with
some early English forms,
but no important construc-
tive or optical modification
immediately presents itself.
But some ingenious arrange-
ments are found in the

i Lol e s simple microscopes  devised

Fia. 99. Fic. 100. by Musschenbroek in the

Leeuwenhoek’s microscope (1673). early years of the eighteenth
century.

Grindl figieed o mieroscope in his ¢ Micrographia Nova’ in
1687, in which optical modifieations arise. Divini had, as wax
stated, combined two plano-convex lenses, with their convex surfices
ficing, to form an eye-piece: this idea was carried further in 1668
by« London optician, who used two pairs of these lenses; (hrindl
did this also, but in addition he used two similar (but smaller) lenses
in the sime nsnmer as an objective.  The form of the mieroscope
itself was copied from that of Chiérubin @'Orléans (fig. 97), but was
modified by the application of ;i external screw.

Tn 1691 Bonannus modified preceding arrangements by devising
a s of clipping the object between two plates pressed away from
the object-lens by a spiral spring, the focussing heing then effected
by a ¢screw-barrel.’ )
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Thix systen of focussing was employed ina more practical form
by Harvtsocker in 1694 and was adopted by Wilson in 17020 1t
became oo very popular forne forr the microscope i the cighteenth
century,

We e indebted to Bonannus also for oviginating o horvizontal
form of mi(m\u»]u- which is interesting and which, in o drawing of
tll(' ”1\11“]”( “t l\ \]IU\\ n t() ]N)\\(‘\\ HI \lll) \t l“(‘ (U]I’/IUH/II/ (Ullllxelh')ll
Sitted with focussing  crrangements for I//NI////NI//H!/ Iubnsp(M'e??t
oljects.  There was great convenience in using the micreseope in o
hovizontal position with o Tamp and condenser in the same axis,
especially s all the compound microscopes previously constructed
had been emploved vertically, or had heen directed towards the sky
for pur poses of illumination.  Remarkably erude as the mechanism
appears, it ix a very carly instance of’ the use of what has hecome——
though \ln\\l\ andd late on the continent - anow universally acknow-

b —
(]

Fic. 102.-~-Hartsoeker’s simple microscope (1694).

ledged optical arrangement indispensable for the hest results, viz, a
componnd condenser titted with focussing mechanism tor illuminating
transparent objects. The picture of the entive instrument is shown
in fig. 101,

In Hartsocker's mi(lm(-opp ‘the lens-carrier A B, fig. 102 (on
which the u]l I, containing the lens, is screwed), screws into the
body O C, Q Dat O Q; the thin brass plaites Koand F it within the
budy the ]wn'tions cut out allowing them to slide on the shorts pillars
OCand Q D, and the \}li] al spring pressing them towards € D
the object <lides, or an aninmalenle eage GO (hinged at o« b to .|11<m
the Hd ¢ to it into T, enclosing the ()b;mt\ between strips of tale),
slide lu ‘tween the ple s 1 and B when in position, and the @ scerew-
baorel 7 T K fits into the serew-socket €01 and vegulates the focus-
sing s acondensing lens, N, fitsc onasecond * serew-harel)™ Lo M,
which ix applied in the screw socket of T K., This :orangement of
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the condenser is hetter than the plan adopted by Wilson, a< it allows
the illumination to be focussed on the object mdependently of the
foeal adjustment of the objeet to the magnifying lens . whereas in
Wilson’s mieroscope, the condenser heing mounted in 1 K. without
facility of adjustment, 1emained at o fixed distanee from the object.,
and hence the control of the illunnuation was very limited”
Another microscope dated 1702 i~ shown m fig 103 as diawn by
Zahn in his ¢ Oculus Artificialis”  Fig. 103 presents o back view of
it and shows an oval wooden plite; on the other side of this 1~ a
similare plate which holds the lens
in such o posttion that it is oppo-
site the aperture A Between the
two plates there is o rotary multiple
object holder shown in fig 103y M
N, the object being inserted in the
apertures in the cireumference of
the disc.  Focussing is accomplished

F1e. 103 (1702, Fro. 1034 (1686).

by means of the milled head Bowihiehis attached to a serew regulating
the distance hetween the two plates, one of which carvies the lens,
the other the rotary objeet holder. The point worthy of note in
this instroment s the rotating wheel of graduated  diaphragms
A, C D, g, placed on the side away from the lens. Tl is the fivst,
instance of a useful apphance sueviving i one present nieroseopes.,

Tn Harvis's * Lexteon Teelmicnm” (1704, 2 vols. (ol ). under the
word  mieroseope. Marshall's compound microscope (fig. 104) s
desceribed and figured.  Several amportant innovations in miero-
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Hertel's microscope (1716).

F16. 105.
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geopical construction were here embodied. (1) A fine-adjustment,
serew F is connected with the sliding socket E, supporting the arm
D, in which the hody-tube is serewed; the foenssing could thus be
controlled in a fine more effective manner than by any svstem pre-
viously applied to a large microscope. The previous svstems involved
the diveet movement of the body-tube either by rotating in a screw-
socket (as in Hooke’s) or by sliding in oo evlindrieal socket (as in
Divini's and Chérubin's); in a few instanees the object was moved

Fii. 106.—M. Joblot's micvoscope (1718).

in relation to the object-lens, hut all these plans were more o1 less
delective, expecially with microscopes of orge dimensions. Marshall’s
system was o distinet mechanieal improvement, for the object could
now be viewed during the actual process of focussing, as the image
would remain steadily i the fiekd. (2) A fork, NN, ishereapplicd
with a thumb-serew clamp. O, on the pillar itself. (3) Hooke's hall-
and-socket joint, which was applied to the i 1, ix here shifted to
the lower end of the pillars wheve it wonld give the movements of
inclination to the whole microscope instead of to the body-tube only,
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as in Hookess the ball Lo conld he tightly elamped In the serew
collar M, in which slots were cut to give spring. (1) A condensing
lens on jointed arms appears ; this pvobably wasthe tust appheation
of such adjustments to the con-
denser.  From the singolan posi-
tion of the candle beneath the
condenser, we may infer, without
doubt, that the mirror was still
unknown as a microscopieal ac-
cessory in England.

In fact, in no microscope up
to this time has there been any F1a.107.—Lieberkiihn’s microscope (1739).
trace of, or reference to, n muror;
butin 1716 Hertel employed it and introduced some other consider-
able modifications.  The general appeamrance of the inustrument as
originally figured by Hertel is given m fig. 105, Not only have we
the mirror below the stage, hut also above
the stage a concave metal wmirror reflecting
light through a condenser on the object,
while the stage has focussing movement by
the right-hand ornamental ¢ butterfly” nut,
and is eapable of wovement to and from the
pillar by the middle nut, and also of rotary
movement by the left-hand nut.  These two
last movements form what is now known as
a  ‘mechaniceal stage” The hody-tube  is
hinged and is inclined by a screw-sector
mechanism. A distinet advance on the simple
IIliCl"ON('u]:('\' which had ]ll'('('(‘(l('(l it was made
by one devised by M. Joblot, and illustiated
in fig. 106. The ornamental plate holds the
lens, the focus heing adjusted by the nut and
Serew | the ])1;1h' nend to the ornamental one
is a concentric rotary stage, of good mechanical
quality. The tube A was enlled by Joblct
“the Canon,” and was Iimed with black ¢loth
or velvet, and has a diaphragin at each end.
These diaphragms are movable, which was
practically a constderable optienl henelfit,

In 1738 Dr. N. Licherkiilm  devised,
what had been cmploved i prineiple ly
Descartes a century hefore! the instiument
that has ever sincee heen known by his nan e,
and which is still of considerable value to the
microscopist.  Fig. 107 1= a reproduction |
from the eanliest deawing known of Lieber- g6, 108—Culpeper and
kithn's microscop e A A s o coneave mivror Searlet’s meroscope (1733),
of stlver; from its form the light is rellected
from it to a focus on the objeet C. The mirror is picreed e the
centre at B, wd the lens, or objeet-glass, ix inserted and adjusted,

! See pp. 126-7.
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the eve heing placed behind in the direction I at any point the
<ingle lens or acombination might require.

(Julpvlu voand Serlet’s microscope 1'04]uirn\' A note, and 1s illus-
trated in fig. 108, Tt was inappropriately designated o - veflecting’
microscope, but thix arose merely from the fhet that it wax the fir \t
English model which employed an illuminating mivror. 1t was,
however, i dioptrie, not a catoptric instrument, and is ligured in
Dr. Smith's ¢ Opticks,” 1738.

¢A Pocket Reflecting Microscope’ was figured by Benjamin
Martin in his ¢ Micrographia Nova’ in 1742, having the interesting
feature of 4 micrometer eye-piece depending on o serew with a certain
number of threads to the inch, and by whicli acerate measurements
could be taken. It was ealled a reflecting microscope because it had
a mirror fitted into its eylindrical base; but it was, in reality, a
compound vetraeting form, and appears to have a good claim to have

, been the original from whence the
modern ¢ drum’ microscopes were
saken,

Wilson  devised o simple
sserew-harrel T microscope in 1702,
wmd - Baker describes and (wmv\
in 1742 the Wilson model
mounted on a scroll standard and
with a mirror mounted on the base
in a line with the optic axis. Fig.
109 reproduces the dinwing  of
Adams.

But Martin originated a large
number of improvements hoth m
the optical arrangements and the
mechanisin of the microscope, and
was an excellent maker. He ap-
plied rack-and-pinion focussing ad-

o i Justments, to the compound micro-
Fia. 109.—Wilsou's simple microscope scope he added inclinine move-
on scroll standard (as made by . o,
Adams, 1746). ments to the pillin carving the
stage and mirror, and he furnished
the stage with rectangular movements,

Tt was 1o this maker that the late Professor Quekett was
mdebted for an early microscope, of which he evidently to the last
thought. highly, and w hu It was subsequently purchased by the Royal
7\f[lcro\« opteal Rociety, A drmwing of this instrument is given in tig.
110, and should be deseribed in Quekett’s own words.  He savs:
C1t stands about two feet in height, and is supported on a tripod
bases A the cential ot or stem, Beis of triangular figure, having
araek at the back, upon which the stage, O, and frame, Dy support-
ing the mireore Ko e eapable of being moved up or down. The
compound body, F, is three inches in diameter ; it is composed of
two tubes, the inner of which contains the eve-picee, and can be
raised or depressed by vack and pinion, so as to inerease or diminish
the magnifving power. At the base of the triangular b is aeradle
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joint, G, by which the instrument em be inclined by tuwrming the
screw-head, H [connected with an endless serew acting npon o worm
wheel].  The arm, 1, supporting the compound body, is supphed
with a rack and pinion, K, by which it can be moyved hackwards and
forwards, and i joint, is placed below it, upon whieh the body can he
turned mto a horvizontal position ; another har corving a stage and
mirror can be attached by the serew, 1N w0 as to comvert it mto a
horizontal  nneroscope,
The stage, O, i~ provided
with all the usual appa-
ratus for clamping ob-
jects, and a condenser
can be applied to it
under surface ; the stage
itself may be removed,
the arm, P, supporting
it, turned round on the
pivot C, and another
stage of exquisite work-
manship  placed in its
stead, the under surface
of which is shown at Q.
¢ This stage is strictly
a micrometer one, hav-
ing rectangular move-
ments and a fine ad-
justment, the move-
ments  being  accom-
plished by fine-threaded
serews, the milled heads
of which are graduated.
¢The mirror, E, is a
double one, and can be
raised or depressed by
rack and pinion; it is
also capable of removal,
and an  apparatus for
holding  Iarge  opaque
ohjeets, sueh as minerals,
can be substituted for it.
The accessory instru-
ments are very numer-
ous, and amongst the pyg 110 Martin's large universal microscope as used
more remarkable may by Quekett (1780).
be mentioned a tube, M.
containing a speculun, w hich can take the place of the tube, Roand ~o
form a reflecting microscope.  The apparatus for holdimge ammaleules
or other live objects, which is represented at N, as well as a plate of
glass six inches in diameter, with four concave wells ground in it,
can be applied to the stage, so that each well may be brought in
suceession under the magnitying power. The lenses belonging to
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this microscope are twenty-four in number; they vary in focal
length from four inches to one-tenth of an inch; ten of them are
supplied with Lieberkiihns, A small arm, capable of carrying single
lenses, can be applied at T, and when turned over the stage the in-
strument becomes a single microscope ; there are four lenses suitable
for this purpose, their focal length varying from ,lyth to £;th of an
inch. The performance of all the lenses is excellent, and no pains
appear to have been spared in their construction. There are
numerous other pieces of accessory apparatus, all remarkable for the
beauty of their workmanship.’!

Benj. Martin not only in this way greatly advanced the
mechanical arrangements of the microscope, but he improved the
optical part. He used a Huyghenian eye-piece on the telescope
formula, where the focus of the eye-lens was that of the field-lens
3, and the distance between them 2; but instead of employing a
single eye-lens he broke it up into two of equal foci, that nearest the
eye being a ‘crossed’ lens, and the other a plano-convex, the steeper
convexities of these lenses being towards each other. Inaddition to this
he placed at a short distance above the nose piece an equi-convex lens
ot 5% inches focus; this acted as a back lens to all the objectives,
so that when an objective was changed it was really only the front
lens of a compound objective that was altered.

Cuff designed and made a microscope, in 1744, which Baker
figured and described in his ¢ Employment for the Microscope’ in
1753, which possessed several conveniences and improvements. Not
the least of these is that which gives greater delicacy to the fine ad-
justment than is found in any preceding model. It was subse-
quently further improved by the addition of a cradle joint at the
bottom of the pillar by Adams. Cuff also designed a simple form of
micrometer.

There were three designs of microscopes by George Adams, of
London, in 1746 and 1771, which have many points of interest, but
searcely contribute enough of distinctive improvement to the modern
forms of the microscope to detain us long.  That designed in 1771 is
figared in the Adams ¢ Micrographia Ilustrata,” and is reproduced
in fig. 111.

In this instrument Adams claims to have embodied a number of
improvements on all previous constructions.  He applied ‘two eye-
glasses at A, a third near B,and a fourth in the conical part between
B and C; by which he increased ‘the field of view and of light;’
draw-tubes were at A and B, by which these lenses could be separated
more or less, but the probability is very great that these were
simply copied from the improvements of a like kind devised by B.
Martin and described above. He also arranged the object-lenses, or
‘buttons,” @ and b, to be combined ; seven ‘ buttons’ were provided,
¢ also six silver specula [ Lieberkiihns "] highly polished, each having
a magnifier adapted to the focus of its concavity, one of which is
represented at ¢, and the ‘buttons’ could also be used with ‘any
one of these specula’ by means of the adapter, d.

1 A Practical Treatise on the Use of the Microscope, 8rd. ed. London, 1855, 8vo,
pp. 25, 26.
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The body-tube, A B C, with its arm, F (in which it screwed at f),
and stem attachment with the fine adjustment were clearly modified
from a design which Cuff originated. The large ivory head, I,
actuated a pinion and rack for raising or depressing the body-attach-
ment on the stem, but as there was only one slide the rackwork
could not be used unless the fine adjustment was first put out of action
by unclamping it. The stage and mirror were adjustable on the stem.
The large ratchet-wheel controlled by the pinion-handle, S, gave the
required inclination to the stem.

Nos. 1 and 2 were ivory and glass ‘sliders’ for objects, to be
applied in the spring-stage No. 3 fittingat T ; the  hollow at K [No.
3] 1s to receive the glass tube No. 10" No. 4 was a diaphragm called
a cone, from its conical shape; this was invented by Baker in 1743,
and was used in all microscopes up to about 1820, when the wheel of
diaphragms was re-invented by Mons. Le Baillif of Paris fitting in
the lower end of No. 3, ‘to exclude some part of the light which
is reflected from the mirror Q. The forceps, No. 5, could be placed
“in one of the small holes near the extremities of the stage, or in the
socket, R, at the end of the chain of balls No. 6. No. 6 was an arm
composed of a series of ball-and-socket joints, similar to the system
employed by Musschenbroek, by Joblot, and by Lyonet, and was in-
tended to be applied at W, when the stage was removed. No. 7 was
a box of ivory in which dises of tale and brass rings were packed ;
No. 8, & hand-magnifier ; No. 9, a sliding arm lens-carrier fitting on
Z, when the instrument was required to be used as a simple micro-
scope ; No 11, a rod of wire with spiral at the end for picking up
soft objects from hottles &c.; and No. 12, an ivory dise, black on
one side and white on the other, fitting at T, to carry opaque
ohjects.

To wse the instrument as a simple microscope the hody-tube.
A B C, was removed from the ring, F; the lens-carrier, No. 9, was
placed on Z, and a lens with reflector, E, screwed in the ring, ¢;
the ball-and-socket arm, No. 6, was applied at W, by the part X,
and the object held by either of the forceps could be twmed and
viewed as desired. For dissections &c. the stage could be screwed’
on at F, and a glass plate applied at T.

One of the best examples of this design has a nose-piece with a
slide carrying three objectives—one of the first arrangements of
‘triple nose-piece,’ or, indeed, of changing nose-piece for objectives
(as distinguished from simple lens-carriers) that have been met with.

