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JAMES SWIFT & SON, OPTICIANS,
UNIVERSITY OPTICAL WORKS, 81, Tottenham Court Road, LONDON, W.
SEVEN GOLD MEDALS AWARDED. DIPLOMA OF HONOUR, 1864,

Exl.mn:t from the Brifish Medical Journal, August 27th, 1887,
—** Messrs, Swier & Son exhibited a Microscope (as shown in
illustration} at a Meeting of the British Medical Association,
Dublin, with many improvements u.uf;gesmd by Professor Ciook-
sHANK. It is intended especially for bacteriological research,
and comipeles very favourably with any of the foreign Micro-

seages, and is believed Lo be (:r superior to anything
made for the price in England. It has a high nngi':aub
stage condenser, with contrivances for accurate centering,
and for the instrtion of stops without removal. The
focus of the condenser can g:' accurately adjusted by a
rack and pinion movement, this being found a
matter of great importance when moderately low
powers are being used. The stage is cut open in
the centre with the object of allowing the slide 1o
be removed more easily, and the stand is finished in
b, the excellent manner for which Messrs, Swirr are
wellknown. Its price, with two eye-pieces,
two objectives—z-inch and . oil immer-
sion—double nose-piece and Awppe Con.
slensc:r. ia 16, The oil immersion objective
15 remarkable for its powers of definition §
it has been tested against many of Leitz's
and REICHART'S, wiich hitherto have
been the cheapest plasses ebtainable,
and has been E;ﬁ::g stiperior to them
This is high praise, as the price of
the three isthe same, namely, £5 55."

K

The fine adjust-
ment qFtlli'ﬁﬁ I;I'Iu:_r-::';
scope is fitted wit
Swift & Son's
patent lever ar-
mngtmtnl. Or can,
if preferred, be
fitted with a dif-
ferential screw.

For high-class
work, BA5FS,
Swift & Son would
recommend  Mr.
Mayall's  (jun.)
mechanical stage,
which can at once
be adapted to this
Microscope  with-
out alteration, and
readily removed
when not required.
Price £z 155
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HENRY CROUCH'S MICROSCOPES,

AND PHOTOGRAFPHIC LENSES.
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THE CENTERING OF THE SYSTEMS OF LENSES, 81

The real objective-image « b attains the greatest possible
distinctness in this special case, but since the part 0" 2 of the
object is already indistinet, it is indistinct also in the image.
If, on the other hand, the displacement of the virtual image
is greater or less than that of the axis, a corresponding marginal
portion of the red image appears under less favourable conditions
in the first case on the left, and in the second on the right
side, and is, in consequence, less sharp. The part " 2 is therefore
somewhat indistinet again at the edge.

With every displacement, therefore, a corresponding portion of
the margin of the objective-image disappears, so that, in reality,
if the erroneous centering of the flint- and crown-lenses is also
taken into account, the whole periphery of the field of view must
suffer more or less, only a central portion is preserved in its
original purity, and this portion may, nevertheless, have any
excentric position. _

In order to obtain a few data as to the extent to which the
displacements represented in our figure influence the microscopic
image, we will assume that the first lens magnifies three linear,
and the second and third four and six linear respectively—a
proportion which approximately coincides with actual observation.
The displacement of the axis 0, would amount to ‘25, and
that of the axis ¢, to 5 mm. Therefore & 2 = 25, V" & = 1,
6" @ = 6 mm.; further 8" " (in a direction at right angles to
the axis) = (4 — 1) x 25 = ‘75 mm., and consequently a portion
of 6 x (75 — *5) = 15 mm. in breadth, measured from ",
1s rendered indistinet in the objective-image. This portion,
however, if the diaphragm in the eye-piece is supposed to be
immovable, falls upon its margin; for since «” " appears dis-
placed by 25 mm. further to the right than o, the objective-
image lies, with reference to 0g, at a distance of 6 x 25 = 15 mm.,
and therefore, with reference to P @ or to a” B”, the field of
view of the eye-piece in the concentric system, at a distance
of I'5 — -5 = 1 mm, further to the left. (In the Fig. it is
the reverse) If the diameter of this field of view, 4.c, of
the diaphragm in the eye-piece, is 18 mm., there still remain
o mm. visible of the indistinet portion &” 2, while on the
other side, between «” and a”, 1 mm. of the aperture 1s unoc-
cupied, and can only be filled if the object @ b is increased
7z mm. at a. This increase becomes somewhat less distinet in

G






THE CENTERING OF THE SYSTEMS OF LENSES, 83

is, of course, simply the sum of both the effects, which we have
just treated of separately.

In accordance with what we have already stated, it is therefore
quite correct to say that defective centering exercises an i1‘1 jurious
influence upon the microscopic image. If, however, we disregard
the small inclination of the images to the axis, this influence is
confined, in the first place, merely to the margin of the field of
view, and reaches its centre only in the case of stronger inclina-
tions (which, of course, ought to be avoided). The familiar
phenomenon, due chiefly to the action of the eye-piece, by which
the distinctness of the microscopic image diminishes towards the
edge of the field of view, may, in consequence of these aberrations,
be still further intensified.

Finally, we will examine one further point, to which we shall
refer in discussing the Testing of the Microscope. We have to
show what changes in position the image of any object-point
undergoes through imperfect centering, if the image-forming
objective is turned round a given axis (P ¢, Figs. 37 and 38). For
this purpose we start from the results obtained above, according
to which a displacement of the lenses generally causes a displace-
ment of the objective-image also. In the example given, where the
optic axis was moved ‘25 and ‘5 mm. to the right and left, this
displacement amounted to 1 mm. to the left. If we suppose the
objective to be furnished on the left
side with a sign, it is evident that
whilst it turns round the axis P ¢
the displacement will always take
place in the direction which is de-
termined by this sign. The centre
of the circular objective-image there-
fore assumes successively the posi-
tions denoted by 1, 2, 3, 4, with
regard to the centre o (Fig. 39) of
the field of view (bounded by the
eye-piece diaphragm), in which we
may imagine erossed wires, « b e d, to
be extended. Tt therefore describes a circle, of which the point o
is the centre, and the distance of the displacement is the radius.
Similarly, every other point in the image (since its position relative
to the centre must remain the same) describes a circle of equal

G 2

H1g. 39.