A microscope devised by Dellebarre was made the subject of a
special report to the ‘ Académie des Sciences’ in June 1777, but
there is nothing in it deserving special consideration in comparison
with contemporary or even anterior forms as bearing upon the evo-
lution of the microscope as we now know it. In fact, up to the time
when achromatism exerted so powerful an influence upon the form
and construction of the instrument, there is no microscope that calls
for further. consideration save one—by an English maker named
Jones—it was called Jones’s ¢ Most Approved Compound Microscope
and Apparatus,’ and although, in principle, it does not differ from
Adams’s instrument, fig. 111, it yet presented differences of detail.
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Its date was 1798, and is seen in fig. 112, which is taken from the
original figure in Adams’s * Kssays on the Microscope.”

The base is a folding tripod, and the stem inclines upon a
compass-joint on the top of the pillar.  Mr. Mayall justly remarks
that this was the best system devised up to this date. The arm
carrying the body-
tube can be rotated
on the top of the limb
E, and 15 also pro-
vided with arack and
pinion D. An extra
carrier, W, is pro-
vided for special pur-
poses pivoting at S,
so that objects will
remain in the optic
axis though the stage
be moved in arc.
There are also clips
provided  for the
stage.  There is a
condenser at U,
which slides on the
stem by the socket .
The mirror also slides
on the stem. There
is provided a rotating
multiple dise, P, of
object-lenses, and a
brass cell contains a
high power, of J;or
Zv inch focus, which
on the removal of the
lens-disc  can  be
screwed into  the
nose-piece.

There were also
designed some inte-
resting forims of re-
flecting microscopes,
to the details of which
we can afford no JONES'S MOST IMPROVED (OMPOUND
space, their inHuence MICRONCOLE AND APPARATUS
having been of no Fra. 112 (1798).
value in the develop-
ment of the microscope as we know it. There was o reflectimg
microscope suggested by Sir Isaac Newton in 1672, and one was
devised on the principle of the Gregomrian telescope In Banker
1736 ; another of the Cassegrainian form was made m 1738 by Sinith,
which was, perhaps, the most perfect of the Catoptric torms.

An outline of its construction and the path of the light-heams is

L
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given in fig. 113. It was for examining transparent objects and was
similar to the Cassegrainian telescope, but with an extra long eye-
piece tube to permit the focussing by wmovement of the eye-lens.
The object was placed at M N; the image was taken up by the
concave, reflected on the convex, and again reflected to the eye-lens.
He advised the use of a condensing lens for the illumination, to pre-
vent ¢ the mixture of foreign rays with those of the object,” otherwise
the instrument gave confused images of distant objects when it was
used as & microscope.

Even without a condenser there are good images attainable with
this instrument, but with the condenser they would be, of course,
improved.

We have not followed in any detail the forms of simple micro-
scopes as they presented themselves, but in 1755 a form was made
by Cuff that can only be regarded as the precursor of the most com-

a

F16. 118.—~Smith's retlecting microscope (1738).

plete and perfect of our simple dissecting microscopes : it is shown
in fig. 114. A disc of plane glass, C, or a concave, M, was applied,
on the stage of which dissections &e. could he made; a mirror, 1,
was fitted in a gimbal with a stem sliding in a socket in the pillar;
the lens-carrier, F, alone, or with Lieberkiihn, F, screwed in a ring
on the end of a horizontal axm, E, sliding through a socket, attached
to a vertical rod, D, sliding and rotating in a socket at the back of
the pillar for focussing &e.  This motion of the lens over the object
became very popular and was employed in nearly all microscopes up
to the time of the establishment of achromatism ; the last microscope
so fitted was that designed by Mr. W. Valentine and made by
Andrew Ross 1831, The movement in arc lasted much longer, and
the last remnant of it is still to be found in Powells No. 1.
The pillar screwed on the lid of the box, within which the instru-
ment was packed with sundry accessories.

It was to the discovery of achromatism ns applied to microscopic
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object-glasses that we must attribute the strictly scientitic value and
progress in development of this now extremely valuable and heauti

ful instrument. An exhaustive account of the earliost discovery
and progressive application to onr own day of achromatisin, so far
as it can be given in this treatise, will be found in the chapter on
objectives. We can here only attempt, for the sake of completeness,
a very broad outline of the facts:

Martin appears to have constructed an achromatic ohjective in
1759, but no results of practical value were obtained, Martin having
formed the judgment that his achromatic microscope was not equal
to a reflecting microscope with which he compared it. But it cer-
tainly gives him a place of interest in the history of the achromatisin
of object-glasses for the microscope.

F16. 114.—Ellis’s aquatic microscope (1755)

In 1762 Euler began to discuss the theory of achromatic
microscopes, and in 1771, in his ¢ Dioptriea,” he entered upon the
subject at more considerable length. A pupil of his, named Nicholas
Fuss, published in St. Petersburg,in 1774, a volume entitled ¢ Detailed
instruction for curving lenses of different kinds to a greater degree
of perfection, with a description of a microscope which may pass for
the most perfect of its kind, taken from the dioptric theory of
Leonard Euler, and made comprehensible to workmen by Nicholas
Fuss.”  This was translated into German by Kliigel in 1778, but no
result of these discussions of the theory of achromatism can he
discovered earlicr than 1791, when Francois Deeldsnyder made an
achromatic objective which was presented by Harting to the museum
of the University of Utrecht; but it was far from satistactory. It

L2 ’



148 THE HISTORY AND DEVELOPMENT OF THE MICROSCOPE

was composed of two biconvex crown-glass lenses, and a biconcave
flint lens placed between them. .

C. Chevalier tells us! that between 1800 and 1810 M. Charles, of
the ¢ Institut,” Paris, made small achromatic lenses; but they were
too imperfect to be of real service. 1In 1811 Fraunhofer made
achromatic doublets with no great success; and in 1823-4 an achro-
matic microscope was made by the Messrs. Chevalier, with four
doublet lenses arranged according to a plan devised by Selligue.
Their ¢ Microscope d'Euler’ followed, and in 1827 Amici constructed a
horizontal microscope on achromatic principles, which was spoken
well of.  But while
up to a very recent
date it was common
to assert that the first
to suggest the plan
of combining two,
three, or four plano-
convex  achromatic
doublets of similar
foci, one above the
other, to increase the
power and aperture,
was Selligue in 1823,
it is now known that
this had heen antici-
pated by Mavzoli (ch.
v. 3563).  Selligue’s
plan was carried into
exceution by  the
Messis.  Chevalier.
The instrument em-
bodying this plan is
shown in fig. 115.

In areport to the
Académie Royale des
Sciences, the well-
known mathema-

Fre. 115.—Selligue’s achromatic microscope (1823-4). tician B_‘l'e‘\‘“el | Says,
concerning this mi-
croscope, that in comparing the ohjectives with those of one of Adams’s
best non-achromatic instruments—that up to a magnification of
two hundred times—Selligue’s was decidedly superior; but beyond
that magnification there was no superiority in the achromatic form,
and he preferred Adams’s form for prolonged observations because
it gave a larger field than Selligue’s.

The mechanism of this microscope was similar to the English
model of Jones, shown at fig. 112, The focussing was by rack and
pinion acting on the stage, the pinion travelling with the stage on
the rack. Two draw-tubes, A and B, were applied within the
body-tube, C, the upper one having a biconcave lens, S, at the

L Des Microscopes, Paris, 1889, p. 86.
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lower end, serving as an ampliﬁm which was probably the first
Apphcwtlon of a ¢ Barlow lens” to a microscope.

INMumination for opaque objects wns accomplished by a lenticular
prism, P, which was gimballed, and connected with a ring embracing
the body-tube.

‘We learn from Fresnel that the range of magmﬁcamon was frrom
40 to 1,200 diameters. R
The obJect glasses were
composed either of two
doublet systems for low-
power work or of four
doublet  systems all
screwed together for
high-power work, and
two oculars were pro-
vided of different power.

It is interesting to
place one of the earliest
known English models
of the achromatic miero-
scope beside that of Sel-
ligue. Tt was made by
Tully the optician, of
London, who at Dr. Gor-
ing’s instance had been
working at the achroma-
tising of the microscope.
Selligue’s is a manifest
modification of one of
the best forms as made
by Adams, Jones, or
Dollond. Tully made the
microscope figured in
116 from the working
drawings supplied by
Moyr. J.J. Lister, whosaw
that great accuracy of
workmanship and com-
plete steadiness in the
stand were needful for
achromatic microscopes,
and  to  thix end they

ndop‘oed struts, such as F16.116.—Lister's achromatic microscope made by
’ Tully (1826).

were used in telescopes,
connecting the body-tube with the base. The instrument is shown in
fig. 116.  He also provided mechanical movements to the stage, but
no fine adjustment wasapplied.  There was a sub-stage provided with
a rotating dise of graduated diaphragms.  This microscope was made
in the yemr 1826 by Tully, but it was made from working drawings
supplied by Mr. J. J. Lister, who therefore is responsible forr the entire
design. The sub-stage held a combination of lenses for o condenser.

As compared with single lenses of equal power, from which so



150 THE HISTORY AND DEVELOPMENT OF THE MICROSCOPE

much light was inevitably stopped out by the small diaphragm that
it was needful to use in order to secure a fair image, the objectives
used with this instrument gave a vast inerease of light by permit-
ting the employment of the full aperture.

An extremely interesting instrument by C. Chevalier, made very
probably not long after 1824, and bearing much resemblance to that
of Selligue, is shown in fig. 117. It is provided with a revolving
disc of dmplungm~ .Lpphed below the dark chamber under the stage,

; and this is a plan which obtained
a permanent place in the micro-
scopes of the future.

The report of Fresnel con-
cerning Selligue’s achromatic
microscope determined Professor
Amici, who for nine years had
abandoned his exjeriments on
achromatic object-glasses, to re-
commence them in 1826, and in
1827 he exhibited in Paris and
in London a horizontal micro-
scope. The real novelty shown
in it was the application of a
right-angled prism immediately
above the objective to deflect
the rays through the horizontal
body-tube. The object-glasses
were composed of three lenses
superposed, each having a focus
of three lines and a greatly in-
creased aperture. It had also
extra eye-pieces by means of
which the amplification could be
increased.

Meantime the subject of
achromatism was engaging the
attention of the most distin-
guished English mathematicians.

F1c¢. 117—C. Chevalier’s achromatic ~ Sir John Herschel, Sir George

microscope (circa 1824). (then Professor) Airy, Professor
Barlow, Mr. Coddington, and
several others, worked more or less at the general subject. Cod-
dington alone, however, confined his attention to the microscope,
and his work was limited to the eye-piece. Also, for some years,
Joseph J. Lister had been earnestly working expel'imental]y and
mathematically on the same subject, and he discovered certain jro-
perties in an achromatic combination, which were of importance,
although they had not been before ()l)serVe(ll In 1829 a paper
from Lister was received and published by the Royal Society,?
and putting the principles it laid down into practice, Lister was
enabled to obtain a combination of lenses capable of transmitting a
1 Vide Objectives, ch. v. p. 855. 2 Trans. Roy. Soc. for 1829,




F16. 118.—Onc of Ross's early microscopes designed by W. Valentine (1881)
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pencil of 50° with a lwge corrected field. This paper and its
results exerted a very powerful influence on the immediate improve-

T'16. 119.—DPritchard’s microscope with ¢ Continental ’
fine adjustment (1835).

ment of English achro-
matic object-ghixses, and
formed o permanent
basis of advancement for
the microscope, not only
in its optieal, but also
indirectly in its me-
chanical construction
and refinements,

For convenience, at
this point we may ad-
vance a little in order
to complete our brief
outline of the mechani-
cal application of achro-
matism to object-glasses.
Mr. A. Ross became
practically  acquainted
with the principles of
achromatism as applied
to combinations of lenses
in working with Pro-
fessor Barlow on  this
subject, and having ap-
plied Lister’s principles
with great suceess, he
discovered, as we have
already pointed out in
Ch. 1.,! that by covering
the object under exami-
nation by a thin film of
glass or tale the correc-
tions were disturbed if
they had been adapted
to an uncovered ohject ;
and we have seen that
it was in 1837 that Ross
devised a simple means
of correcting this. He
wis  an indefatigable
worker in the interests
of the advancement of
the mechanical as well
as the optical side of the
microscope.  Fig. 118
presents  a  form of

wmicroscope, from an extant example which wis designed by W.
Valentine of Nottingham in March 1831 and made iy Andrew Ross.

1 P. 20.
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The stage is actuated in dingonal divections on either side of the
stem. A Pritchard microscope probably made by Ross ix shown in
fig. 119. It is not at all bke fig. 118. The stage movement is
by rack and pinion and not by screw as in fig, 118, but it will
be seen that 1t has also a curious spiral fine adjustment, which is
plainly an uncovered ¢ Continental’ form, elthm .ulopted in Engl‘md
from G. Oberhiluser, or it may : s s 7
have even preceded it. Itis
interesting to note, however,
that the sub-stage arrange-
ments in both these instances
are the same as those employed
by Wollaston in connection
with his celebrated doublets,
an account of which was given
in the Philosophical Transac-
tions of that date.!

The Ross form cannot be
inclined, nor can the Prit-
chard; and ‘the fine adjust-
ment in the former is effected
by means of a long screw
passing up the pillar and act-
ing on a triangular sheath,
within which the stem is
applied, to move with rack and
‘pinion, the top of the stem
being hollow to ‘receive either
the cross-nrm support for the
single lens or the limh of the
compound body. The screw
is actuated by a large, gradu-
ated, milled head belnw the
tripod.

The stage has  supports
evidently to enable dissection
to be effected without flexure
by the weight or pressuve of
the hands, which wakes it
clear that it is the Valentine
microscope that is referred to,
as may be seen by reference Fi1c. 120.—A Ross microscope (1839).
to fig. 118. Rectangular me-
chanical movements are cmploved acting diagonally on either side of
the stem by rather fine screws, o that the motions ave slow,

But A. Ross at an cavly period worked out a * Lister’ form of
microscope, with the limb supporting the body-tube. He applied a
fine adjustment in this to act upon the mnose-piece only, which, as
“we shall subsequently see, is a very inferior method.  This instru-
ment dates from 1839, and is shown in fig. 120. In 1842 he
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F1, 121L-H, Powell's mioroscope, purchased by R, Society in 1641,
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changed the form to that shown in fig. 123, p. 158. Ross tried
various modifications of this fine adjustment and model, but from
about 1843 he worked only at the lever method as applied to the
nose-piece through the ¢cross arm’ and brought it to a relatively
high state of perfection. But the full possibilities of this method,
as concerned its sensitiveness, were never utilised by Ross, and it
was Hugh Powell who first published an account of his long lever
fine adjustment in the ¢ London Physiological Journal,’ November
1843. The published account of Ross’s long lever fine adjustment
did not appear until a month later, viz. December 1843.

In 1835 Powell made a microscope with an extrewmely delicate
fine adjustment applied to the stage. The mechanism and the
workmanship were excellent (we give a drawing of a later form of
the instrument at fig. 121), and this fine adjustment is one of the
slowest and steadiest as yet made. In one we have measured the
movement only amounts to 44 of an inch for one revolution of the
milled head ; this is six times slower than the fine adjustment applied
to the best Continental microscopes. The disadvantage of this fine
adjustment is that it slightly disturbs the focus of the sub-stage con-
denser ; therefore, if the fine adjustment is much moved, the sub-
stage condenser will require refocussing. The movement usually
required is so slight that the refocussing of the condenser is seldom
required.

James Smith also made an instrument on an entirely new
pla. It is illustrated in fig. 122, being the first model made
by this firm in this form, and it has many features of interest
from the point of view of our present requirements. But after
we have once secured steadiness, the crucial points in a microscope
ave the quality of the fine adjustment, and the delicacy, firmness,
and ease with which we can centre, focus, and otherwise modify
the sub-stage illumination. To the former certainly this model
does not contribute.

We are now prepared to examine and endeavour to judge im-
partially from a practical point of view the inerits of the principal
English, Continental, and American models which are offered to
the microscopical public. It is impossible, no less than it is unde-
sirable, to attempt to describe all the microscopes of every maker,
or even the principal forms made by the increasing multitude of
opticians.  We have sought no opticians’ aid ; we have carefully
examined all the forms that lay any just claim to presenting an
instrument which meets the full requirements of modern microscopy ;
and, although we have reason to know that the judgments we express
are shared by the leading experts of this country, we take the sole
responsibility for these judgments. Having sought for twenty years
the best that could be produced in microscopes and objectives our
judgment is given with deliberation and wholly in the interests of
science.

In examining the principal modern microscopes we shall point
out whatever is of absolute Importance or relative value; and the
absence or presence of this in any form provisionally selected is all
that the reader will need to enable him to become. convinced of our
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estimate of the vadue of <uch an instrument, whether the form be
illustiated  in o these pages or found in  the (';lt,allnglw.\' of the

makers.

Fio. 122.- - Jawies S s i
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With this object before us we shall facilitate its attainment by
at_once considering what are the essentials of a good microscope.
What ave the attributes of the instrument without the possession of
which it cannot meet modern requirements ? .

T. Steadiness ix absolutelv indispensable: this would, in fact,
appear to be obvious. But we are bound to admit that it is, in what
sometimes claim to be stands of the first class, disregarded ; and when
the height of the centre of gravity in the English and American
stands of the first class is considered, this is a fatal mistake.