84 THEORY OF THE MICROSCOPE,

diameter, whose centre coincides with the corresponding image-
point of the concentric system.

Similar phenomena are also observable, if, instead of the whole
objective, single defectively centred lenses are turned round their
axis. The displacements may, indeed, prove still more consider-
able, because aberrations, which in other cases had a counteracting
effect, have, in consequence of the rotation, to be added to the
others. Moreover, no such evident relation, as usually supposed,
exists between the inclination of the individual axis and the
resulting displacement of the objective-image. When, for instance,
Harting states that every irregularity is magnified exactly as
much as the object itself, and that therefore a difference of 10 mic.
in an image magnified 500 linear becomes 5 mm., it is an entirely
erroneous assertion, which finds a sufficient refutation in the
example itself. On the contrary, it is always conceivable that the
defects of centering may cancel each other, so that the resulting
image does not suffer any displacement, although it loses in dis-
tinctness.

Moreover, in practice the ratios between the different
amounts of displacement are without significance, since the center-
ing of the objectives is always accomplished lens for lens, for
which purpose are usually employed not the dioptric images,
but the reflected images which the lens-surfaces form of a
luminous object placed on one side. [Cf. chapter on Testing the
Centering, ]

IX.

BRIGHTNESS OF THE FIELD OF THE MICROSCOPE.

Tuk brightness of the field of a Microscope may be defined as
that amount of light which is brought to the unit of surface of the
retina, when a uniformly luminous surface of known intensity
serves as the object. The ratio of this quantity of light to that
which the same illuminating surface brings to a unit of surface
of the retina with the naked eye represents its arithmetical
expression. It is not a quantity dependent upon the distance
from the eye, for in the retinal image a change in the distance of
any object becomes larger or smaller in the proportion in which




BRIGHTNESS OF THE FIELD OF THE MICROSCOPE. 85

the aperture of the cones of light, while pmn.:eediug fr.um t]_m
single points, varies. The greater amount of h{.{ht. contained in
the larger pencils of rays is therefore always 11151;1*11)11?&11 over a
surface of the retina which is larger in the same proportion.

It might be supposed that the same ratio would exist for
the eye in microscopic vision, and that hence the power of the
Microscope would vary in the same ratio with the angular aper-
ture of the incident rays. This brightness of the field would then
be equal to unity, i.c, we should see the objects equally bright
as with the naked eye. And if any combination of lenses were
able to receive and direct to the eye a cone of rays with an
aperture still greater than the above-mentioned ratio requires,
the field of view would naturally appear to be more brightly
illuminated, in proportion to the surplus, than when seen with the
naked eye. Such a case can, however, never oceur, as will be
shown, even with the lowest magnifications; for the higher mag-
nifications it is primd facie an impossibility. The diameter of the
microscopic image (and therefore also the retinal image) increases
with higher magnifying power in a much more rapid proportion
than the angles of aperture of the incident cones of rays, which
reach the objective from the object-points, and thence the eye.
In vision with the naked eye this angle amounts to 28—34
minutes, that is, about half a degree, if we fix the diameter of
the pupil at 2 to 2} mm. and the distance of distinet vision at
about 250 mm. In microscopic vision, on the other hand, it
amounts to 100° and upwards in proportion to the power and
peculiarities of the objective. From every point in the plane of
adjustment, an amount of light, in this case, reaches the eye which
is greater than that received by the naked eye in the approximate
proportion of 100% : (})* = 200%: 1. But this amount of light is
distributed over a surface of the retina m>times greater, where im
1s the coefficient of linear amplification. The brightness of the
field of view resulting from this, which we denote by #, is therefore

2002
i
aperture of the objective as equal to @, and that of the naked eye

expressed by » =

, or, in general, if we take the angle of

equal to }, v = 4 (-%)E_ The luminous power is consequently

equal to 1,if m = 2w; it is less than 1,if m > 2w, which is
obviously the usual case. It is, of course, here assumed that the
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actual areas for the case when the hemispherical surface is taken
as equal to 1,000,000 the fifth contains the corresponding tan-
aential area.

-

e y Area of calotte | popegponding

Assumed ectve- | guiar perture] COTSRIAE | when tho homl, | angontil area.
— 0-5° 1 05 -
— 15 4 a8 —
— EE 16 152 —

- B? 100 052 | as3
— . 10° 400 ' 3800 3827
10 an° 1599 15192 : 15545
17 30° 3586 34074 | 35000
a0 407 6348 60307 | 66237
25 HO® 082 03692 ! 108721
33 f0" | 14102 183475 | 166666
70 100 | 27601 357215 T10140

150 1207 | 52631 500000 | 1500000
|

On comparing these calottes with the nearly corresponding
combined amplifications (i.c., such as are practically obtainable),
the result we arrive at, as stated above, is a oradual diminution
of the amount of light for the higher powers. But, with low
powers, the possibility, however, seems to obtain that an object
observed through the Microscope appears to be more brightly
illuminated than when seen with the naked eye. If we assume
that the angle of aperture 30°, contained in the above table,
corresponds to an objective-amplification of seventeen times,
which agrees with experiment, we obtain, with an eye-piece
amplification of about three times, an image-area which is 502
2,500 times larger than the object, whilst the amount of light
utilized is about 3,500 times greater than in ordinary vision.
The brichtness would accordingly be increased in the ratio of
35 to 25. But the question arises whether a cone of light
with an aperture of this size emerges sufficiently narrow from -
the objective to be received by the pupil of the eye; for it
is evident the above conclusion becomes illusory if that is not
the case. .

For the examination of this question we will construct the path
of rays in the Microscope according to the diagram above explained
(p. 41). Although, owing to want of space, the distances there
given do not coincide with the actual dimensions, the conclusions












DEFINING AND PENETRATING POWEL. 091

1.—DEFINING AND PENETRATING PowER ACCORDING TO THE
EARLIER AUTHORS.

With reference to the optical power of the Microscope, micro-
scopists are accustomed to distinguish two different properties which
are manifest in the testing of the instrument, viz, the so-called
defining power, and the penctrating or differentiating power. By
the defining power of a Microscope is understood the capacity
of exhibiting clearly and distinetly in the image the form and
outlines of the object; and by penetrating power, the capacity of
displaying fine structural details, such as layers of cell-membrane,
the markings of diatoms, &c. This distinetion was first established
by Sir W. Herschel for telescopes, and was applied, later on, by
Goring to the Microscope. Herschel stated that telescopes with
rather large apertures, even if otherwise defectively constructed,
are particularly adapted to render visible obscure nebule and con-
stellations, which cannot be distinguished with smaller instruments
of the best kind ; on the other hand, the latter will show closely
adjacent bright points separated from each other, which would
appear in the former as if forming a single point.

The penetrating power, or piercing power, is accordingly depen-
dent upon the size of the aperture ; the defining power, or outline
power, upon the accuracy of construction of the instrument, 7.c.,
upon the correction of the aberrations. It isalso evident that every
optical instrument, as well as the naked eye, gives sharper images
the nearer the foci of the different-coloured and differently-inclined
rays on the retina; and that, on the other hand, slight differences
in the luminous power of dim object-points are more apparent the
areater the quantity of light reaching the retina from such points.
Hence animals with large pupils see at night more distinctly than
man, and obscure objects are rendered more distinet to the human
eye in proportion to the enlargement of the pupil.

The distinction between defining and penetrating power, which
Herschel established for the telescope, is therefore fully confirmed
for every optical apparatus, the naked eye not excepted; but it
must not be forgotten that the penetrating power varies propor-
tionally to the aperture of the pencil of rays issuing from the object
and reaching the eye, not with that of the refracting apparatus. It
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IMPORTANCE OF THE ANGLE OF APERTURE, 05

refer once more to the construction of the path of the rays in Fig.
49 If ¢ o § is the pencil proceeding from the object, then its
marginal rays, and consequently all the others, meet the peripheral
portion of the objective, and the centre of the objective receives
nothing. If we turn the figure round, and regard so ¢ as the
pencil coming from the object, all inclinations from 0° to 15°
are represented; it will therefore occupy half the aperture of
the objective. If, then, an objective with a large angle of
.aperture is less aplanatic for central rays up to 15°, and up-
wards, than for outer rays of 45°—60°, which is actually the
case, then the inclination of the incident pencil essentially in-
fluences the clearness of the image; and if, in practice, the
optician can eliminate the aberrations of pencils incident obliquely,
which meet only the margin of the objective more easily than
the direct ones, then a large angular aperture is of decided
advantage.

There is, however, as has been shown by Abbe, a second con-
sideration of far greater weight and more important signification,
in respect to which the magnitude of the angle of aperture
exercises an influence which may be mathematically proved and
experimentally fixed. The point in question has not only
reference to a corrective against accidental incompleteness of
construction, but also to a specific function of the angular aperture
in relation to the rays deflected in the object-plane, and inter-
fering in the upper focal plane, or in its neighbourhood, which
may be proved by the fact that they alone show in the micro-
scopic image the fine structure of the object, such as the strice of
diatoms, &e.

The theory of this image-formation by interference will be
subsequently explained when treating of the optical action of
objects. We will here limit ourselves to the elucidation of a few
facts which prove beyond doubt the signification of the angle of
aperture for the delineation of fine structure. The facts ave the
results of carveful comparisons instituted by Abbe with a series of
objectives, as perfect as possible, of different focal lengths and
angles of aperture, testing their capacity by various kinds of test
objects, among which were coarse and fine powders, and also fine
systems of lines ruled in extremely thin layers of silver. He
thereby proved :—

(1.) As long as the frge aperture of the objective remains so
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the power of differentiation or resolution, in accordance with the
literal meaning of those terms. On the other hand, however, the
facts above mentioned prove just as clearly that the dioptric
reunion in one image-surface of the pencils issuing from the object
does not explain the delineation of very fine structures, but that
considerations external to the Microscope must necessarily be taken
into account.

As already pointed out, it is the diffraction (or an equivalent
deviation due to refraction or reflexion) of light in the object
which produces the image-forming rays of the fine structural
details. These diffracted rays produce well-defined diffraction or
interference images in the upper focal plane of the objective
where they interfere, and remain in the microscopic image, and
therefore take part also in the final virtual image. :

[f we shut out these interference images by diaphragms, or if
the angular aperture of the objective is too small to admit at
least the first pencil of rays produced by diffraction, as well as
the undiffracted light, the corresponding details disappear in the
microscopic image,—a valve of Pleurosigma shows neither squares
nor lines, and fine rulings upon glass appear as a homogeneous
surface.

The signification of the angle of aperture consists, therefore, in
the fact that it renders possible the production of the interference
mmage, in which alone the finer structures are included.?

' Our former discussions on this point were not exactly based, as Harting
asserts (* Mikr.” 2nd ed. i. p. 278), upon the theory of illumination, differing
somewhat from his own, but entirely upon the supposition, generally recognized
up to that time, that the Microscope image is a dioptric one, So far as this is
the case, the proposition which was then put forward is still correct, viz., that,
disregarding the amount of light and amplification, the Microscope developed
no other power than that which progressed at an equal pace with the elimination
of the two aberrations: and the same may be said in general also of the
conclusions derived therefrom. By the demonstration, however, that the
phenomena of diffraction play so important a part in the formation of the
image, the case has changed essentially in this as in so many allied questions,
and 1t is useless here to repeat the views which, according to the new explana-
tion of the matter, could have only a very secondary practical importance.