It is pointed out in the section on micrometry ! and drawing
that the optic axis of the microscope should be ten inches from the
table ; therefore « first-class microscope whose optic axis when
placed hovizontally is either more or less than this is found wanting
I a material point. But to possess this characteristic it must have
a high centre of gravity.

Now it is possible to secure steadiness by (1) weight or (2)
design.  The Continental method has invariably been weight. The
pillar of the instrument is fixed to & cumbrous metal foot of horse-
shoe form, which bears so high a ratio to the whole remainder of
the instrument that it is usually steady. This secures the end
certainly, but by coarse and unwieldy means. It promises little
for the instrument as a whole.

What is wanted is the maximum of steadiness with the minimum
of weight.  An old plan designed by Cuff, cirea 1765, of rotating the
foot helow the pillar has been frequently reinvented. 1t was used
by Adams 1771, by Ross 1842, by Sidle and Poalk in America 1880,
by A. McLaven 1884, and recently again by Ross. This is a very
simple method of obtaining great stability for the instrument when
in either the vertical o1 horizontal positions. An instance of this form,
made by Andrew Ross in 1842, is given in fig. 123: the foot is seen to
he circular, with a vertical pillar attached eccentrically to it, and the
hase rotates, securing stability in either a vertical or inclined position.

Palpably, the mechanical compensation for the difficulty of an
clevated centre of gravity is an extended base. The leading fault
of many stands claiming the first rank is their nurowed bases, A
broad base, resting on three points only, and these plugged with
cork, is the ideal for a perfect instrument.

II. Next in order to the stand of the microscope comes what is
known as the body of the instrument—the tube or tubes for receiv-
ing the objective at one end and the eye-pieces at the other. The
tube of the monocular is always provided with an inner tube called
the draw-tube. In a first-class instrument this latter should always
be provided with a rack-and-pinion motion, and should have a scale
of from two to three inches, divided into tenths or millimetres. This
enables the operator the more accurately to adjust apochromatic ob-
jectives so sensitive, for their best action, to accurate adjustment of
tube-length, In fact, it ix always important to remember that ob-
jectives ure corrected for a special tube-length ; that is to say, for
the formation of the image at a certain definite distance.

1 Chapter IV.
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There are, however, two kinds of tube-length : (1) an optical and
(2) a mechanical.

The optical tube-length is measured from the posterior prineipal
point of the ohjective to the anterior principal point of the eye-piece.

The mechanical tube-length should he measured from the top of
the tube into which the eye-piece fits, and upon which the bearings

F16. 123.—0ld Ross stand (1842), rotating foot below the pillar. From the cabinet
ot the Royal Microscopical Society.

of the eve-piece vest to the end of the nose-piece into which the
objective is serewed,

Unfortunately different makers estimate tube-length differently
and take different points from which to make their measurements.
Looking at the matter broadly, there are two estimates tor tube-
length in practical use : these are the English and the Continental,
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‘What was formerly known as the English standard tube had an
optical length for high and moderate power objectives of ten inches ;
with low powers, however, it was less. The mechanical tube-length
was 8% inches,

Professor Abbe, in constructing his apochromatic objectives for
the English body, has taken the mechanical tube-length at 9-8
inches = 250 mm. ; and the optical tube-length at 10'6 inches
=270 mm. This hascaused an increase in the length of the English
standard tube, since all good microscopes are made to work with
these objectives ; and the addition of a rack and pinion to the ¢ draw-
tube’ becomes of great practical value.

The tube-length of the Continental mechanical tube is 6:3 inches
= 160 mm., and the optical tube-length is 7-08 inches = 180 mm., and
some Continental objectives can only be accurately adjusted on an
absurdly short tube of 43 or 5 inches.

The question has been asked, ¢ Which is the better of these two
differing tube-lengths ?’  So far as the image in the instrument is
concerned, there is not much difference. It is of little importance
whether the initial magnifying power of an objective be increased
by a slightly lower eye-piece used at a longer distance or a slightly
deeper (higher) eye-piece at a shorter distance. But it is of practical
importance to note that a small difference of tube-length produces a
greater effect on adjustment with a short body than with « long one.
Critical work is carried on in this country to 2% mm. adjustment
on the long tube ; with a short tube the delicacy would be greater.
A difference of 5 nm. on a short tube is equivalent to the difference
between a good and a bad objective. 'When small cones of illumina-
tion are used lenses are far less sensitive, but, on the other hand,
they are not doing their work. Biologists in a vast majority of cases
use a high power insufficiently worked ; thus a }-inch objective with
a small cone is used in place of a 1-inch objective, and an oil im-
mersion 5-inch objective with small cone is used to do what a }-inch
would have done. The oil y;-inch objective is never fully utilised,
and the objects that it will show if properly used are never seen.
The principal difference, however, between the long and the short
body as affording a datum for their respective values is that when
a short body is used by a person having normal accommodation of
sight, the stage of the microscope cannot be seen unless the head is
removed from the eye-piece, whereas with the long body the eye
need not be taken from the eye-piece at all, as the stage can be seen
with the unused eye. We are informed by a highly competent
German optician that short sight is the most common form of vision
amongst German microscopists. This, of course, for Germans so far
alters the case, but it does not apply in this country. The diameter
of the body tube is also a matter of importance, because when a
microscope is used for photomicrography it is essential that it
should have a body with a large diameter.

ITI. Arrangements for focussing stand next in order of import-
ance. Every microscope of the first class is provided with two
arrangements for focussing, one a coarse adjustment, acting rapidly,
and the other a fine adjustment, which should act with great delicacy
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and precision. A good ‘course adjustment” ov princuy movahle
part of the instrument is of great importance.  The livst requisite is
that the body or movable part should move easily, smoothly, but
without ¢shake™ in the groove or slot or whatever else it slides in.
We have found in practice that n bar shaped like a truneated prism
sliding in a suitable groove acts hest and Tongest. But o har planed
true and placed in a groove ploughed to suit it is not e¢nough.  The
inevitable friction determines wear, and thix brings with it a fatal

K, f‘a-{.—Diuéwml rack and twisted pinion devised in 1881.

¢shake.” Al such grooves, which ave uswally y-shaped, should be
cut and sprig o one side, so that by * tightening up’ the Vv's by
nicans of serews the bar or limb is again firmly gripped.  Further, the
b shondd not = hear” for its whole length along the groove, but only
on points at either end and in the middle.  Powell introduced these
prime essentinls to a good ©enmrse adjnstment” more than 60 yenrs
ago; yet what thousands o instriments in which these prineiples
have not been applied have been, by sheer friction wear, soon
changed into useless brass since then! DBut instruments made by
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this firm ave as good after thirty vemrs’ use ax they were when
new.

Frequently bad workn: wiship is concealed by the free employment
of what is known as ¢ optician’s grease "and an over-tightening of the
pinion, driving its teeth into the vack, which, of course, speedily
ends in dls«\stel.

If we desire to prac tically test this part of a microscope, we
must remove the pinion, take out the bar, clean off the ‘optician’s
grease’ with petroleam from both bax .uxd groove, oil with watch-
maker’s oil, and replace the bar in the groove, and bhefore refixing
the pinion see if it slides smoothly and w 1thnut Interal shake.

Whatt hax been said about the “springing” of the bar in thix special
instance applies equally to all moving par ts in stage and sub-stage
movements, and wherever constant_ friction is mcmnul, ('(]nl”)
applicable, too, is the
lubricant we suggest.
An  instrument lotf
unused 1in its native
¢ grease’  for twelve
months becomes so im-
mobile in most of its
parts by the hardening
of its ‘normal’ lubri-
cant that motion be-
comes a peril toits future
if persisted in in that
condition.

If a ‘coarse adjust-
ment ’ be what it should
be, all lower powers
should be exclusively and perfectly focussed by it, and with the
highest powers objects should be found and focussed up to the point
of clear visibility.

'].he exceedingly useful method of ¢ diagonal vack and twisted
pinion’ was introduced by Messvs. Switt and Son about 1880 and
has since been universally adopted.  Its mode of operation is seen
in fig. 124, a sectional drawing of this part of one of Swift’s micro-
scopes. The advantages gained by this method are due to the twist
in the pinion being a <hade steeper than the diagonal of the rack, by
which expedient there ix more gearing contact between rack and
pinion, which prevents ¢loss of time’ and obviates the necessity for
unduly forcing the teeth of this pinion into those of the rack.

Mr. Nelaon hax had made by Messrs. Watson and Sons a still
better form of rackwork. It is what is called n ‘stepped’ rack (not
of the diagonal, but of the strnight type). In this very admirable
form two parallel 1cks cngage in the same pinion ; one rack, how-
ever, is placed so that its teeth are stepped an amount equal to the
“ back-lash ” behind those of the other, e.g. !, of the pitch.

These racks have to be cut togethel and fixed in the position
they were cut; the object of this plan is that one of the racks shall
be in action when the b is rmcked up, and the other when it ix

M

F1o. 1244, —Nelson's ¢ stepped ’ rack, 1mented in 189')
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racked down ; so that if the racks are properly placed relatively to
one another ¢loss of time ’ is impossible ; and the result is obtained
without foreing the teeth of the pinion into the rack. If the teeth
are true, the friction is of the least, and the smoothness and firm-
ness all that can be desired. But what gives great value to this
form of rack is that any loss of time as the result of wear can be
taken up by a slight alteration of the position of the second rack.
The arrangement is shown in fig. 124 4, and it will be seen that at
the top of the right-hand rack as we look at the illustration there is
a small screw. Now the racks are set side hy side, one being fixed
finally. The pinion is then made to work freely and smoothly with
this one rack ; the second rack is then introduced, and is provided
with slots and clamping screws, and its position is gradually altered
in the slots in a vertical direction by means of this small serew over
the right-hand rack until the smoothest position of action is secured.
The clamping screws are then tightened and the rackwork becomes
fixed ; and subsequent irregularity in it is at once corvected by the
small screw to which we have referred.

‘When the best position is found the teeth of the two racks, as
we have stated, will not be in a line, but those of the loose rack will be
found to occupy a position slightly below the teeth of the fixed
one.
There is a defect in cither microscope or microscopist if the
‘fine adjustment’ is resorted to before the object is focussed into
clear view, even with the highest powers.

The Fine Adjustment.—This part of the modern microscope
possesses an importance not easily exaggerated, and deficiency or
bad principle in the construction of this makes not only inferior,
but for critical purposes absolutely useless, what are otherwise
instruments of excellent workmanship and real value.

There are two kinds of fine adjustment usually employed :—

i. Those which simply move the mnose-piece which receives the
objective.

i1. Those which move the whole body, or the whole body including
the coarse adjustment.

All constructions of the second class formerly proved impracti-
cable, and even pernicious. They inevitably broke down just as the
purchaser, by practice, began to realise the value of perfect action.
‘With a large experience of stands of every class, we are obliged to
say that generally with one or two years of work they lost whatever
value they at first possessed.

To this broad statement there are possibly two or three excep-
tions, viz. Swift's side lever and Campbell’s differential ! screw and
Watson’s long lever, to which we shall subsequently vefer.

It is, however, upon the model above referred to, with all its
radical and glaring imperfections, that the majority of Continental
microscopes have been built.

A screw with an extremely fine thread, and therefore of extremely
shallow incision—a micrometer screw in fact—~has to bear the strain of

! The differential screw fine adjustment was first suggested by Dr. Goring in
1880. It was subsequently made by Nobert about 1865.
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{ifting and lowering the entire weiyht of the hody, with its comrse ad-
justinent, lenses, and so forth ; while the sole object of the adjustment
should be to give o delieate, almost imperceptible, motion to the
object-ylass alone. 1t needs no great experience to foresee the inevi-
table result; the screw loses its power to act, and something incom-
parably worse than a tolernble conrse adjustient ix left in its place.
Yet it is the Con-
tinental model that
has become the dar-
ling of English labo-
ratories, and that still
receives the appreci-
ation of professors
and their students.
True they answer in
the main the pm-poses
sought — the exi-
gencies of a limited
course of practical in-
struction.  But how
many of those who
receive it are the
medical men of the
future, and to whom
a niicroscope—not of
necessity a costly one
—of the right con-
struction would be
of increasing value
through a lifetime?
Almost any in-
strument, however
inferior, could be em-
ployed  successfully
with a }-inch object-
ive of ‘low angle’ (to
give it what has been
called  “the mneedful : S by :
I)L‘llutl'ution’ for his- 16. 125.—Ross-Zentmayer model (1878).

tological subjects !) to

obtain an image corresponding to a figure in a text-book of, sy,
a Malpighian corpuscle, or a section of kidney, brain, or xpinal cord,
The quality of a fine adjustment is never tested hy these means,
for, in point of fact, a delicate fine adjustinent ix not even necessary.
We write in the interests of microscopical reseavch. It certainly
may be taken for granted that the end songht ix not simply to use
the microscope to verify the illustrations of o text-hook, o freatise,
or a course of lectures ; without doubt it ix a subsidizuy purpose; hut,
the larger aim is to inspire in the voung student confidence,
enthusiasm, and anticipation in the methods and promise of histology

and all that it touches.” But for this there muxt be potentiality (with-
M 2
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out costliness) in the mechanical and optical character of the micro-
scopes commended and approved.

A low-priced student’s microscope of good workmanship and
perfect design could easily be devised if the demand for it arose.
Indeed, quite recently a certain class of students’ microscopes have
been improved greatly ; this has been a concomitant of the science of
bacteriology, which has compelled the use of the sub-stage condenser.
We have said enough of the value of this instrument in a succeeding
chapter, but until recent years histologists did not use it because it
was not used in Germany or with German instruments! Its present
use, nevertheless, has had the effect of improving the definition
obtained by the objectives used by students generally. Some who
perceive this, endeavour to attribute it to the improvement effected
in modern objectives, but this is not the case; the objectives in
many cases are not even new, and until the introduction of the Jena
glass ! the ordinary students’ objectives were not really so good as
the English objectives of forty-five years ago. But it could easily
be shown that one of these early objectives, used as it always was
with a condenser, would surpass in the sharpness of its definition the
majority of those now supplied to ‘students’ with Continental models.

But it must not be supposed that it is only the Continental
model that is deformed by the adoption of this radical error in the
‘fine adjustment ’ with which we are dealing. Even during the last
twenty years it has been applied to some of the most imposing and
expensive instruments made in England and America on what is
known as the ¢ Lister ’ model. This model has one supreme virtue,
in the possession of a solid limb. This may take many distinct
forms, but it is sufliciently represented in fig. 125, where it will be
seen that the ¢limb,” which is swung between the pillars, and which
carries the body-tubes and the fine adjustment, is in one solid piece.
If nothing were sacrificed this would be a boon. Formerly, this
model was supplied with a fine adjustment which only moved the
nose-piece, but on a principle which we shall see was wrong, and
from 1ts imperfections it was abandoned, and the solid Lister arm was
cut, and the whole body and its coarse adjustment was pivoted on the
lever of the fine adjustment. Thus its normal virtue (a solid limb) was
sacrificed, and a ¢ fine adjustment,” doomed to failure, was given to it.

A complex roller, a wedge, and a differential screw have in turn
been since employed to redeem this instrument from the failure that
had overtaken it. Partially, or completely, each has failed. The
differential screw certainly comes theoretically nearest to success
with this form of instrument. But at the outset this is the case
only where it wholly abandons the lifting and lowering of the body-
tube &e. by the action of a ¢ fine adjustment,” and its motion is only
brought into operation upon the equivalent of a nose-piece.

The form of differential screw brought into practical operation
by the Rev. J. Campbell, of Fetlar, Shetland, was adopted by Swift:
and Son in 1891, but had been exhibited in a stand made by Baker
in the year 1886 at the Quekett Micro. Club.? Tts object is to sup-

! Vide Chapter 1.
* Journ. @ M.C. ser. 3, vol. ii. pp. 288 and 287 (1886).



THE FINE ADJUSCMENT 165

plant the dircet-action serew, where the form of the microscope nuas
appear to make that o necessitye This has been the case with the
Continental model. Tt was apphed by ats inventor fo a IICrOSCO e
made by himself, and was brought before the Quekett (lub by Mr,
E. M. Nelson.

It is very simple, and is made by cutting two threads in the
micrometer serew.  Fig. 126 will illusteate the exaet method, 1) s
the milled head of the divect-ncting serew. The upper part. N, of
the serew has (say) twenty threwds to the el and the Tower paat, T
twenty-five threads to the inch. B i~ the lined socket fornnng panet
of the limb of the microscope, and I i~ the travellimg socket con
nected with the snpport of the body-tube. The vevolution ot 1
causes the serew thread S to move up and down in B at the vate ol
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F16. 126.—Campbell’s
differential  screw
fine adjustment
(1886).

I

F1a. 127.—Zeiss's usual ‘ new ’ fine adjustment (1886)

twenty twns to the inch, whilst the screw thread 1" canses the
travelling socket H to move in the reverse direction at the rate of
twenty-five turns to the inch. The combined effect, therefoic. of
turning D twenty revolutions is to raise or lower T, and with 1t the
hody-tube 1th of an inch, or |k th of aninch for each revolution.
The spiral spring below H keeps the bearings in elose coutact.

Of course any desired speed can be attamed by proper combina-
tion of the threads: thus 32 and 30 would give ;{,th of an inch
for each revolution, and 31 and 30 would give 41 ,th of an inch.

This screw has provided for the Continental model what Swift's
vertieal lever has done for the Jackson model; Mr. DBuaker, of
Holhorn, has adopted it and with very satistactory results; for it
has passed throngh that most erucial of tests for a fine adjustment,
its employment in photo-micrography, with excellent results; and
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we hope that it may become the general fine adjustment for this
form of microscope in place of the old form of direct-acting screw.

In contrast and comparison with Campbell’s differential screw
we may put the principle on which the usual simplified construction
of the fine adjustment of the Zeiss stands rests.! In fig. 127 the
triangular bar C is screwed firmly to the stage ; on it moves a hollow
piece B, which is connected inseparably with the arm A carrying the
tube. At its upper end C is cut away for about 15 mm. and B
hollowed out at a corresponding place so that space is obtained for &
spiral spring. This spring bears below against the hollowed-out
part of B, its upper end being connected with the projections of the
piece E screwed into C. The piece B is closed above by the cap F,in
which is the female screw. On the top of the micrometer screw is
fitted a bell-shaped head, and at its lower end is a small nut for
preventing over-screwing. The lower end of the screw is rounded off
and bears against the flat surface of a hard steel cylinder let into E.

Clearly, when worked, the screw remains in the same place,
bearing against C. The female screw, on the other hand, moves over
it, raising and lowering the tube carrier B A connected with it. By
its own weight A B counteracts the rise and thus supplies the place
of the strong spiral spring formerly employed. The weak spring
here adopted acts in the same direction as the weight of A B, and
serves to assist the latter when the upper part of the microscope is
placed horizontally.

Our appreciation of all that is done by the great firm of Zeiss we
need not reiterate; it is well known ; but our opinion of the form of
stand adopted by these opticians we freely expressed, and we believe
justified in the last edition of this book ; but it is well to get the
opinion of one who with practical knowledge would certainly not be
prejudiced against the Coutinental stand. Dr. H. E. Hildebrand
says 2 that in teaching establishments, where as many as two
hundred microscopes may he used, the weak points of the Continental
stand are soon brought to light. The fine adjustment screw soon
becomes unsteady (an inevitable consequence of the weight so fine a
serew has to carry), the prism suffers bending or rotation, the prism
flange or the hinge-block under the object stage loosens its connec-
tion with the stage plate, &e. &e., all of which and much more, as we
pelieve, is the result of the adaptation of a simple and primitive form
to complex appliances for which it was never designed or intended.

It is, however, an admirable characteristic of the firm of Zeiss,
that while they adhere doggedly to the old Continental model, they
are continuously putting forth their ingenuity and skill to counter-
act what are shown to be its defects. In their best usual form the
speed of the fine adjustment is (44 inch for each revolution of the
milled head. This is undoubtedly too rapid, but it could scarcely be
made a finer screw, because, as we have seen, it had the coarse
adjustment and tube to lift, and the wear and tear on so fine
a thread in constant use led to rapid failure. But the firm has

1 This form was introduced in 1886, and was a great improvement on its pre-
decessor, which was mechanically bad. Vide R.M.S.J. 1886, p. 1051.
? Zetschr. f. wiss. Mikr. xii. (1895) pp. 145-54.
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introduced a very complex but very remarkable modification of their
fine adjustment which is intended to obviate both the above defects.
It is a model ostensibly constructed for photo-micrographic
purposes, but if successful will speedily be applied to all their stands.
The entire microscope is shown in fig. 128, while a vertical section of
the fine adjustment is presented in fig. 129, and a ground plan of
the same in fig. 130. A point which seems to be considered of
importance to some German microscopists is the provision of a
handle by means of which the instrument may be readily moved,
and with the provision of this the usual large milled head controlling
the fine adjustment has been displaced. This is shown at H in fig.

\
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Fic. 129 (1898).

128. But with the accomplishment of this there was a great desire
to bring about what we have so often endeavoured to show was an
indispensable necessity in the beautiful productions of Jena, viz. that
the fine adjustment should not have the burden of carrying the
coarse adjustment and the tube. They have not succeeded in doing
this ; the weight of the coarse adjustment and tube is still on
the fine micrometer screw. They have diminished the weight
that rthe fine adjustment has to support by making the body and
draw-tube of aluminium. The fine adjustment is placed close behind
the coarse one, both being fastened quite independently, so that in
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fact the object holder can be made to receive, and the optical appa-
ratus arranged to examine, preparations of almost any required size.

To accomplish this H (fig. 128) is made hollow, and in place of
the usual triangular ‘conductor’ of the fine adjustment, a swallow-
tail-shaped slide F (figs. 129, 130) is placed, the upper part of which
is hollowed out to receive the spiral spring U (fig. 129). The lower
part of this is also hollowed and conceals the long box which receives

OO aBIDIDIDNINY
AR EEBINIIN):

/ K\ T
(AR EIDRDINIDD)),

t(((l(lll(llI'II’”))D)BHI)‘)I).)./"'

F1a. 130 (1898,

the micrometer screw M (fig. 129). The pressure of the spiral
spring is in the direction of the axis of the micrometer serew, which
works against a hardened point shown at D, fixed on the dust-tight
under-cover of H (fig. 128). This ‘conducting slide’ F (fig. 129)
is firmly serewed to the part carrying the coarse adjustment, and the
aluminium tube T is connected in the usual manner with the rackwork.

To avoid what appears to have been considered a peril in the
exposure of the milled head carrying the fine adjustment screw in the
usual form of the
Zeiss stand, Dr.
Czapski caused the
fine adjustment to
be placed in the
hollow of the up-
right H (fig. 128),
so that the screw
itself is complete-
ly removed from
direct contact with
the hand; the
turning of the Fic.181.—Reichert’snew patentlever fine adjustment (1899).

¢ micrometer ’ or .
fine adjustment screw only takes place by means of the motion of

the small milled heads W W (figs. 128 and 130) which work the
endless screw E (fig. 130). This engages the wheel 8, which being
fastened on to the flange of the fine adjustment screw, replaces or

C. REICHERT
WIEN.
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rather supplints the usual milled head ordinarily placed at the top of
H (ﬁg \23). One consequence ot this is that the s]wm] of the fine
adjustment is slowed down so much that while Zeiss stands of the

Watson's lever fine adjustment (1889).

usual form give only /), th inch for a revolution of the milled head
of the ordinary micrometer head, this form of fine adjustment, gives
o3 sth inch for a revolution of the small milled heads W W (figs. 128,
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130). That this is an advantage of aovery high ovder it experience
proves it to be a practical method  there can b no donbt. More-
over, the weight which thix newly arvanged micrometer serew has
to hft is, as thb firm informs ux, nnl\ one-fifth of that which was horne
by the older form, and there are ,\p((l.nl arrangenments made fo pre-
vent this delicate construction from being overscrewed either way.

The mechanical stage of this microscope has some features worthy
of note. It will be seen that the milled heads which work the stage
are on Turrell’s plan, but the onter head gives transverse movement
to the stage plate instead of verti-
cal movement. The piteh of the
screw on this pinion is fine, so that
the motion ix slow. The vertical
movement which is actuated by the
inner pinion head is on altogether
anovel plan.  The motion is one in
are, this stage plate being pivoted
on the left-hand side ; the civeulnr
portion on the rvight-hand side
has rack teeth cut in it into which
a pinion is geared. 'Thisx pinion
has a toothed wheel fixed to it.
which engages an endless sevew
attached to the pinion that carries
the inner pinion head.

The speed of the object at the
centre ol the stage is about half
that of the rack, hecause the
object is placed about hallway
between the rack on the right and
the pivot on the left hand side of
the stage.

The stage is concentric with
simple non-mechanical votation: it
can be clamped in any desived po-
sition by a small screw at the side
of the stage (not shown in the
figure).

We may now deseribe the ex-
ceedingly simple, and as we think
beautiful because essentially prac-
tical, fine adjnstiment invented b
Reichert, which we believe will
prove itself the most usetul and
conservative adjunct ever devised
to make the Continental stand of service for high-class work with
out increasing its expense or reducing its value inordinary work,
It consists in adapting in o very ingenions manner a lever of the
second orvder to the usual dircet acting serew. 1t will be seen by
fig. 131, which represents this part of the microscope open at B3
and closed as in use at A, The micrometer screw presses on two

Fie. 135, —\\\‘lft ~.p.lL<-nt fine (n[]nstm('
(1881,
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levers, hy h, which in turn press the arched picee with its appendix
on to the prism support.  The principal screw has three threads
to the millemeters which by the levers is reduced by about one
third.  The pointer for reading the micrometer seale on the
milled head is conveniently arranged so that it can he changed toany
figure on the seale. The speed of the adjustment is , 1 th inch to
one revolution of the milled head.

We may now profitably consider the best forms of fine adjust-
ment that apply to the Lister model, and one of the steadiest and

F16. 184.—Nelson’s model with Swift’s fine-
adjustment screw to the left hand (1882).

F1c. 185 (1885).

most delicate of these is that devised by Messrs. Watson and Sons,
The entire body is raised or Towered by means of a milled head fixed
to a serew having a hardened steel point, acting on a lever with
havrdened and highly polished contact surfaces, against o point
attached to the body-slide, in a perfect dovetailed fitting, about
21 inches long.  This is seen in the section shown in fig. 132. By
turning the milled head the hard steel lever B, which has its fulerum
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at C, raises or lowers the body with great smoothness and with the
great delicacy of zlth inch for every revolution of the milled head,
and therefore capable of yielding good service with the highest power
objectives.

‘We may now direct our attention to the former of the two divisions
into which we have separated the various kinds of fine adjustment,
viz. that in which the nose-piece only is controlled by the adjustment
screw.

Swift's vertical side lever is one of the new forms of fine adjust-
ment worthy of careful trial ; it has in it elements of great merit.
It can, however, only be applied to the Lister model, and with the
adjustiment described above certainly places this form of microscope
beyond the danger that some years ago promised to have proved its
extinction as a first-class microscope.!

The first form of this adjustment (1881) was sound in principle and
ingenious in construction, and although the patentee introduced a
modification 2 of it (1885), we believe the original form, which he still
makes, to be the best, because it only acts on the nose-piece while the
modification acts on the body-tube.

The early form employed by Swift avoided what had been a sheer
necessity of all successful fine adjustments of this type, viz. the
accuracy and perfection of the fitting of the nose-piece tube. This
was done, as shown in fig. 133, by attaching a vertical prism-shaped
bar, A, to the nose-piece, and sliding this in V-grooves in a box
at the back of the body. A horizontal micrometer screw with a
milled head, F, acts on a vertical bent lever, I, on which a stud, E,
fixed to the prism bar bears.

There is also an adjustment for tightening up the prism bar in
the V-grooves, B B. Side-shake and ¢loss of time’ are impossible
with this form of adjustment; while the power to tighten up ’ by
means of the capstan-headed screws enables wear and tear to be
compensated. It is obvious that the slowness of the motion is here
controlled by three factors : (1) the length of the lever, 1D; (2) the
distance of the lifting-stud, E, from the pivot or fulerum; and
the pitch of the screw-thread on F.

Manifestly, where a side-lever fine adjustment such as this is
employed it should be, as it now always is, placed on the left-hand
side of the operator: we can readily focus with the left hand, and
leave the right hand free for moving the slip and effecting other
adjustments. Ambi-dexterity is not at present a common gift, and
to have the right hand free is important. This was pointed out by
Mr. Nelson when this fine adjustment was first introduced, and he
had a student’s microscope constructed with the micrometer milled
head on the left side, as in fig. 134. It is manifest, however, that
it would greatly improve this adjustment if the screw-pinion
were carried right through and a milled head placed on both the
right and the left sides of the body.

An early form of a nose-piece-controlled fine adjustment was em-
ployed by Andrew Ross. It was applied to a microscope having a

1 Journ. R.M.S. (1881) p. 297, fig. 48.
2 Journ. R.M.S. (1885) p. 120 and (18886) p. 10438, fig. 207,
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bar movement. It consisted of a lever of the second order inserted
within the bar, and actuated by a micrometer screw with a milled
head at one end, the fulcrum being at the other, and the nose-
piece between them. This served admirably in the days of low-
angled objectives ; but there were two faults belonging to it: one
was that the tube of the nose-piece had not a sufficient length of
bearing and was liable to a lateral shake; the other was that the
adjustment screw, being near the middle of the bar, involved tremor.

The application of this principle in its. very highest and most
perfectly practical form was invented by Powell. His instrument
also had a bar movement: but the bar being of relatively great
length, he employed a lever of the first order, the micrometer-screw
being at one end, the nose-piece at the other, and the fulcrum between
them. The ratio of the arms of the lever was 4 : 1; and the screw
is so arranged that a complete revolution of the milled head is equal
to the y3sth of an inch. The position of the screw is immediately
behind the pivot on which the bar turns, and this precludes the possi-
bility of the impartation of vibration to the body ; and, as the nose-
piece tube is very long, and only bears on three points at either end,
this adjustment is the steadiest, the smoothest, and the most reliable
for all objectives of any of the several devices which have come before
us during the last twenty years. In fact, this fine adjustment has
held an unrivalled position for the past fifty years (fig. 157).

The fine adjustment that was employed as its rival on the earlier
forms of the Lister model was known as the short-side lever, and
it was sometimes employed in the commoner bar-movement micro-
scopes. Its position and character will be seen on the right-hand
side of the body of the Smith model, fig. 122. In the light of
what we now need, we are bound to say to the intending pur-
chaser of a microscope, ¢ Avoid it;’ it is bad alike in design and
construction. The serew is so placed that tremor is inevitable in
the body when it is touched, while the nose-piece tube is so short
that steadiness of movement does not belong toit. It is only that it
was concurrent with the beliefin ‘low angles,” and consequent ¢ pene-
tration’ in objectives (with which no eritical work could be done),
that it is possible to account for the toleration for so long in num-
bers of English microscopes of this wholly inefficient adjustment.

From the foregoing we learn that there are three types of micro-
scope models for which a suitable fine adjustment has been found.

i. The bar movement model, for which Powell’s first order of
lever is the perfect method.

ii. The Lister model, for which Swift’s vertical lever and
‘Watson’s long horizontal lever are the best forms known.

iii. The Continental model, for which Campbell’s differential
screw is the most smooth and delicate device yet suggested, unless

we take into consideration the beautiful lever fine adjustment of
Reichert,. -

The full value of delicacy in the fine adjustment can of course
only be fully appreciated by the expert. A tolerable speed may be
permitted in this adjustment when uneritical images with small
illuminating cones are used, because objectives so used are far less
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sensitive to foeal adjustment  When, however, o evitienl fmage is
obtained with o} cone the conditions ave changed :ind am objective
with o wide aperture becomes excessively sensitive to minute focal
alterations.  Hence the need with the lnwhmt clitss of microscopic
investigation of at least as slow an action as can with safety to the
me(lmmxm be securcd, and therefore comes ont the dinger of
burdening the screw of the fine adjustment with a fiaction of an
ounce of lifting more than can be avoided,

Fis. 186.—Watson’s new stage (1898).

So far as we can ascertain the speeds of the several fine adjust-
ments now within the reach of the worker they ae as follows, viz. .

Speed for one revolution of the
mulled head in fraction

Model of an mch

Bausch and Lomb . . . . . Fyst=two threads to 1 mm.
Reichert (old form) . . . . . th
Zeiss (ordinary) . . . . . . yist="four threads to 1 mm.
Powell siath
Baker and Swift (Cmnpbe]l differentinl smow)::‘,—‘,th
Reichert new patent sigth
Swift vertical lever . . . Sisth
Watson’s long lever . . . . sigth
Zeiss’s new endless screw almngement for

photo-micrographic stand -i-th

IV The stage of the microscope will next eall finr considera-
tion.  What ix known us a mechanical stage minst he a part of every
first-class microscope 5 but by this we memn one of perfect. work-
manship and construetion, otherswise it s an nupediment aud not a
help.

To this end we wonld say at the outset there st be thoyonghly
well made moyvements, The employment of Tevers: eams, and that
elass of stage-gem is e practice, for critical puiposes. o nere
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mechanical mockery.,  Better trust to and edueate the flugers to
move the ohject. than he heguiled by any such practically tormenting
delusions. They e simply impossible as accompaniments of a
first-class microscope,

The principle upon which alone a perfect mechanical stage ean
be constructed, so ax to work smoothly without *lossof time,” and en-
dure constant use without thilure, must
be the employment of prisim-shaped
plates sliding  in sprung Vo shaped
grooves,and bearing only on four points.

We may test the mechanical quality
of the movements of a stage, as in the
case of the coarse ndjustment, by re-
moving the parts, cleaning them, and
replacing them, when they should work
smoothly and without shake. Where
the sliding pats are tightened into
eaxily fitting  and merely ploughed
grooves by pressing the pinion into the
rack, the desirable vesult of smooth
working and instant responsiveness of
sliding plates to milled heads will not
present itself.