On the other hand, it may not be supertluous here to lay stress upon the
fact that hitherto none of the treatises on the Microscope known to us have
scientifically established, even as a fact, the effect produced by the angle of
aperture, much less explained it.

11






RATIO OF APERTURE AND FOCAL LENGTH. 99

side,—the whole middle portion of the aperture is therefore in-
operative. The objective may therefore be free from aberration
in the narrow effective cireumferential zone, a condition which is
easily attainable by mere alteration of the distances of the lenses,
even with construetions in other respects defective, and the two
images coincide ; the action of the objective will therefore, in this
special case, be satisfactory, or possibly very favourable. It only
implies, however, that the angular aperture is large enough to admit
at least two of the pencils contributing to the formation of the
image, one diffracted, and one undiffracted, and that it is pessible
to correct a narrow peripheral zone with sufficient accuracy. The
observer thus determines merely the limaf, not the power, of differ-
entiation for cases which ordinarily occur,

The formation of the image with axial illumination takes place
similarly. In some cases the direct rays pass through the middle
and also very differently situated parts of the objective ; but the
diffracted pencils, which reproduce the details of the object at the
limit of differentiating power, touch the margin of the free aperture,
and produce, therefore, a well-defined diffraction image, so far as
the marginal zone is accurately corrected. If, then, the dioptric
image is very indistine?, and the coincidence of the two images
very inexact, the delineation of fine structures remains, of course,
unaffected, and the superficial student, who attaches undue impor-
tance to this point, would estimate the quality of the objective too
highly.

From these special cases we again arrive at the result, that an
accurate fusion of the interference with the dioptric images, com-
bined with a sufficient sharpness of delineation, is only possible if
the objective is uniformly aplanatic throughout its aperture.

4—RaTio oF APERTURE AND Focarn LewcrTh.

The consideration of the fact that the magnifying power of a
Microscope is dependent on its focal length, whereas the diameter
of the details just perceptible in the microscopic image is solely
dependent on the angle of aperture, leads necessarily to the con-
clusion that both these factors, equally indispensable for the
delineation of small objects, must bear a fixed arithmetical ratio if

H 2






RATIO OF APERTURE AND FOCAL LENGTH, 101

recognition of the details, a fawltless magnification of 400, and for
convenient observation, one of 600—700 diameters. The errors of
workmanship of the instrument raise these figures somewhat
higher, probably to 500 and 800. The simple perception of
the image takes place, then, with an eye-piece amplification of
=4
about 4. The amplification by the objective is still -‘3—2—0=125;
for its focal length, we get from the formula
Pl ok a0 e
M 1P

Should a somewhat higher eye-piece amplification be admissible,
say five linear, then the magnifying power of the objective = 100,
and its focal length 19 mm. In both cases the further surface-
extension of the image, for convenient observation, may be effected
by means of deep eye-pieces.

Similarly, for an immersion objective, whose angle of aperture
= 180° in air, we get half a wave-length, or 28 mic., for the
absolute limit of differentiation. The magnification required for
accurate delineation of such details is in round numbers 430, and,
in consequence of the unavoidable errors of construction in the
present state of workmanship, this may be increased to 600 or 700,
With an eye-piece amplification of four linear, we get for the
objective a magnifying power m = 150 to 175, from which J can
be estimated, according to the suppositions above given, at the
still considerahle magnitude of 126 to 1:09 mm. If, then, the
combined amplification were 800, which is certainly sufficient, the
focal length would still not be perceptibly less than 1 mm. We
conclude that objectives of " &c., can possess no advantage
beyond the very doubtful one of useless amplification. Conse-
quently, we shall not be wrong in estimating all amplifications
exceeding 1,500 to 2,000 as valueless for scientific purposes,

= 15 mm.

di‘mencru perceptibly greater (often as much as 150 mie.) is usually necessary
with dioptric or interference images. In many cases an amplification at least

twice as great is required for convenient observation; this would therefore
amount to 1,000, 2
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ILLUMINATION BY TRANSMITTED LIGHT. 107

graphic works should still refer to parallel or divergent light, ‘tn.rhich
is to be applied, according to circumstances, for the 1111.1111.1111511:1::-11. of
the field of view (7., probably its surface-elements). The licht which
illuminates a given point of the field of view is always convergent,
i.c., the rays proceeding from the mirror intersect in that point,
and diverge from it towards the objective. The converse supposi-
tion hardly merits confuting.

Secondly, as regards the different lenses or systems of %enaea
usually inserted in the path of the incident light, it may readily be
shown that, like the form and
position of the mirror, they i
exercise influence only in cer-
tain cases, while on the other
hand they are inoperative in
all cases where the mirror and
the source of light may be
regarded as unlimited. Tf p
(Fig. 45) is a surface-element
of the field of view,and a b
the diaphragm determining the
aperture of the incident cone
of light, then the first refract-
ing or reflecting surface below
the diaphragm acts as an un-
limited source of light. For
every point of it receives rays
from all directions which come
into account, and consequently emits rays in all corresponding
directions. It is quite immaterial whether the pencils reach the
surface directly or after various refractions or reflexions, for the
difference of direction in the incident rays does not come into
consideration, the real source of light being unlimited. We can,
moreover, regard any plane below the diaphragm (the diaphragm
itself included) as an illuminating surface, whether a deviation
caused by refraction or reflexion takes place in it, or not. If,
therefore, we place our illuminating surface temporarily in the
plane of the diaphragm, every point of the latter acts as a self-
luminous point, and the illuminating lenses L Z and R R can
clearly have no other action than that of causing the rays, which
serve to illuminate the point p, to undergo several deviations on

Fic. 45.
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differently-coloured rays would proceed from nearly equally bright
points of the source of light (eg., a bright sky), and therefore,
produced backwards, meet it,—under these circumstances an
achromatic system would be preferable. Since, however, such
restrictions seldom occur in practice when the instrument is
provided with a concave mirror, and may certainly be avoided in
most cases, the manufacture of achromatic illuminating devices
appears to be unnecessary.