But besides the perfect action of the sliding parts, a perfect
mechanical stage should have equal speed of motion wertically and
horizontally. A common fault is that the speed ot the rackwork
giving vertical motion is greatly in excess of that of the screw giving
lateral or horizontal motion. If, for example, a pinion has eight
leaves, and the rack it works has twenty-four teeth to the inch, then
three turns of the milled head (and pinion) would cause one inch of
movement to the stage.  In order, therefore, to get the same rate of
movement in the lateral motion, the serew should be so pitched as
only to move the stage through an inch with three revolutions of the
milled head.

F1c. 137 (1898).

Tt is most dexivable that the pinions should be fixed, not movable
with the movements of the stage, and the milled heads carrying the
respective parts should be as near to each other us possible. The best
form is that of Twrrell’s, devised in 1832, where one (a screw) is
hollow, and the other ;v pinion) passes through it; this permits hoth
to be turned at the swme time with one hand, giving o diagonal
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motion, as well as the separate rectangular ones, and gives great
facility for instantly producing any motion required without remov-
ing the hand from its position; a most desirable attribute of a stage
when the rapid movements of a living and minute organism are
being followed.

It still further enhances such a stage if a pinion is carried right
through the stage with a milled head at each end.

A new stage devised by Watson has in it some features of interest,
a principal one being that the milled head controlling the horizontal
movements is in a fixed position; in other words, does not travel
with the plate. Thisisshowninfig.136. A isa ball upon which the
turning of the screw takes place ; it will be noticed that this ‘ball has
a groove in it into which grease or dust can drift without affecting
the motion. The cap B covers the ball when fitted together. The
manner in which verniers are fitted is shown at D, D, and the screw
for adjusting the vertical rack movement of the stage is shown at C.
Fig. 137 shows the manner in which the plate E is attached to the
stationary screw ; while fig. 138 indicates the careful manner in
which this stage is sprung to counteract continuous wear. The saw-
cuts shown are compressed by means of screws which are situated at
the points F F, G G, and any amount of wear can be corrected by the
use of these screws in these slots.

The aperture in the stage should always be large, not less than 1}
inches in diameter. There ought always to be space enough above
the ordinary slip when it is in position to permit of the easy inser-
tion of the index finger, for by its proper use, focussing with the
highest powers may be greatly facilitated. The object is to raise or
lower the slip, as the objective approaches the object, so as to dis-
cover how nearly it may be to contact with the front lens of a high
power in approaching focus. The focal distance should always be
Selt, and not sought with the eye.

Let it be supposed that we are using a dry object-glass with a full
aperture, and consequently short working distance. With the right
hand the coarse adjustment is worked; with the elbow of the left
arm on the table, the second finger of the left hand resting on an
immovable part of the stage, which steadies the whole hand, the
index finger should rest lightly on the edge of the slip, and the
thumb be so placed as to graze the objective as it advances towards
the slip. The touch of the thumb indicates whether the objective
is an inch off or only a quarter of an inch away from the cover of
the slip. The movement of the coarse adjustment may be rapid up
to }th or ith of an inch, but after this there must be a cautious but
steady advance. The body may be racked down until by gentle
upward movement the slip is found to touch the front of the objective ;
then proceed cautiously by delicately lifting the slip from time to
time, by doing which we can proceed in perfect safety until the focus
of the object is obtained. In this way focussing becomes easy and
rapid, a matter of touch, and not of discontinuous procedure to
¢ discover where the front of the lens is’—a search requiring a hand
glass and often, with its cumbrousness, considerable loss of time.
The above simple plan with brief practice will enable the operator o

N
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focus an object in the field with a 4-inch objective in ten or
twelve seconds.

If a penfect mechanical stage cannot be obtained, take no middle
course, have a firm, well-made plain one with « smoothly sliding ledge.
The stage should be large, and the ledge should glide with perfect
ease and without catching when gently pushed from one corner. For
this purpose the side-guides should be long, and only the ends of the
bar should bear on the stage. The aperture should be as in the
mechanical stage, and for the same reason.

Myr. Nelson suggested a stage of large size, which should have a
1% or 1% inch aperture bored in it, and then have the intervening
brass between it and the front taken away, so that the stage
assumes a horse-shoe form. This is thoroughly efficient, and the
principle is seen in fig. 134.

It is a matter of great interest to English microscopists to note
that their German collaborateurs in Germany and the leading
German makers have not only surrendered to the sub-stage condenser,
and even in its achromatic form, but that at length they have also
adopted the mechanical stage; the latest form adopted by Zeiss is
figured in the accompanying illustration which shows the complete
instrument (fig. 139). We specially call attention to it here, as it has
Turrell heads, marked H V| and a rotating stage of 4 inches diameter.

It must, however, be noted that the usual Continental model
adopts a small stage with a $-inch aperture and two fixed spring
clips with no sliding ledge; that is, wanting almost everything
requared to do good modern work.

One of the most practical rules for the young microscopist in
this relation is, ‘ Have your mounted slide in a fixed position, but
never c¢lip it if it can possibly be avoided.’

In addition to perfect rectangular movements a first-class
microscope should have concentric rotary motion to the stage. This
is usually effected by rack and pinion, but it is at times desirable
to move it with greater rapidity than this admits of. In very well
made instruments the pinion engages the rack so lightly that this
rapid motion may easily he given to it. In others the pinion can be
disengaged and rapid movement effected.

The centre of rotation of the stage should be closely approximate
to coincidence with the optic axis, so that in rotation the object
should never be out of the field when a fairly high power is used.
Elaborate rectangular centring gear has been used by some makers,
and is found in some high-class instruments; but this is not needful,
for all that is really required is to rotate an object without losing it.
In fact exact centring would have to be readjusted for every separate
objective if it were needed. But any slight departure from the
axial centre can be much more readily met by bringing the object
into centre by the mechanical stage.

There are four movements in every microscope which should be
graduated : these are (1) the milled head of the fine-adjustment
screw ; (2) the stage movements for finders ; (3) the extension draw-
tube carrying the eye-piece; and (4) the rotation of the stage.
Divided arcs are imposing, and to the multitude look scientific;’-

N3
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but in practice they are superfluous in the most complete instrument
beyond those indicated.

There is a simple form of attachable mechanical stage now em-
ployed by many, and we think with advantage, when the cost of a
complete mechanical stage must be forgone. This consists of a clip
to receive the object, made of glass or .brass, so arranged that the
friction shall be reduced to a minimum.

Such an attachable stage can be made to work with remarkable
smoothness ; and since some persons have not suflicient delicacy of
touch to move so small and thin an object asa 3 X 1-inch slide upon
the stage with steadiness and precision, it is in favour of the super-
stage that it is larger, moves easily, and can be furnished with
convenient, points of hold-fast for the hands, and consequently is
more manageable. Against its employment is the fact: lst, that
the slide is clipped into a rigid position ; and 2ndly, that the aper-
ture is often too small to admit of the employment of the finger in

F16. 140,—Swift’s nttachable mechanical stage (1894).

moving the slide to assist in rapid focussing. But these are defects
which are rapidly disappearing.

Amongst those that claim the attention of the microscopist is
that of Messrs. Swift and Son, shown in fig. 140. It can be adapted
to most microscopes ; it is easily applied and removed, leaving the
stage, if required, free. The up and down motion is effected by a
milled head below the stage. The lateral movement is produced by
two endless screws engaging in worm-wheels fixed to smooth rollers.
The lower edge of the slide rests on these, and is kept in gentle
apposition with them during traverse by a third smooth roller at the
free end of a curved spring as shown in the figure. This is readily
turned aside when changing the object. In its most recent form we
have used this stage with comfort and pleasure.

Another of these stages, made by Baker from designs by Mr.
Allen, is shown in fig. 141, which in its latest form is so arranged
that the width of space between the rest and the spring clip can be
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enlarged so that » much wider preparation than the usual one inch
may be worked with great facility on this stage. The method of
,attachment practically makes the mechanical stage one with the stage
of the microscope, as it is in contact with the fixed stage throughout
its entire length, and is clamped at the lower end to the top, and at
the upper end to the bottom of the stage.

Both the rectangular movements are effected by rack and pinion,
the vertical one of which carries a bar (fixed as to horizontal movement)
against which the slide is pressed by a spring clip, and upon which
is mounted the rack and pinion for the horizontal movement; the
end which presses upon the slip is tipped with cork in order to grip
the slide, and move it along the fixed bar; when the willed head is
rotated, the slide actually rests on two small raised surtaces at either
end of the bar toninimise friction. Thisis without question a well-
made practical and use-
ful stage. Amongst
stages of this kind, how-
ever, the most original
and useful has been de-
vised by Mr. Nelson.
As seen in fig. 142, the
sliding bar has been
slotted and a movable
piece, which may be
called the shuttle, has
been fitted in the slot;
this shuttle has a dia-
gonal rackwork at the
back, and a vertical
spiral pinion gears in it,
as is shown in fig. 143.
Above this pinion there
is a horizontal bevel
wheel which is geared
b,Y friction to a vertical Fic. 141,—Baker’s attachable stage (1898).
wheel fixed on the usual
horizontal pinion. The cock which holds, and is close to, the vertical
bevel wheel in fig. 143 is slotted underneath, a capstan-headed screw
(not shown in the figure) is fitted for the purpose of compressing this
spring part; the amount of friction between the copper bevel wheels
can therefore be regulated at will. This capstan-headed screw is
placed some distance from the bearing, so that the length of the bar
between it and the bearing may form a stiff spring ; this renders the
motion equable. It will be noticed, therefore, that the transverse
movement is confined to the sliding bar. This sliding bar can be
removed so as to leave the stage perfectly plain. The heads of the
pinions which control the vertical movement have heen kept below
the level of the stage so as to be out of the way of culture plates.
Three and a half inches of transverse movement is given to this
stage, and the manner of the holding the clip i~ quite new and
eminently serviceable. On the shuttle there are two sliding pieces,




182 THE HISTORY AND DEVELOPMENT OF THE MICROSCOPE

Fi1c. 142. -- Nelson’s new meclhnical stage (1897).

Fi16. 143.—Nelson’s new mechanical stage (1897).
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F16 144.—Nelson’s new mechamcal stage (1888).
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and these hold the slip by the two lower comerss ax seen in fig, 142
and this mode of gripping allows {or the cimplovment of the in-
valuable method of touch on the edge of the slide for discovering
working distance and focus. A plain sliding bar may be substituted
for the mechanical bar ; this forms a semi-mechanical stage as shown
in fig. 144. The mechanical movement being only imparvted to the
lugs at the side of the stage, the bar may be moved by the hand by
sliding as in an ordinary plain stage without the cmployment of the
mechanical movement.

The stage is of aluminium, and its size is 43 x 7 inches.

Another attachable stage having many advintages is made by
Reichert and shown by fig. 145. It can be used with any instrument
of the Continental type, is very ecarefully made, and the scales

Fic. 145.—Reichert’s attachable stage. (About half natural size.) (1892.)

attached are divided to read by means of a vernier to 0'10 mm., and
the range of movement is an inch in both directions.

An attachable mechanical stage is also made by the Bausch and
Lomb Optical Company of Rochester, New York, having great
merit and some special points; and this firm is in advance of all
other makers that we know of in making an attachable revolving
mechanical stage.

There is much similarity to the American mechanical stage in one
made by Carl Zeiss and illustrated infig. 146.  Of course the principle,
as primarily in all the others, is that suggested by the late Mr. Mayall,
and afterwards by Reichert. Two sliding pieces, mounted at right
angles to one another, are moved by means of two milled heads, S, T.
They pass along millimetre scales which serve to record any particular
position. )

The demand for these attachable stages is, we presume, consider-
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able, for they are made by most leading opticians. The last mechanical
stage woe illustrated is by Messes. R. & ). Beek, which is illustrated
in fig. 147. Tt has vertical rack and pinion and horizontal screw
motions with graduated finer divisions.

To Messes. Baunseh and Lomb, however, we are indebted forr the
introduction of an attachable stage in which the ivis diaphragin is on
the plane of the stage. We illustrate this in fig. 1474, Lts use with
acondenser we do not commend.  But especially when the illumina-

E

F16. 146.—Zeiss’s attachable mechanical stage. (% full size.) (1895.)

tion is daylight, and very critical results are not sought, it will be
useful, and is admirably made.

V. The sub-stage is scarcely second in importance in a first-
class microscope to the stage itself. It is intended to receive and
enable us to use in the most efticient manner the optical and other
apparatus employed to illuminate the objects suitably with the
various powers found needful. TUpon this much of the finest
critical work with the modern microscope depends.

To accomplish this a good sub-stage must have rectangular
movements, and a rack-and-pinion focussing adjustment.
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The vertical and Tateral movements need not be as elaborate as
those of the stage, since ouly @ small movement in each direction is
required. The object is to xccnre o centring motion, a motion that

will make the optieal axis of the sub-stage combinations continuous
with the opticalaxis of the objective. It must therefore be a steady
motion ; the sub-stage must move decisively, and must rigidly re-
main in the position in which it is left.

A bad sub-stage moves in jerks, and is liable to spring from the
position intended to be final.

It is not needful that the motion should be in right lines;
motion in arcs whose tangents intersect at right angles ave quite as
efficient. A steady, even, relinble motion that will enable @ centre
to be found is all that is required.

Fic. 147.—-Béck’s mechanical attachable sﬁage (1896).

The focussing adjustment must be smooth, steady, and firm, acting
readily and remaining rigid. The recent employment of achromatic
condensers of wide apertures has led such critical workers as
Mr. E. M. Nelson to suggest a fine adjustment to the sub-stage.
There are times when it is a great luxury and a facile path to
delicate and desirable results; but it may be quite simple, a direct-
action screw of fine thread, or a cone which the revolution of
a screw pushes horizontally forward upon the bottom of a sliding
bar to which the sub-stage is fixed, or an inclined plane acting
in a slot in the same way. In fact, any simple device for focussing
the condenser more slowly than the rackwork will do, pushing the
condenser up to, or causing it to recede from, the under surface of
the slide with sufficient delicacy. But no means should be employed
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for this end which will imperil the absolute firmness of the sub-stage,
or clse more will be lost than can be gained. The need of such a
device for the most delicate and eritical microscopieal work is shown
plainly by the fact that during the past few years several ingenious
and practieal devices have been used; nearly every principal Eng-
lish maker employing a method of his own. The first arrangement
was made in Powell and Loaland’s sub-stage and is shown in fig, 148,
The nature of this device, which was suggested by Mr. Nelson, will
be veadily wnderstood. It does not interfere with the general

F16. 147a.—Attachable stage with diaphragm in the plane of the stage. Top
view and cross section showing construction of stage and attachment of iris dia-
phragm.

mechanical arrangements of the sub-stage; it will be seen that the
milled head A controls a screw spindle terminating in a steel cone B.
On rotating A, B turns, and with a very slow motion forces up (or
releases us the case may be) a pin C, inserted in the base plate E of
the sub-stage. The motion of C carries with it the condenser. At
right angles to and forming part of E at the back an inuner sliding
plate works against o spning at the upper end between bearings F at
each side, which are fixed upon the usual racked slide D of the sub-
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stage ; the inner sliding plate is the essential addition to the nsnal
racked slide, in the application of the new fine adjustment to the
sub-stage. The range of motion is about tth in.—the difference in
radius between the smaller and larger ends of the steel cone.

A very simple and practical deviee fin the same purpose was
suggested by Mr. G. C. Karop, who knew that it the best possible
resolutions arve required, the image of the flame given by the con-
denser should be as accmately adjusted in the focal plane as the
object itself. This arrangement of Mr. Karop's, admirably suited
to the stands of Messrs. Swift and Son, was patented by that firm.
It consists in the adaptation of their well-known ‘climax’ or
¢ challenge’ fine adjustment to the slide carrying the sub-stage; but
it is actuated by a milled head borne on the spindle to which is con-
nected the coarse rack motion. As will be seen in fig. 149, it is a
lever actuating a stud fixed to the dovetailed slide which carries the

- 716. 148.—Fine adjustment to sub-stn‘ge. F16. 149.—Karop’s fine adjustment for sub-
Powell (1882). stage, made by Swift (1892).

sub-stage. The extreme end of the lever is not acted upon by a fine
screw, but there is a cylindrical pin one end of which engages the
point of the lever, the other the face of the inner milled head ; the
milled heads resemble the Turrell stage arrangement, but the inner
milled head works on a screw on the stem of the outer milled head ;
when the inner milled head is turned it traverses the stem of the
outer one, and pressure by the S-shaped spring in the fig. causes the
stud to slowly raise or lower, as may be desired, the sub-stage which
carries it.  One complete turn of the inner head presses the sub-stage
the 135th in.  So that small fractions of this may be easily obtained,
and it is an advantage that the milled heads of both movements
are so close to each other.

Messrs. W. Watson and Sons have also devised a useful arrange-
ment to serve the same end. As applied to their Van Heurck
microscope it is shown in figs. 150 and 151. A is a controlling
milled head, B the lever which is seen from the side in fig. 150
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and from the front in fig. 151. This is brought round at one end
at right angles to the fi- ont. The fulerum of this lever is at C, and
it fits under the pin D which is attached to a dovetailed piece, havmg
at the back of it enclosed in a metal casing the counteracting spring

Fro. 150, Fi. 151.
Watson’s sub-stage fine adjustment (1899).

shown in fig. 151 ; when, therefore, the lever is depressed at B, the
sub-stage is raised at D and vice versa. The milled head A is placed
at the side of the stage of the microscope towards the back slightly -
i higher than the surface of the
stage.