From what has been pointed out, the different illuminating
devices are therefore effective in two directions only: they give
to the cone of light, which illuminates the field of view, an equal
intensity throughout, and, in the second place, extend its angular
aperture. The statements with regard to any other influence they
possess are purely imaginary; there is no foundation for such
assertions as, for instance, that they cause the disappearance of
the interference lines at the edge of the objeet, and resolve finer
details better in proportion to their freedom from aberration, &e.
With the same diaphragm and equal focal length, an ordinary
condensing lens is just as effective as the most complex system of
lenses, provided the diameters of the refracting surfaces and of
the mirror correspond, for all colours, to the size of the dia-
phragm. On this assumption the angle of aperture of the
mcident cone will be the greater, the nearer the diaphragm to
the object-plane. It is quite immaterial whether the focal point
of the illuminating apparatus lies in the object-plane or not;:
its position is practically important only when, on close approxi-
mation to the objective, the marginal rays, produced backwards,
no longer meet the mirror surface, and consequently the maxi-
mum of brightness is nearly reached when the image formed of
distant objects by the illuminating apparatus appears in the field
of view.

If the illuminating apparatus is to satisfy all requirements, it
must also be provided with means, besides the diaphragm, applied
above the last refracting surface, to shut out any desired portion
of the cone. Many ohjects appear with the greatest distinctness if
the central rays are cut off, whilst others appear more distinct if
illuminated by oblique light incident on one side only. To facilitate
the illumination, in addition to the usual graduated series of
diaphragms, central stops are needed, which may be conveniently
applied on a disc rotating over the diaphragm. It is advisable, on
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It is now clear why for the production of the different kinds of
illumination we need only a sliding diaphragm of suitable aperture,
placed in the axis for central illumination, and more or less
laterally for oblique illumination. The cirecular movement in
Abbe’s apparatus is effected by a rack and pinion; for general
work, however, this mechanism is unnecessary, as the movement
of the diaphragm can be effected sufficiently well by the hand.
For further information we must refer our readers to Abbe’s paper
(quoted above), and will only add that the apparatus is manu-
factured by Carl Zeiss, of Jena.

2. —ILLUMINATION BY REFLECTED LIGHT.

The illumination of opaque objects has the advantage, that micro-
scopic observation thus approximates to vision with the naked eye,
for the final image on the retinais produced in both cases by rays
which are reflected by the surface of the object. They are not,
however, strictly identical ; in microscopie vision, in consequence of
the greater aperture of the effective cone of light from the object,
the light and shadow are always distributed, ceteris paribus, some-
what differently. With this difference in the angle of aperture is
also connected the difficulty of providing an incident cone corre-
sponding with every cone that
reaches the objective from the
object-point, t.e., of so regula-
ting the illumination, that if
the pencils are produced back-
wards, every ray meets the
source of light. If, for instance,
A B (Fig. 48) is the upper
surface of a body with hemi-
spherical prominences, and ¢ /, 4SS :
thg e:ﬂ"ective portion of th_e Fe 4o
objective, the cone g A p is
reflected at p, so that its marginal rays take the directions
pkand pl. With the dimensions given in the Fig., these rays
Just touch on one side the surface of the objeet, and on the
other the margin of the objective, and thus reach the unlimited
source of light, the bright sky, through the window of the labora-
tory. Every obstruction to the incidence of the light may be
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diameter. And it follows, moreover, that an equivalent concave
mirror, or a Selligue prism (a rectangular prism, in which the two
surfaces of the right angle are convex) would yield the same results
as a condensing lens; still, the latter would, in most cases, be more
convenient.

The above-mentioned disadvantage, viz., that with this kind of
illumination the greater part of the object is within the shadow, may,
to a certain extent, be eliminated. For, since the distribution of
light and shadow in the microscopic image depends entirely upon
the position and aperture of the incident cone of light (assuming
the objective-system to be given), it is possible, by skilful applica-
tion of reflecting surfaces, to illuminate a larger portion of the
object. If, for instance, the window of the laboratory, or the
illuminating-lens, is the (secondary) source of light, an ordinary
mirror, suitably adjusted on the other side of the Microscope, will
duplicate the source of light. A spherical body exhibits a single
excentric spot of light with one-sided illumination, but will now
exhibit two ; and similarly a second symmetrical line is added to
the line of light, which is formed by a metal wire running parallel
to the window. If the Microscope were placed in a semicircle of
mirrors near the window, the effect of light would be approximately
as if 1t were exposed to unrestricted side and top light. A similar
effect, although not perfectly equivalent, would be produced by a
small concave mirror of cylin-
dric or parabolic section, ap-
plied at the end of the objective
so as to focus the image of the
window in the object-plane.
1o increase its utility, we might
give it a suitable curvature in
the direction of the axis, as
exhibited in Fig. 50. The = e
object-point p would thus be Fre. 50.
lluminated as if exposed to
the open sky, except the portion at the apex determined by the
angle g p n.