The fine sub-stage adjust-
ment of these makers as applied
to their ‘Royal’ microscope is
shown as it is in its complete
form in fig. 152.

Another sub-stage fine ad-
justment has been devised hy
Baker, which, we are of opinion,
it will be of advantage to the

student to understand. It em-

~ ploys the differential screw, and
by this means obtains a very
. 162,—Sub-stage fine adjustment com. SIOW movement. The student has
plete in ‘Royal' microscope (1899). already understood that the prin-
ciple of this screw is the cutting

of two threads of a different ¢ pitch,” one at either end of the screw,
the proportion of one to the other determining the amount of move-
ment. The threads found most suitable for their sub-stage fine ad-
justment were 40 and 50 to the inch. In fig. 153 the screw A C

-
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has 40 threads to the inch, and works through an immovable fitting,
the thread is discontinued at C, and from C to D a screw having 50
threads to the inch is cut, working through a fitting E. If now
the milled head F be rotated 40 times, the screw A C will have
travelled one inch. So will the screw C D as it is cut on the same
stem, but it would take 50 revolutions of screw C D to travel one
inch through the fitting E, hence the fitting E must have been
carried up bodily the remaining 10 revolutions—that is to say, }th

F16. 158.—Baker’s fine adjustment to sub-stage (1888).

of an inch— therefore one revolution raises the fitting E 5}34th of an
inch.

The fitting E is attached to the sub-stage G through a slot cut in
the cover of the adjustment; the cover is also grooved on either side
to receive that part of the sub-stage H which insures the true
vertical movement so essential with this screw.

It is almost a matter of compulsion to refer here to a com-
paratively recent arrangement known as a swinging sub-stage, which
is, a8 its name implies, a sub-stage so arranged as to be capable of
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being moved laterally out of the axis in an arc which has the object on
the stage for its centre.

The sole purpose of this is to secure oblique illumination, which
practically, at the time the swinging sub-stage was devised, meant
obtaining a more oblique pencil than the condensers then provided
could command ; and since this also meant sending into the object a
small portion of a cone of light in one azimuth, many tacitly assumed
that this alone was taken to be ¢ oblique illumination.” But whatever
sends oblique light through an object into the objective is an oblique
illuminator. Two condensers may have numerical apertures of 14
and 1'5 respectively; a stop behind the back lens in each has a
narrow sector cut out, representing the conditions of the so-called
¢ oblique illuminators ;’ by the former we get an oil angle of 134° 10,
by the latter'a similar angle of 161° 23". These sectors of the cone
of light of 67° 5’ and 80° 41’ respectively are in every sense
¢ oblique illuminators,” and the one more oblique than the other.

‘Whether or not it is needful or best to use such a sector is
scarcely an open question ; it is manifest that by taking the stop
with its sector away from each condenser and sending in the complete
cone of light formed by the condenser, we are still using oblique
illuminators, but the obliquity is in all azimuths.

There can be no doubt that a large aperture in a condenser
provides the microscopist with far greater wealth of resource than an
oblique illuminator in one azimuth can ever give him. A condenser
with an oil angle of 161° 23’ is much more valuable than even the
semi-angle obtained by a mere section of a luminous cone. The
power to utilise the entire cone is a gain of the highest order.

It will be manifest to all that we want concentration as well as
obliquity. )

Ordinary concentration depends upon the power of the condenser.
If it is required to concentrate the light from the edge of the flame
of a paraflin lamp upon an Amphiplewra pellucida, the condenser
must be at least a 1th inch or 1th inch in power, which will give an
image of the flame nearly the same size as the object. The amount
of light which is concentrated upon that ohject will of course depend
upon the aperture of the condenser. An oblique cone of great in-
tensity is here what is needed; the illuminating cone should be
equal and conjugate to that which exists between the object and the
objective.

Now it is certain that this condition cannot he met by an ¢ oblique
illuminator’ of the kind commonly undersood hy that name; to get
immersion contact, which is of course a sine qua non, we must employ
a hemispherical button—or one greater than a hemisphere—placed
in immersion contact with the under surface of the slide. This may
be illuminated by a beam from a dry combination, made oblique by
the sub-stage being swung out of the axis. Granted that the angle
is attained which can be got with a condenser of great aperture, we
manifestly obtain only a portion, and an attenuated and small por-
tion, of the light given in every, or at will any, azimuth by the con-
denser. ’

Theoretically perfect illumination of an objective, for example,
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a 4th of N.A, 14 or 1'5, would be obtained by using a precisely
similar objective as a condenser, with its back lens stopped down by
a slotted stop, the slot being of the size of the peripheral sector re-
quired to be illuminated. The cone of illumination would precisely
equal that taken up by the objective, and would be of maximum
intensity.

Now these conditions are more nearly approached by a high -class
achromatic condenser of great aperture and of homogeneous construc-
tion than by ary other means.

The value of oblique illumination is not here in question; what
we believe clearly shown is that, however much may have been done
by oblique illuminators dependent on swinging sub-stages, and the
like, the same things can be better done with immersion condensers of
great apertures and perfect corrections.

The swinging sub-stage, with these considerations—as well as all
other ‘oblique illuminators’ of its order—is a useless and defective,
not to say deceptive, adjunct to the microscope; and this judgment
has so far obtained amongst practical microscopists as to cause the
virtual disappearance of the swinging sub-stage. It has no valid
function—is unfruitful specialisation in fact—which does not pro-
mote the progress of either the instrument or the worker.

And this will apply to those complex forms of mieroscope known
as ‘radial,” ‘concentrie,” and those provided with stages that revolve
or ‘turn over’ in an axis at right angles to the optical axis of the
microscope.

In addition to the features enumerated hitherto, @ complete sub-
stage should also be provided with a ruck-and-pinion rotary motion ;
that is only really needed in order to use the polariscope. For the
purposes of its successful employment this is important, but other-
wise its use is very limited.

VI. The mirror is also an indispensable part of a complete
microscope. In a first-class stand it should be plane and concave
and from 2} to 3 inches in diameter. 1t may be mounted on either
a single or a double crank arm. In any microscope, if there be
only one mirror, it should be concave. This mirror, from its curve,
has a focus, a point in which the reflected rays all meet; and the
mirror shouald not be fixed, but so mounted that it may be focussed
on the object.

The plane mirror is sometimes found to give several reflexions of
a lamp flame at one time; we find a very efficient explanation of
them in a paper by Mr. W. B. Stokes in Vol. V1. of the second series of
the Journal of the Quekett Micro. Club, p. 322 (1896). His ideaofthei
origin is explained in fig. 154, A is the glass surface, B the silver
surface, O the object, and E the eye. In the divection 1, 2, 3 appear
the first three images. No. 1 is from the glass surface, No. 2 from
the silver, and No. 3 is from the silver and air surfices.

Move a card along A towards 1, and No. 3 disappears first, No. 2
immedintely after, and No. 1 when the card reaches that point.
This being their origin it may be asked how the images can alter
their pnsiﬁion when the mirror is revolved in the plane of A. They
cannot ; the mirtor A B has parallel surfaces, but microscope mirrors
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are not completely parallelised ; they may be regarded as wedges.
‘With that fact before us we can see how images approximate and
retire when the mirror is revolved. Let the surfaces A" and B,
fig. 155, have an inclination of 1°; then, viewing a small object at E
{close to the eye), one image appears towards 1—i.e. at right angles
to A—and another in the direction E 2, 14° from E 1,which, after
0 £ being refracted to 1° in the
glass, is reflected at right
angles from surface B.

If this mirror is re-
volved in the plane of A,
of course No. 1 image will
remain still, and No. 2 and
subsequent images will re-
volve with the mirror
round No. 1.

If we exaggerate the
wedge shape of our mirror,
£ we can see that at a par-
ticulsar angle these images
can be made to superim-
pose. In fig. 156 let the
signs be as before, and the
inmges whose I‘&yﬂ pass re-
spectively from O to 1 and
21 will be reflected to E as
one image. The images
A " vary in size owing to the
various distances. No. 2
Y is the brightest except at

Fie. 155. great obliquity.

In practice we find that
these images may be obvi-
ated by rotating the mirror
in its cell until a certain
point is reached where all
the images will be super-
imposed. Allmirrorsshould
be 50 mounted as to admit
of this rotation.

The present Editor is
F16. 156, greatly in favour of the em-
. ployment of a rectangular

prism cut with care and precision. We get by this means total
reflexion and no double reflexions; and he believes that finer images
can be obtained by its means than with the plane mirror. It may
be mounted in the place of the plane mirror—that is to say, the
concave mirror may be as usual in its cell—and in the other cell,
which would have received the plane mirror, the rectangular prism
may be mounted and be capable of rotation as the plane mirror
would have been.

It should, however, be noted that this applies only when the

Fia. 154.

8
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Fig, 167.—Powell and Lealand’s No. 1 stand (1872)
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light is required to be reflected at an exact right angle. It is of the
greatest service when the microscope is of necessity used in a rigidly
upright position.

If it be used for angles other than right angles, there will be
refraction as well as reflexion; and as the necessary decomposition
of the light into a spectrum will accomnpany the refraction, care must
be exercised to see that the rays emerging from the prism are at
right angles to those incident to it, and that the areas of the square
faces of the prism are sufliciently large to have inscribed within
them a circle equal to the back lens of any condenser used.

Some employ what has been known as a ‘white cloud illuminator,
that is, a disc of plaster of Paris, or opal glass with a polished
surface. Buta disc of finely ground glass dropped into the diaphragm-
holder of the condenser will give a precisely similar result.

Mur. A. Michael has, however, pointed out the curious fact that an
opalescent mirror becomes an inexpensive and excellent substitute
for a polarising prism.

Typical Modern Microscopes.—We are now in a position to cave-
fully inspect the charactevistics of the chief forms of microscope
which the modern manufacturers of England, the Continent, and
America offer to the microscopist.

‘We confine ourselves to the chief models, indicating more or less
suggestively their merits or defects. We neither discuss all the
instruments of any maker nor in every case even one instrument of
some makers. This would involve simple repetition in the main
features. The reader can compare for himself the microscope of any
given maker from whose catalogue he proposes to select, and can
discover by comparison its incidence or otherwise with the type
given here to which it corresponds.

Beginning with the highest types we place first on the list Powell
and Lealand’s No. I. This instrument may claim a seniority over
all the foremost instruments, because for nearly fifty years it has
practically remained the same. All its principal features were
brought to their present perfection nearly fifty years ago, while all
other nicroscopes during this period have been redesigned and
materially altered over and over again. This is no small commenda-
tion, for during that period, as the reader so well knows, the aper-
tures of objectives have been enormously enlarged, and with this
has come a great increase of focal sensibility. As a result the
majority of the microscopes of forty years ago are absolutely useless
for the objectives of to-day, but the focussing and stage movements
of Powell and Lealand’s microscope still hold the first place.

Fig. 157 represents the instrument in its monocular form. The
foot of the stand is a tripod in one casting ; it has an extended base
of 7 x9 inches, forming at once the steadiest and the lightest foot
of any existing microscope. The feet are plugged with cork, and
when the body is in a horizontal position the optic axis is (as it
should be) 10 inches from the table.

The coarse adjustment is effected by a bar, consisting of a mas-
sive gun-metal truncated prism in form, which bears only on a
narrow part at the angles. It extends sufficiently to focus a
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4-inch objective. The arm which carries the body is of unusual length
for the type it represents; but this gives a large radius from the
optic centre of the instrument, and makes the complete rotation of
the stage easy. Great efforts have been made to accomplish this in
other instruments. The older Ross form from the shortness of the
arm only allowed of a two-thirds rotation, and in the Lister model
many different devices have been tried, the latest being the placing
of the stage pinions in a vertical position above the stage, which is
an unquestionable error.

The rotation of the stage in the Powell and Lealand model is by
means of a milled head most conveniently placed, and the divided
civcle is on a plate of silver.! It will also rapidly rotate by hand.

The arm is on a pivot, which allows it to be turned away from
the stage altogether, and, as we have already indicated, the length
of the arm lent itself to the use of a longer lever for the fine adjust-
ment (p. 174). The milled head is placed behind the strong pivot
of the arm, where vibration is impossible, and it is in an easy and
natural position for the access of either hand.

The body may be, with great ease, entirely removed from the arm ;
this makes the use of the binocular or monocular body or of a short
or long body a matter of choice, while it gives access for cleaning and
other purposes to the nose-piece tube, as well as for the insertion
and focussing of the lens used with an apertometer,? or an analysing
prism.  So also it is of service in low-power photo-micrography.

We have already referred to the stage of this instrument ;
but it may be briefly stated that it is large, has complete rotation,
it has one inch of rectangular motion, being graduated to the {J},th
inch for a finder. There is the sume speed in the vertical and the
lateral movements, and the pinions do not alter their positions. The
apertwre of the stage is amply large.

The ledge of the stage has o htop placed on its left-hand
side; this is held by a screw, but it removable at pleasure.
Two massive brackets under the stage remove all possibility of
Heaure.

The sub-stage has rectangular movements by screw in either direc-
tion, as well as a rotary movement by pinion. The coarse adjust-
ment is by rackwork, and a fine adjustment is added when desirved.
Fig. 158 illustrates this stage, showing its under side in order to
enable the fine adjustment to be seen.

The vertical and upper horizontal milled heads are centring
screws, acting at right angles to each other, while the diagonal screw
to the left is the milled head, which causes the stage to rotate, the
whole acting with great smoothness and accuracy, also enabling the
operator to centre with complete precision, while, as we have
already seen (pp. 187 and 196), the milled head A works by an
advancing cone the fine adjustment to this stage.

The mirror is plane and concave, with double-jointed arm.

The finish and workmanship of this instrument are of the highest
order. The seen and the unseen receive equally scrupulous care.

! This is now made of platinum if desired, and thus tarnish is obviated.

? Chapter V. p. 887.
02
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The present Editor has had one of these microscopes in constant, and
often prolonged and continuous, use for over twenty years, and the
most delicate work can be done with it to-day. It is nowhere
defective, and the instrument has only once been ¢ tightened up’ in
some parts. Even in such small details as the springing of the
sliding clip—the very best clip that can be used—the pivots of the
mirror, and the carefully sprung conditions of all eylinders intended
to receive apparatus, all are done with care and conscientiousness.

An instrument of this kind may be made to appear perfect to
the eye, but at the same time may lack some most important elements
as a finished instrument. But this is an instrument of the highest
order as such, and at the same time a very fine specimen of highly
finished brass work.

A note must be made before
leaving this microscope upon the
size of the tubes in the body and
the sub-stage.

Powell and Lealand were the
only makers whose gauge of
tubing had a raison d'étre; the
size of the tube was such that it
would take in a binocular body a
Huyghenian 2-inch  eye-piece,
having the largest field-glass pos-
sible.  The size of this field-glass
depends on two factors.

1. The distance between the
centres of the eyes.

2. The mechanical tube-

length.
Fic. 158.—Powell and Lealand’s sub-stage In or der that th.e binocular
with fine adjustment (1882). may suit persons with ‘narrow

centres’ to their eyes, the dis-
tance between them should not be greater than 2} inches. The
mechanical tube-length is 8% inches for the standard tube. When
the eye-pieces were ‘home’ in their places in the tubes they just
touched each other, the inner sides of the binocular tubes being cut
away; so under the above conditions a larger field than is thus
obtained is simply impossible. The size of the field-glass deter-
mines the size of the eye-piece, and that was made to fix the
diameter of the body-tube.

Very wisely these makers made the tube of the sub-stage the
same size, so as to have one gauge of tubing throughout. This
allows a Kellner or other eye-piece to be used as a condenser, thus
reducing the number of adapters.

Lately this firm have altered their sub-stage tube to a gauge
recommended by the Royal Microscopical Society. This involves
an adapter where the sub-stage apparatus was adapted to the old
gauge, or when an eye-piece is used as a condenser ; as the size is
too large for a binocular.

The Ross model, in its completest form as left by Andrew Ross,
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except specially ordered is never made by this firm. hut for its
qualities and historieal relations it is of much intevest. It was

-

F16. 159.—The model by T. Ross (1862).
very similar to the model by T. Ross shown in fig. 159. A, Ross's
first model had a triangular bar, was monocular, possessed no
proper sub-stage, the condenser was attached to the main stage,
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which was without maungement for rotation; and the mirror was
not jointed. The model of T. Ross had, as will be seen, a bar move-
ment, with a foot formed of a triangular plate to which were bolted
two parallel upright plates to carry the trunnions of the microscope.
The fine adjustment is a lever of the second order, with the milled
head in the middle of the bar, which involves tremor, and the tube of
the nose-piece is short, making shake possible.

The stage movements are of unequal speed, the lateral move-
ment being slower than the vertieal.  There is no finder, and the
rotation of the stage is
but. partial.  The sub-
stage and mirror are
good. Tt was a com-
manding instrument in
its day, and was of ex-
cellent  workmanship
and finish; but it was
not equal to the strain
of eritical work with im-
mersion objectives of
great aperture. Never-
theless the defects of this
stand could have been
readily corrected. With
a more extended base, a
better arrangement of
the fine adjustment, a
mechanical stage con-
structed on better prin-
ciples, and the rotation
made complete and con-
centric—which it was
not—this  would have
been, even for our pre-
sent requirements, an
admirable instrument.