Such an illuminating apparatus! has not, to our knowledge, been

' The apparatus is known in England as the * Silyer Side-reflector,” or
“ Parabolic Side-reflector,” and is mounted to slide on the front of the ob-
jective, like the Lieberkithn, but with a hinged joint that facilitates the
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ments has, of course, its advantages and disadvantages, and their
relative estimation is, to a great extent, a matter of individual
judgment. Mohl expresses himself decidedly against any move-
ment of the stage, as tending to the development of general
unsteadiness, and because the screw-micrometer, which is in-
dispensable in his opinion, can only be applied efficiently to a
fixed stage. The first reason is at any rate worthy of notice;
the last is less evident on account of the slight use made of the
serew-micrometer. On the other hand, with the fixed body-tube
is combined the advantage that the head can always be kept at
the same height when different objectives are employed, while in
the opposite case its position depends upon the magnifying power.
The differences of height which the focusing involves are incon-
venient only with the low-power objectives, and may be overcome
by suitable shortening of the body-tube. The more important
Teasons are therefore in favour of the perfect immovability of
the stage in the direction of the optic axis.

The coarse adjustment is effected either by a pinion which
may be applied in different ways, or by sliding the body-tube
in a slightly elastic socket by the hand. The former method is
now employed in most of the larger instruments, the latter in the
majority of small Microscopes, both German and French. The
socket surpasses the pinion in simplicity and smoothness of
motion; but by long use the surfaces of contact become worn,
and dust and oxidation injure them. The tube is therefore apt
to slide either too easily or the reverse, unless its fitting is main-
tained in proper condition. The inconvenience of its sliding by
its own weight can be avoided by slight pressure of the socket.

The principle of lever-movement, which is in most English
instruments employed for different purposes, has been turned to
account in the large Microscopes of Pleessl for the coarse adjust-
ment. The arrangement in question is recommended as “a
substantial and convenient construction.”

The object-stage should be sufficiently large (at least 21 to 3
inches in diameter), plane, and as firm as possible. Projecting
screw-heads, fixed spring-clips, &c., are undesirable ; they interfere
with the application and free movement of large glass plates
in the plane of adjustment. The stage may be circular or
square ; its upper surface may be black or not; the objectionable
glare of light, which is often seen in the Microscope when low
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in two ways: (a) with regard to the aperture of the incident
cone of light, and () with regard to its inclination. A perfect
illuminating apparatus must therefore include means for con-
trolling both these conditions.

In most cases a plane or a concave mirror of ordinary size
satisfies these requirements if it can be brought sufficiently near
to the object, and admits, moreover, of lateral movement. If the
light thus obtained is still too weak, the convergence of the rays
may be increased by condensing lenses. The limitation of the
mcident cones of light is effected in both cases by diaphragms
attached below the object-stage, or sunk in it.

Large Microscopes are generally furnished with plane and con-
cave mirrors in one and the same mounting, which can be moved
in all directions, or at least in the vertical plane. The smaller
instruments usually have a concave mirror only, which revolves
on its own centre, and is at the same time movable in the direction
of the axis; this simplification in the mounting of the mirror
necessitates the use of special means for oblique illumination.
A still greater restriction of the movements of the mirror—as we
find, for instance, in the small drum stands (stands with eylinder-
base)—is, generally speaking, inconvenient.

With reference to the apparatus for the illumination of opaque
objects, we must refer our readers to the statements made above,

Diaphragms—It is obvious that a small diaphragm-aperture,
say ab the distance of a millimetre from the plane of adjustment,
limits the incident cones of light like an aperture of double the
diameter at double the distance, Theoretically it is therefore quite
immaterial in what manner, or even in what plane between mirror
and object, the diaphragms are applied, provided only the size of
the aperture is in the proper ratio to its distance from the object.
In practice, however, the diaphragm-apparatus should be capable
of being easily and conveniently used; it should permit the most
different gradations of the illumination without displacing the
object ; and, moreover, it should completely exclude all extraneous
light reflected by the work-table or stand. For this purpose
revolving dises with a series of apertures were originally applied
below the stage, which were at the same time movable in a vertical
direction. The apertures were so arranged that when the disc
was revolved they coincided successively with the optic axis. An
arrangement of this kind, accurately constructed, answers most
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III
THE STANDS OF MODERN OPTICIANS.

WE now proceed to describe a type-model stand that has met with
much favour among the leading firms of Continental opticians.

Dr. E. Hartnack, of Potsdam, and A. Prazmowski, of Paris
(formerly the firm of Hartnack & Prazmowski, suceessors to
G. Oberheeuser) —The large older
horse-shoe  stand of Oberheuser
(Fig. 51), which these opticians
have retained without essential
alterations, and which many other
opticians have adopted with more
or less modifications, has already
been referred to as an excellent
type-model. It deserves this ap-
pellation, because it combines, as
no other does, the advantages of
the greatest efficiency with sim-
plicity of construetion. The
coarse adjustment is effected by
sliding the tube in the socket,
and the fine adjustment by a
" micrometer-screw, which Traises
and lowers the socket. The stage
revolves, and carries the optical
body round with it ; it is pro-
vided on its under surface with
grooves in which the substage
slides carrying the condenser or
diaphragms; the mirror ismovable
laterally and vertically, one side
being plane, the other concave.
Recently these opticians have
somewhat altered the construc-
tion of this stand, by supplying,
amongst other things, rackwork for the coarse adjustmeqt.

[We have thought it preferable to omit any translation of the
other parts of this chapter, which are descriptive of stands, as the
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in ff. If the cross-bars bd, which with the tube and_cn]umn
form the movable parallelogram, are of gﬂqd construction and
properly fitted, the focusing movement will presumably be very
smooth and free from lateral play! (2) An arrangement of the
stage which will, among other things, admit of extremely oblique
illumination, is very desirable, For this purpose the aperture
of the stage should be bevelled out beneath, otherwise the
obliquity of the rays will be limited by the margin. The substage,
diaphragms, &c., must be removable, as arranged in many of the
larger instruments. With regard to the other appliances which
are mentioned in the catalogues, we fail to find, almost without
exception, any contrivance which, in investigation with polarized
light will allow not only the crossed Nicols, but also the differently-
coloured selenite plates to be fixed, and the object alone rotated on
a vertical axis.? The revolving stage-plate answers this purpose
only when the necessary space for the reception of the selenite
plates is reserved between it and the fixed stage.

- With reference to the adjustment of the mirror, the older
‘arrangements for this purpose are well known. In recent times
Nachet, Zeiss, and others have applied a movement forwards, as
well as from right to left—an improvement which in certain cases
much facilitates oblique illumination.

The stands of German and French opticians have reached such

a degree of perfection that they completely satisfy ordinary
requirements. For unusual investigations, however—for instance,
in physical researches—some additional appliances are sure to be
]JECEESEI.I‘J".

1 The two cross-bars & b, on each side, are attached to the column by two
screws (shown in dotted lines) permitting pivot motion in the vertical,
without lateral play ; the socket of the body-tube (joined to £ f) is held at
the front ends of the cross-bars between the points of four screws (shown in
dotted lines) : the friction is therefore confined to the motion of the cross-bars
between the eight screws (i.e., four on each side). When the focusing-screw
8 is turned, the solid bar f f is pushed upwards, or the spiral spring shown
above it presses it downwards, and the cross-bars assume a diagonal position—
similar to the motion of an ordinary parallel ruler, of which one side is
stationary ; f f therefore moves slightly backwards, from the normal position
. figured, carrying with it the optic axis. This motion of the optic axis presents

difficulties of centering in combination with a rotating stage.—[Ep.]

* This movement is applied to the best English and American stands.—[Ep,]
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ORGANIC TEST-0RJECTS, 133

testing of high-power objectives, have only very recently come
into general use, but they now form the most usual resource of
the optician. Although we do not consider the results obtained
with these test-objects strietly and decisively reliable, yet it
cannot be denied that they furnish an easy mode of approximately
Judging of the performance of a Microscope. A knowledge of
the ordinary test-objects is therefore always of practical value,
and every microscopist may be recommended to take note of the
sharpness and clearness of the images produced of them in a good
instrument with a definite amplification. We therefore subjoin
a brief list of the butterfly-scales and diatom-valves which may
be advantageously used as test-objects, with a short description
of the more important.

With regard to the scales of butterflies, they usually show
distinet longitudinal strice (which run parallel to each other,
or somewhat diverging from the base of the scale to its upper
edge), with less distinet ¢ransverse strice, which cross the others at
right angles and come into view with somewhat lower focal
adjustment. The series of markings ought to be seen distinctly
with the amplifications indieated.

L. Lepisme, saccharinum—Longitudinal striee of the larger
scales, distinet with an amplification of 40, of the smaller with
100—150. The larger scales are wedge-shaped, the smaller ones
rounder, with paler and closer markings,

2. Hipparclia Janira.—(a) Scales from the wings of the female.
—Longitudinal strize, acecording to Schacht, visible with a power
of 80, transverse strie by oblique illumination with Hartnack’s
No. 5, Bénéche’s No. 7, and Zeiss's C objectives, that is, with a
power of 120—250. With higher powers the transverse strie
should be clearly seen, even with direct (axial) licht, as sharp lines
(not knotted or broken). The long transparent scales are always
more difficult than the darker coloured ones, (b) Seales of the
upper side of the wings of the male—Longitudinal strize, according
to Mohl, visible only with the highest objectives of Amici and
with oblique illumination. There is no trace of transverse strie,
which, without doubt, are also present.

5. Lycana Argus—Scales of the upper surface of the fore-wing.—
(2) Those which by reflected light appear blue, and by transmitted
light yellow. TLongitudinal striw visible with lower powers (50—
80 linear), transverse strize only with about 300. Deservi ng especial
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come into view successively. The higher powers, whi‘ch give. an
amplification of 500—600 linear, exhibit the three series of Ill}es
simultaneously with direct (axial) light, and resolve them with
oblique illumination into bright points, which are arrmlge.d N TOWS
in the three directions. With the best objectives it is possible to see
these bricht points resolved as somewhat irregular hexagons, the
two longest sides of which are parallel to the median-line (Fig. 85).
The dark lines, which with lower power appear perfectly straight,
ave therefore in reality zig-zag lines, and the two oblique series
consist, as shown in the ficure, of elements running alternately
lengthwise and obliquely, whilst the transverse lines are formed
only by the latter. Since the elements
ranning lengthwise are throughout
coarser than the obliqgue ones, the
areater clearness of the oblique series
of markings is accounted for, Their
apparent difference of level is due
merely to an optical effect, which is
explained by the unequal position of the
oblique strize in relation to the incident
light',—hence one and the same series of striee, with a given
position of the midrib, appears to lie decidedly higher, but when
rotated about 90°, just as decidedly lower.

This excellent test-object, and the others we have deseribed, can
be obtained from Bourgogne, of Paris, and Meller, of Wedel
(Holstein), and also from most of the opticians. The specimens
are generally mounted in balsam, and are so numerous that one
suitable for observation may be quickly found. The larger ones
exhibit, as might be expected, somewhat more distinet markings
than the smaller ones. The microscopist ought, however, to be
satisfied if the Microscope resolves the largest and finest speci-
mens m the manner above described.

6. Plewrosigma  attenuatum—With strong longitudinal strize
parallel to the midrib, and fine transverse strie at right angles,

F16. 83.

according to the power of the objectives ; objectives with a foeal length of 4 to
& mm. should show the markings with favourable eye-piece amplification.

' For, since the coarser elements, situated lengthwise, belong to the two
oblique systems of markings, and therefore act similarly in every position
towards the incident light, the difference in the effect can arise unl;r:' from the
obliquely-situated elements.
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lines ought to be resolved into small apparently hexagonal spaces
(Fig. 86). This appearance is stated by Flegel® to be incorrect, on
account of the interference phenomena.

10. Nitzsehia sigmotdea.~—This long and narrow valve shows
fine close transverse striee, which, according to Schacht, were first
resolved by Hartnack’s No. 10 immersion with oblique light—
they are, however, visible with the same illumination with the
corresponding objectives of Bénéche and Zeiss. These conclusions
of Schacht refer to dry specimens, which, it is well known, are
less difficult than those mounted in balsam.