This important firm
were otherwise advised,
- | Sl . however; and, instead
F16. 160.—Ross-Zentmayer model (1878). of correcting the errors
of the instrument whose
history they had made, they designed an entirely new model in which
a Lister limbh was substituted for the bar movement. Fig. 160 illus-
trates this form of the instrument, from which it will be seen that the
foot also was changed for the worse ; the base was not sufficiently
extended, and the hinder part of the foot was too large, so that it
sometimes rocked on jfouwr points, because the hinder part was too
wide—a {lat <urfice, In fact. A true tripod will stind firm on an
uneven tuble, but this form will not. Tt is a torm frequently used by
varions makers now, and is known as the ¢ bent claw.” Tt is a bad
design, and may be, as it has been, easily thrown over laterally. It
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was, however, eventually cast in one piece, which gave it a solidity
which the former did not possess.

The introduction of the Lister limb brought its inevitable
troubles—notably, with the fine adjustment—to which we have fully
referred under that head. But in the Ross-Zentmayer model, a
later form, the body and the coarse adjustment were both carried by
the fine-adjustment lever and screw.

This form could not—as it did not—Ilong prevail. Tts existence
was ephemeral, and in its place was put a modification of the form
devised by Zentmayer, known subsequently as the Ross-Zentmayer
model. This was the Ross-Jackson instrument with a ¢ swinging
sub-stage.” This instrument is illustrated in fig. 161. It will be
seen that the foot is a true tripod, consisting of a triungular base
with two pillars rising from a cross-piece, which carried the trun-
nions.

Here it may be as well to point out the differences which exist
between the three great types of microscope, viz. the bar move-
ment, the Lister limb, and the Jackson limb. In the bar movement
we find a transverse bar uniting the lower end of the body to the
coarse adjustment bar (figs. 157, 159). In the Lister the body is
supported through a greater or less portion of its entire length,
the limb being formed of one solid casting (figs. 160, 161, 162, 167).
In the Jackson the dovetailed groove which carries the sub-stage
slide is included in the casting, and the groove for the coarse ad-
justment of the body, as well as that for the sub-stage, is ploughed in
one cut (fig. 165). Jackson also designed the double pillar foot
(fig. 161).

We have already assessed the value of a swinging sub-stage and
found that in our judgment it is at best redundant and really
adverse to the accomplishment of the best scientific work.! No
microscope is complete without a good condenser ; all and much more
than all that can be done by a swinging sub-stage can be done with
a slotted stop at the back of the condenser. This elaborate appen-
dage is therefore without justification. Yet in the impatience for
large illuminating apertures, which were not at that time provided by
condensers, this phase of pseudo-illumination was carried to a still
greater and more elaborate development in the production of a con-
cendric microscope. This was a Ross-Wenham, known as the radial
microscope. But elaborate and costly as it was it never justified its
existence, and like the whole group of ‘concentric’ and ‘radial’
microscopes, it has passed away simultaneously with the abolition of
¢ oblique illumination,” and is to-day a not very interesting curiosity
in the history of the modern microscope.

A large and extremely well-finished stand is made by Messrs.
‘Watson, known as the Van Heurck microscope in its best form : it is
illustrated in fig. 162. The body has two draw tubes, one of which
is actuated by rack and pinion, and the other sliding inside it so
that a range of body length varying from 142 mm. to 300 mm. can
be obtained. The coarse and fine adjustments have very wide
bearings, and the exact relationship of the pinion to the rackwork

1 P, 188 et seq.



Fic. 161 (1878).
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is established by means of a block of metal which fits upon the
pinion shatt and is pressed or released by means of the two serews
provided for the purpose.  This is shown in section in fig. 163,
where the pinion is P, the anti-friction block N, and one of the
adjnsting serews M. The perspective view ot the conrse adjustinent
showing the adjusting screws is given in lig. 164,

The stage can he completely rotated and has mechanical move-
wents on the Turrell prineiple. both milled heads heing on ome axis,
The sub-stage has a fine adjustient, and the plane mivror is carve-
tul]y worked by hand, while exceptional vigidity for the whole stand
ix obtained by « \pocnl system of construction, and the tripod, which
is shod with cork, has a spread of ten inches.

A high-class stand of dhhn“m\hml merit is made by the firm of
Baker of Holhorn, Tt s illnstrated v fig. T6H, is made with great

F16. 164.—Complete view of Watson’s coarse adjustment (1895).

e and isan instrument of precision, Hois mounted on a solid tripod
with slotted toes so that it can he firmly ¢Lnn]w(l to the baseboard
of a photoamicrographic apparatus, The body is mounted on amas-
sive Tinb in one pieee throughout, and on to this the stage and
sub-stage e mounted 3 in this way the chance of derangement of
the optie axix is reduced to a minimum.  The body has diagonal
rack and-pinion conrse adjustiment actuated by very large milled
heads, making o slow movement easy. The fine adjustment carries
the hody tube only each revolution of the graduated milled head
being equal to the L1 % of anineh ;s the Caamphell differential sere w
bung cmploved. and the milled head heing placed at the Tower end
of the body.  The body ¢ be extended to 300 mm, and closed to
150 mm.  The mechianieal stage is worked on the Turrell method
by stationary milled heads working on a common centre commanding
oblique as well ax vectangularmovements ; the rectangular movements
on divided silver plates for vecording positions; and complete rota-
tion ean be secnred. either by hand or hy vack and pinion, and can
be at any point claped.

The sub-stage has rectangular mechanieal movements controlled
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by fixed milled heads. and all fitbings are sprung amd have adjusting
screws to compensate for wear, and fine adjustiment hy Campbell diffe-
rential screw which Mr. Baker adopted for these microscopes in 1888.

Fi16. 165.—C. Buaker's Model (1895).

Swift and Son formerly made two instruments of the first class,
one aving a bar movement similav to that of Andrew Ross, the

other a Lister similue to Beek's. The prineipal difference was that
the foot was of the ¢ bent claw’ form,  We have already seen that
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by their invention of the vertical lever fine adjustment (figs. 133 and
135) Swift and Son have made possible a useful future for the Lister
limb ; and their model of this form is shown in fig. 166, known as
the ¢ Best ¢ Challenge ” Microscope.” 1t has u beautifully made coarse
adjustment, the special fine adjustment invented by this firm, a cir-
cular rotating stage moved by rack and pinion or by hand, and is
provided with divided silver plates to the rectangular movement.
The sub-stage is complete for centring as well as focussing, and has
rotary movement for use with pol.u iscope. The stand is a firm
form of tripod, and the mirrors are well worked and mounted on a
double crank.

All the movable parts of Swift’s instrunents are sprung on Powell
and Lealand method, and the movements are smooth and sound.
Many stands had been devised by Admerican opticians up to the time
of the publication of our last edition of this work, but they were
based upon one or other of the great English models, and the modi-
fications, whether for good or evil, were adopted into the then modi-
fications of the older English types, and were incidentally described.
It should be 1emembeled that Zentmayer, of Philadelphia, devised
the model from which the Ross-Zentmayer was finally formed. Its
principal feature was to obtain oblique illumination in one azimuth
by the swinging stage which we have emphatically shown in this, as
we did in the last edition, to be a pernicious adjunct for practical
purposes. The fine adjustment of this instrument was most defec-
tive. Tolles, again, who wholly deserves the very high reputation he
attained, made an instrument in which he mounted the stage on a
disc ; near the edge of this disc the sub-stage is made to travel in a
groove carrying the condenser, or dry combination, in an are round
the object as a centre. This was only unother elaboration of the
same swinging sub-stage. ’

In later constructions of this form, Tolles first used the mechanical
stage actuated by two pinions vertical to the surfucz of the stage,
and subsequently adapted by Ross. The fine adjustment in this
instrument had the fatal defects characteristic of its form.

Bulloch, another American maker of note, made some modifica-
tions in the Zentmayer model, but they were in the interests of the
swinging sub-stage, and, although no doubt ingenious, must pass
with this transient form of the microscope.

A modification of this stand was devised by Bulloch ; it presents
no special point, save the employment of a Gillett condenser with
the diaphragm drum above the lenses!

A later development of this form of instrument by the same
maker was made some years after, but the chief difference consists
in the adoption of a stage in which the milled heads stand upon
the stage, which is the reverse of an advance. Since, however, the
swinging sub-stage form of instrument has been entirely superseded,
American makers have adopted, with very slight modifications in
form, none in principle, the Continental stand, which is made with
admirable precision and conscientious care, but still retains its chief
features. It may therefore be of service to consider the principal
recent modifications of the Continental stand, so that they may be
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F1o. 166.—Swift's best challenge microscope (1881).
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fairly compared with equally recent American adaptations of the same
microscope ; and then endeavour, after examining instruments of
a lower class, to give a dispassionate estimate of this model as com-
pared with that of the highest-class English type.

Amongst Continental makers the firm of Zeiss has tuken a fore-
most position and has secured a well-deserved world-wide fame.
Their largest microscope is shown in fig. 167. 1t is a model of fine
workmanship and has been adapted with singular ingenuity to the
reception of all their accessory apparatus. The upper body is
inclinable from the vertical to the horizontal position. It is
provided with coarse rack-and-pinion adjustment, and fine adjust-
ment by means of a direct acting micrometer screw with divided
head. The sub-stage takes all the apparatus provided by this firm,
and in addition it may, by means of a small lever, be swung out of
its central position, ¢so as to facilitate rapid transition to illumina-
tion with the cylinder-diaphragm, while below the condenser is a
movable iris diaphragm fitted with a rack-and-pinion movement to
throw it out of the centre, and which can be rotated about the axis
or entirely swung out.

The circular object stage rotates (not by rack and pinion), but
has centring screws. The aperture in the stage has received a
more oval form. The rack-and-pinion rectangular movements are
1}-in. vertical and 2-in. lateral; the milled heads are small but
efticient and work smoothly. That for transverse movement being
placed upon the top of the stage.

Reichert, of Vienna, makes a stand which in the main cor-
responds with that of Zeiss, and we are enabled to speak with
confidence of the high quality of the workmanship ; but in illustra-
tion we choose not the ta stand but the large stand known as 118,
an illustration of which is given at fig. 168. Our object in choosing
this instrument is that it combines every essential of the 1a stand,
and in addition is furnished with the new lever fine adjustment,
invented so recently by Reichert, and of whose value we have
already given our judgment. It will be seen that on the part of the
body which the fine adjustment milled head crowns there is a
protrusion on the right and left hand side of the pillar. This is the
only addition outwardly that the new fine adjustment makes needful.

A very high-class microscope is made by Leitz of Wetzlar, which,
while it retains the principal features common to all microscopes
based on the Continental model, has yet qualities peculiar to itself,
and obtains by means of workmanship and ingenuity the most ad-
mirable results attainable from the model on which it is based. It
is inclinable with a hinged joint and clamping lever ; and the stage
is provided with a revolving centring table. The mechanical stage
is the ‘attachable’ one already described, and the adjustment of the
objective is by rack-and-pinion coarse adjustment, and by a fine
adjustment depending on a micrometer screw provided with a
divided screw head. The draw-tube is furnished with a millimetre
scale. The sub-stage is planned on the principle of the Zeiss
instrument and will receive the illuminating apparatus as devised
by Abbe, which is worked by rack-and-pinion adjustments, which
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also raise and Tower the ivis diaphragim and provide it with possible
oblique or eccentric movements; and it is furnished with objectives

™

=
=
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£

F16. 168.-~One of Reichert’s large stands (ITb) with new lever fine adjustment
fitted (1899).



Fra. 169.—Teitz’s most complete stand (1893).
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and eye-pieces that give it magnifying powers ranging from 15 to
1,500 times. This instrument is shown in fig. 169, and with the two
stands immediately preceding it furnishes us with a fair view of
the principal and latest types of the Continental microscope fitted
with the apparatus essential to the production of good work.

But another most interesting model of Reichert’s has just been
finished which, from its size and approximation to the English
stand in some important points, we are constiained to notice as
these sheets are passing through the press. The instrument is
illustrated in fig. 169a. The height of the stand in the position
illustrated is 165in. The distance between the foot and the stage is
3% in. The sub-stage is provided with centring screws, and is raised
and lowered by rack and pinion. The mirror can be readily moved
towards or away from the sub-stage or can be entirely removed.
The tube length with both tubes (A A') extended, including the nose-
piece, is 103 in. The stage is mechanical, and the cirele is divided into
360 degrees ; both the horizontal and vertical motions of the stage have
scales read by verniers. The object is fixed on the stage by spring
fittings. The fine adjustment has two speeds of motion by two screws,
the one 03 mm., the other 0°'1 mm. per revolution, shown at M. M’.
The draw-tube has a divided scale and is moved by rack and pinion.

We may now with advantage consider the diffevent classes of
microscopes manufactured by the opticians of Europe and America.
To do this without prejudice and with efliciency it is necessary to
designate the characters which should distinguish each class.

Microscopes placed in Class I. possess—
1. Coarse and fine adjustments.
2. Concentric rotation of the stage
3. Mechanical stage.
4. Mechanical sub-stage.
Class II.
1. Coarse and fine adjustments.
2. Mechanical stage.
3. Mechaniecal sub-stage.
Class III.
1. Coarse and fine adjustments.
2. Plain stage.
3. Mechanical sub-stage.
Class IV,
1. Coarse and fine adjustments.
2. Plain stage.
3. Sub-stage fitting (no sub-stage).
Class V.
1. Single adjustment (coarse or fine).
2. Plain stage.
3. With or without sub-stage fitting (no sub-stage).
This classification applies also to portable microscopes.

The recent microscopes of the best American makers are
characterised by the highest quality of workmanship and abundant
ingenuity, but the Continental model is confessedly made their founda-
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tion.  In the last edition of this work it was shown that Amerienn
opticians made theiv fivst-class microscopes with swinging sub-stages,
and we then pointed out that these were not only without value,

TG, 1694 (1900,
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but injurious to the best work possible to a good instrument. In
the interval the swinging sub-stage has been given up, even by its
most ardent advocates; but at the same time in the majority of
cases they have abandoned the sub-stage proper and adopted the
Continental condenser fitting instead. In fact, the American
opticians have chosen almost exclusively, as the basis of their stands
of every class, the microscope that has been so long in vogue on
the Continent of Europe.

1t will suflice to take examples of the unexceptionally beautiful
work of the two leading opticians of America—The Bausch and
Tomb Optical Company and The Spencer Lens Company. An
illustration of the best instrument, known as the ¢ Grand Model,” of
the former-of these opticians is given in fig. 170. Tt is designated
a ¢ Continental Microscope,” but is not a mere copy of the best work
of Germany or France. The body-tube is large, and the horseshoc
base, of Continental fame, is said by the makers to be improved by
the ¢ back claw ’ being prolonged ‘so as to virtually form a tripod
base,” and it is commended as ¢ extra heavy.” From the figure, how-
ever, it would appear to be the extra weight rather than a pro-
longed claw that imparts the steadiness. The body is supported
on a pillar of two massive columns.  The stage is large, and rotates
with centring screws. ‘The heads of the centring screws are
provided with graduations and index, and with a series of lines
recording the number of revolutions of the screw, so that the
position of any given object may be recorded and thus be referred to
again if the microscope should have been used for other work in the
interval. The mechanical stage is worked by one milled head at
the side and the other at the top of the stage, the latter position (ax
we pointed out in the last edition of this book when referring to the
Tolles mechanical stage) being one in which the efliciency of the
mechanism is reduced to its lowest value.  We have long advoeated
the adoption of Turrell milled heads as employed in Powell’s No. 1
stand ; they give the worker power to effect not only rectangular
but diagonal movements, and, without displacing the fingers, to
work the stage in all directions. We are pleased, as we have
pointed out, to note that the eminent firm of Zeiss have adopted
these in their best stand (fig. 139).

The sub-stage ix composed of three parts, arranged one above the
other. This sub-stage, with the parts separated to show their
construction. is presented in fig. 171. The upper part is a ring
carrying a vemovable iris diaphragm, so arranged as to come
directly into contact with the under part of the object slide. The
middle section of the sub-stage is movable vertically on the main
sub-stage axis, and carries an Abbe condenser of 120 N.A., which
can be swung laterally to the left of the instrument so as to put it
out of optical use ; but on the other hand it can at will be thrown
back into position and placed in oil contact with the object slide with-
out altering the position of the upper iris diaphragm. The third and
lowest section of the sub-stage carries the large iris diaphragm used
below the condenser. Thus it is clear that the whole can be used
together, or any one of the three sections can be worked separately.
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We note one adiitable feature of the mecharvical finish ol the
microscopes of this firm, which is. that they avoid sharp angles and
knifelike edges to all their instriments. This lonks actrifle, but the
use of the mievoseope with saprophytic, pathogenie, or other imtective
material vequires the utmost canntion that the <kin of the Tannds
should be unbroken. and there can he hut hittle doubt that all
unconsciously the edges and corners of microseopes finished to the
just pride of the mechanie do often break the skinsand are wisely

Fre. 171.—Bausch and Lomb's sub-stage, separated to show construction.

and happily worked into rounded edges in the instruments of these
distinguished makers, aud. we may add, without the slightest loss
of that appearance of high finish which has always heen correlative
with the manufacture of microscopes.

If we now look at the No. 1 stand of the Spencer Lens Company.
of Buftalo, N.Y., we shall find again that the model of Oberhauser
= addhered to aud the instrument is of the third class.  'T'his
microscope is illusteated o fig. 1720 16 s beautifully wade. and
the horseshoe Tase has o <till Tonger ¢ elaw’ than those of Bauseh,




Frc. 172.—The Spencer Liens Compuny's Centinental form No 1 (1896,



Watson’s Edinburgh Student’s; stand *H’ (with horseshoe foot 1889,
with tripod foot 1893)
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to give the stability required in utilising the hinged joint for
inclination of the body, which stands on a strong wunial pillar,
The sub-stage is movable by n quick screw ; in other features it
resembles the majority of the microscopes of the type to which it
belongs ; it is, however, distinguished by rounded in contrast
to sharp and pointed corners and edges; and, although the form
presented has a plain stage with clips, it can be furnished with
a circular revolving centring stage, or with an attachable ™ sage
made by the Spencer Lens Company, having all the advantages of
the several forms of these pieces of apparatus alveady deseribed.

Fic. 174.—Baker's Model, No. 2 (1898).

We note with some surprise that such accomplished manu-
facturers and opticians have indicated, so far as we ean discover, no
advanee in their sub-stage condenser hevond that of the now old
achromatic of Abbe. and that there is no evidencee hetore us of their
cmploviment of a sub stage fine adjustment, hoth ot which have heen
found of such great practical value in England.and which have been,
as we shall shortly show, adopted £ the more evitienl microscopieal
work by the Messis, Zeiss. the leading optical fivin of the Continent.
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Second-class microscopes are made in great variety by English
makers.

One of the finest examples of this class of microscope at present
brought within the reach of the average student’s means is that
known as the ¢ Edinburgh Student’s Microscope “ H,”’ by the firm
of Watson and Sons. It is the most complete of a series of similar
stands varying in cost and completeness. It is illustrated in
fig. 173, where it will be seen that it has the first prime requisite, a
a tripod having a spread
of 7 inches—and it is also possessed of a well-constructed mechanical
stage which is built with the instrument, an advantage over the
beit attachable’ stage.

It is essentially a student’s microscope, and although of so low a
price is not only a specimen of the best workmanship, but is also
extremely complete and represents an advanced type of construction
capable of doing all ordinary and much experimental work.

Belonging to this class is an instrument l)y Baker known as
his Model, No. 2. It is smaller than the * A’ stand of the same
type and is simplified, but is capable of doing the most refined and
eritical work. It is illustirated in fig. 174, The coarse and fine
adjustnents are the same. The mechanical stage has rectangular
movements of one inch; the Turrell arrangement is not adopted ;
but the whole stage can be rotated through an arc of 300°. The
sub-stage has diagonal rack and pinjon focussing movements with
centring screws, “and can be supplied with every improvement
applying to the adjustment of the sub-stage. Taking this instru-
ment as a whole—the thoroughly practical character of the model,
the high quality of the workmanship, the fact that it will take all
the optical apparatus of the best model. and that all fittings are
sprung and possessed of adjusting serews to compensate for wear—
we have in this microscope one of the very best of its class.

Powell and Lealand make an instrument of this class, having
a quality of work not second even to their large stand. It is
illustrated in fig. 175. The tube length is the same, but the stage
and the foot are smaller than in the arge instrument. There is
no rotary movement to the sub-stage, and its centring is done by
the crossing of sectors and not lines at right angles; but this is in
no way a defect. All the movements and adjustments are other-
wise as in No. 1.

Baker, of Holborn, makes a very admirable and useful instru-
ment of this class known as his D.P.H. microscope, No. 1. Tt
has a diagonal rack 2nd pinion coarse movement, a micrometer screw
and lever fine adjustment, giving a movement of ;}. of an inch for
each revolution of the milled head ; a draw-tube, every 10 mm. of
which is engraved with a ring, extending to 200 mm. and closing
to 150 mni., thus allowing the use of either English or Continental
objectives; it possessesa mechanical stage givinga movementof 25 mm.
in either direction, graduated to 4 mm. ; the milled head of the trans-
verse motion is below the level of the top plate, and as the other is
removable large culture plates can be examined, the distance from
optic axis to limb (2% in.) allowing of their easy manipulation ; the
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top plate is provided with three adjustable stop<. <o that the centre of
a3 x lor 3xI1lslipisidentieal with the optic axis when hoth
the rectangular movemenis are at the centre of their travel, thuos
enabling any desived field to be vecorded; the stage clips arve

Fra, 175 fL

mounted on two of these stops. all of which are removable
a centring sub-stage of universal size (10527 in.) with diagonal vack
and pinion focussing adjustment. plane and coneave mirors : the
whole mounted on « ~olid tripod stand, with a bracket tosupport the
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instriment inoa horizontal position for photo-micrographic work.
The microscope is illustrated in fig. 176.

A modification of this instrument was brought out as these
pages are passing through the press, which is entitled to rank as a
first-class instrument. It is known as the R.OMS 1-27 gauge
microscope, and is illustrated in fig. 177. It has o dingonal rack
and pinion coarse movement, and a mierometer screw and lever
fine adjustment giving & movement of 0-11 mm. (, 1, in.) for each

a0

revolution of the screw. the milled fiead of which ix divided into

Fic. 176. ~Baker's D.P.H. stand No. 1 (1899),

ten parts, ench division being numbered. It also possesses two draw-
tubes engraved in i every tenth numbered, one of which is
provided with rack and pinion adjustiment, so that objectives may
be corrected for the thickness of the cover glass, &e., by the alteration
of the tube length ; these draw-tubes extend to 250 mm., and close to
120 mm., either English or Continental objectives ean be used s this
microscope has a rotating mechanical stage giving a movement of
25 mne (1 in) in either direetion graduated to 4 mm. (.l in.);
the milled head of the transverse motion is helow the level of the
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top plate, and the other heing removable o lavge flat stage becomes
available if requived ; the top plate is provided with three stops,
ndjust.’tble, $o that the centre of @ 76 . 25 e (3 i x b ing)
or 76 mm. x 38 mm. (3 in. X I, in) <lip is identieal with the optic
axis when both the rectangulai movements are at the centre of their
travel, thus enabling any desived ficld to be recorded ; the stage

Fi6. 177.— Baker's R.M.S. 127 gmige microscope (1900).

clips are mounted on two of these stops, all of which are removable,
It has a centring sub-stage provided with diagonal rack and pinion
focussing movement, anda fine adjustment, the milled head of which
is so placed that hoth adjustiments ean be conveniently controlled
without shifting the hand, and it ix provided with plane and con-
cave mirrors. and the microscope is mounted upon a solid tripod

stand, with a hracket to support the instrument in a horizontal
position for photo-micrographic work.
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All the fittingsare sprung and have adjnsting serews to compen-
sate for wear.

Coming now to Third-class microscopes. we note that the dis-
tinguished Nmeriean firm, Bausch and Lombo miake a very useful
instroment which must be placed in this classe Teois intended as

auseh and Lomb's C.A.S, microscope (1897),

F16. 178.-1B

a high-cliss Tnboratory instrument  for advanced work and for use
in independent vesearches: s designated by the fiv as the CLALS,
1t has o lavge stage, hut in our judgment this would he greatly -
proved by heing furnished with the horseshoe opening so valu-
able for hand foeussing as a preliminary in the nse ot high powers
and inmiersion lenses. Of course the mechanieal stage of the
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firm can he added. The sub-stage is the new and complete one of
the makers, avianged for doing critical work ; the fine adjustment

Fi16. 178a.—Reichert's ¢ Austrian’ Baugh stand (1899).

is by micrometer screw ; the weight of the body ix balaneed. the
makers tell us, by a spival xpring which, they believe sudyeets the fine
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micrometer screw only to the friction of the adjustment—and, of
course, it is to be noted that the screw is not an extremely fine
one ; and the makers have evidence of the durability of the adjust-
ment, as after five years of use they have had no single instance of
its breakdown. The coarse adjustment is by diagonal rack and
pinion ;. the draw-tube is graduated. 1t is beautifully made, and is
by no means an expensive instrument. We illustrate it in fig. 178.

A well-made and remarkable little instrument of the class we
are considering is manufactured by Reichert, of Vienna, known as the
Austrian stand. It is illustrated in fig. 178a. It is the most
modified of all the microscopes we know based on the Continental
model ; it certainly approximates in several points to the English
type. It has a specially extended and steady horseshoe foot, and is
the only strict Continental form with the axis so high up. The re-
sult is that the body is balanced when in a horizontal position. The
coarse adjustment is by spiral rack and pinion with milled heads.
The fine adjustment is Reichert’s recent patent, giving extreme
delicacy to the movement, and having a movable pointer, ¢, for
reading divisions on the micrometer screw. Tt isx provided with a
double rack draw-tube shown at B, it carries the Abbe condenser in a
sub-stage that focusses by a screw at the side, and centres by the
screw-heads, @, «/. In its most complete form it is remarkably
low-priced, and certainly will meet a demand, especially as the
English method of compensation for wear and tear is adopted.
This, indeed, is the case with all but the lowest-priced instruments
of this maker, and we believe him to be the only Continental
manufacturer who has adopted the sprung slots and screws so long -
used with success by English makers for compensating wear. We
should have suggested slotting the edges of the stage for sliding
the object-holder or ledge, but we learn from the maker that this
is to be done in all futuwre instruments; all but the smallest stands
Reichert is willing to provide with KEnglish pattern sub-stages
fitted with centring screws of the standard size, and condensers are
mounted to suit these.

Another instrument of the same class and general designation,
made by Messrs. Watson and Sons, and distinguished as ¢ Gi,” is shown
in fig. 179. It is identical in build with the C model, but the
stage is plain, and it has only a tube fitting for a sub-stage appa-
ratus; the workmanship is of the same order, the movements as
delicate and true, the adjustments as reliable, but the price is only
one-half that of the more complicated form.

Amongst the same class of instruments must be placed another
by Messrs. Swift and Son. It is known as an ‘ Improved “ Wale's”
Microscope.’

Mr. George Wale, of America, devised in 1879 a plan of great
merit for the stands of microscopes. The ¢limb ’ which carries the body
and the stage, instead of being swung by pivots—as ordinarily—on
the two lateral supports (so that the balance of the microscope is
greatly altered when it is much inclined), has a circular groove cut
on either side, into which fits a circular ridge cast on the inner side
of each support, as shown in fig. 180. The two supports, each
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having its own fore-foot, are cast separately (in iron), =0 as to meet
=} . 7’ p y ’

to form the hinder ¢ toe,” where they are held together hy a strong
pin ; while by turning the milled head on the vight support the two

Fre. 179.—Watson's Edinburgh Student’s; stand ¢ G’ (1893;.

Q
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are drawn together by a screw, which thus regulates the pressure
niule by the two ridges that work into the two grooves on t.‘]u_' limb.
When this pressine is moderate, nothing can be more satisfactory
than either the smoothness of the inclining movement or .the
balaneing of the instrument in all positions; while, by a slight

F16. 180.—Swift’s improved * Wale’s’ mieroscope (1881 and 1883).

tightening of the serew, it can be firmly fixed either horizontally,
vertically, or at any inclination.  The ¢ coarse’ adjustment is made
by a smooth-working rack ; the fine adjustment is Swift’s patent
described on p. 172 (fig. 135), and the attachable mechanical stage of
this firm cam be readily added (as in fig. 180), but in the best and
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most complete form of the illNM’ll)ll("llT it large mechanical stage is
fitted, and sub-stage apparatus supplied.
Leitz, of Wetzlar, provides a very useful instrument of the same

G, 181, -Taeite's 1a stand (1898).
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class. It has a tripod base on the English model, and is a thoroughly
steady instrument ; it has rack and pinion movement to the coarse
adjustment, and sub-stage ; the draw-tube has & mm. scale, and a fine
adjustment of the usual Continental type,and all the latest adaptations
for sub-stage illumination. The instrument in its simplest form is
remarkably low-priced, and the more important apparatus can be
added to it as required. It is illustrated in fig. 181.

Beck’s third-class microscope is shown in fig. 182, It hasa good
tripod foot with a single pillar. The Jackson model is used, but
a peculiar fine adjustment is employed, the lever being placed below
the stage, the position of the screw being immediately behind the
pillar which supports the limb, and where it is easy of access. The
body is net affected by vibration when it is touched. The lever is
of the second order, and it draws down the body limb and coarse
adjustment. In fact, save in its fine adjustment, this form ap-
proximates somewhat to the Continental model. The fine-adjust-
ment lever is rather short, but it will be found to be much steadier
and slower than the direct-acting serew.

The stage is plain, without mechanical movements; but it has a
movable glass stage over the prineipal stage; to this the slip is
clipped, and the whole super-stage of glass is moved with ease
over a fair avea. The aperture in the glass stage is not large
enough ; it should be cut 1ight through to the front, which would
much increase its usefulness,

This instrument also has a sub-stage with rack and centring
movements.

Swift and Son’s earlier third-class microscope in its most
suitable form dates from about the time of the vertical lever fine
adjustment patented by that firm (¢.v.) Tt was first made from the
designs of Mv. E. M. Nelson, and it presented three distinctive
features :—

(1) The milled head of the fine adjustment was placed on the
left-hand side of the limb.

(2) The stage was of a horseshoe form, the naperture being
entirely cut out to the front of the stage ; and

(3) The body-tube, which was of standard size, viz. 8% inches,
was made in two pieces, which not only secured portability, but also
permitted the use of both long and short tubes.

This instrument is illustrated in fig. 135. Tt was also possessed
of a cheaply made and fairly good centring sub-stage, to carry
Powell and Lealand’s dry achromatic combination fitted with a tuirmn-
out rotary arm to carry stops. The sub-stage was made by adapting
Swift’s centring nose-piece, and providing it with a rack and pinion
focussing arrangement, as illustrated in fig. 183. There was also a
graduated stage-plate and sliding bar, a plan devised by Mr.
Wright for a finder. The eye-pieces were provided with rings, like
Powell and Lealand’s, outside the tube to govern the depth which
each should slide into the draw-tube, by which means the diaphragm
is in the same place whatever the depth of the eye-piece employed,
and it was constructed to do ecritical work with the highest
powers.



F16. 182.—Messrs. R. and J. Beck’s third-class microscope (1888).
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Another form of this (ustriment has more recently been intro-
duced by the firm ol Chas. Baker, of Holborn, London, Tt avose 1o
a suggestion by Mr. Nelson that this form shonld be adapted to the
Campbell differeitial screw fine adjustinent. making a good quality
third-class microscope. It should be noted that the differential
screw permits of slow action being obtained by means of coarse
threads; it is therefore very strong. In the ordinary Continental
form of direct-acting fine-adjustment serew. if' the motion is slow,
the thread must be fine.  Ience in forms where the fine adjustment
is made to lift the hody. the differential screw is of great value.

Further, it proved on testing that the Campbell differential screw
was equal to the most eritieal work, and could be used in photo-
micrograplty.  As u result several additions were made, such as
rack and pinion focussing and rectangular movements to the sub-
stnge and a rack-work orangement to the draw-tube.  Subse-
quently o Tavger and henvier instrument was made, having a } inch
more of horvizontal height.  In this model the milled head of the
differential ~screw is placed below the :nm, instead of above it, which
is an improvement for
photo-micrographic pur-
poses, and no special
detriment in ordinary
work; and, if required,
a differential-screw fine
adjustment can be fitted
to the sub-stage. A
rotary stage is also some-
times put to this instru-
ment, but those which
we have seen have not
F1a. 183.—Centring nose-piece used as sub-stage given the aperture sufhi-

(1881). cient  dimensions for
modern focussing.

This instrument in its complete form, as suggested by Mr. Nelson
and devised by Baker, gave origin to an entirely new group of
microscopes, which aimed chicfly at supplying the student with
relatively inexpensive instruments, but which at the same time
should possess all the qualities and be capable of receiving all the
apparatus needful for an efficient use of the microscope. One of the
higher forms arising in this new departure is the instrument shown
at fig. 177, and, with the Canpbell screw fitted behind the mirror
for the fine adjustment of the condenser, is a very attractive and
useful microscope, and may be safely recommended to the amateur
and the student.

Two microscopes by Ross certainly deserve the attention of the
student secking a reliable instrument helonging to the class we are
considering. They are both known as ¢ Ross’s New Bacteriological
Microscope.” The work of this long-established firm, it is needless
to say, is of the very finest quality ; and these microscopes are pro-
vided with all the required adjuncts for the work they specify. The
stage is of horseshoe form ; the fine adjustment is sensitive and firm.
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The principal difference between the two instruments i~ in their
respective stands. The one shown in fig. 184 gives a wider spread
to the tripod base than usual, securing greater stability ; but this does
not involve great space in packing, because the hind “toe’ of the

e

F1c. 184 —Ross’s new (tripod) bacteriological microscope (1898).

tripod is made to fold forward between the two fixed front toes when
not in use.

The other similar instrument is on a circular foot, to which is
serewed a stout supporting pillar; the upper part is attached to
this by a substantial compass-joint ; but the pillar is fixed on the mar-
gin of the ring, thus bringing the whole weight centrally upon the
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foot when the instrument is<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>