11. Grammatoplora subtilissime (Fig. 87, 7).—Marginal portion
« with extremely fine and close transverse :
strize (Fig. 87, 2), which are resolved (if
the preparation is in balsam) only by
very cood objectives. With Hartnack's
No. 9 immersion we can scarcely see any
indication of this striation. The most
powerful immersion objectives of recent
construction resolve these striie distinetly,
and also exhibit isolated traces of oblique
series of striee, as in Plewrosigme angulatwm and in the larger
Grramanatophore,

12. Nawvicule vhomboides—With longitudinal and transverse
strie, the former more distinet and not very difficult, the latter
exceedingly sharp and fine. Was used as N. affinis, as a test-
object (balsam mounted) at the London International Exhibition
{1862).

In addition to the precedmg test-objects several others have
been recently proposed which may be of service:; for instance,
different species of Nawicula, Coseinodiscus, Frustulia sazonica,
Hyalodiscus subtilis, and others, on several of which a striation as
fine as 4 to 5 lines in a micromillimetre should be seen; Our list
1s, however, sufficiently complete, and we are not inclined to
attribute importance to the discovery of new test-objects with our
present knowledge of practical Optics. We would advise the micro-
scopist to select three or four, and to note most carefully their
appearance under different Microscopes. This will always be of
more advantage to him in testing an unknown instrument, than
the simple fact of whether it resolves a particular test-object.or not.

Fic. 87.

' ¢ Botanische Zeitung,” 1869, p. 757.
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RELATIVE POWER OF DISCRIMINATION. 145

As regards the chromatic aberration of the eye—which reaches
a very marked amount, occasioning principally the phenomena
of irradiation—it is conceivable, that it could be eliminated by
a rather over-corrected Microscope, and thus an increase of
discriminating power could be obtained. This explanation is
certainly applicable to Bénéche’s No. 4 objective, which is never
capable of compensating in the whole middle part of the field
of view the opposite chromatic aberration of the eye, although
distinctly over-corrected. We will discuss later on the testing
of such phenomena, noting the simple fact here, in order to
establish without doubt the correctness of the explanation for
at least one definite case.

The diagram shows, secondly, that the relative optical power of
Microscopes decreases considerably in proportion to the higher
and highest amplifications, since the corresponding curves ap-
proach the abscissa-axis rather rapidly towards the right, in the
most unfavourable cases sinking to even less than half their
height. We might hence conclude, that practical constructions are
still far from the limit of the attainable; and so far as regards
the perfection of the dioptric image merely, this conclusion would
be wholly justified. As, however, at the limit of the discri-
minating power the interference image is exclusively operative,
the minuteness of the details depending chiefly upon the extent
of the angular aperture, the case is essentially altered. The angle
of aperture of the highest objectives, having 180° in air, has
already reached the limit which is in general attainable, and
the power of discrimination determined by it is raised to about
that amount which for physical reasons it is impossible to exceed.!
On the other hand, there is still required a greater uniformity
of correction in the different zones of the objective, as well as
more harmony in the combined action of the various factors
which determine the optical power of a system,—at all times a
very desirable aim, and by no means yet attained in practice,

For the medium amplifications, 300—400, the obhjectives of
the various opticians we have mentioned are nearly equal with
regard to the power of discrimination, while with the low-power
objectives not unimportant differences appear. The explanation
of these differences lies not so much in the impossibility of
cancelling them, as in the absence of a desire to do so, because

' Cf. upon this point our chapter on the Theory of Microscopie Observation,
L
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TESTING THE SPHERICAL ABERRATION, 149

recommended. According to Abbe, this object may be advan-
tageously used even with the highest powers, if fragments of
delicate specimens are selected, and if the eye is directed
specially to note the appearance of the image near the margin.
For testing the highest dry objectives, coarser specimens of the
same object, also in fragments, may be used, although the
markings are rather too fine for an angular aperture of, say, 100"

With regard to the method of illumination to be employed in
the testing, Abbe recommends principally two fixed positions of
the mirror. First, that it should be placed vertically to a series
of lines on the object, so that one edge is approximately in
the axis of the Mieroscope; the direct rays thus formn a slightly
inclined cone of light, which grazes the centre of the objective,
and consequently occupies the intermediate portion of the
aperture ; the diffracted rays, however, pass through the opposite
marginal zone of the objective, and produce with the dirvect
rays a structure-image dependent on this zone. Secondly, to
move it laterally to produce the most oblique illumination.
In this case the two cones of light change places; the direct
one passes through the periphery, and the diffracted one through
the centre of the objective. .

With an accurately constructed objective, the contour-image,
in both eases, should not only appear equally sharp through-
out, but should coincide with the structure-image, without
difference of level and without lateral displacement. If an
objective fulfils these requirements, at least in the centre of
the field of view, it may be depended upon for produecing
accurate images. An intermediate position of the mirror would
furnish additional proof that the different zones co-operate
simultaneously in the production of the images.

I1.
TESTING THE SPHERICAL ABERRATION.

HaviNg explained the methods of testing the optical power of
the Microscope in general, we purpose examining the different
elements or factors which determine that power. Among these
factors, according to our experience, spherical aberration is the
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ones up to a certain distance from the margin, from which point,
also, the aberrant rays eut the surface of projection of the image,
The observer, therefore, looking through the eye-piece at the
image formed by the objective (the plane of the diaphragm
representing the image-plane), perceives, outside the margins «’
and & of the illuminated image-surface, a glimmer or fog due
to the rays affected with aberration.

The testing of the aberration can therefore be simply effected
by viewing under the Microscope a small Iuminous surface, or a
real or virtual image which acts as such a surface, taking care
that no light reaches the eye from the surrounding part. The
fainter, therefore, the glimmer or fog surrounding the microscopic
image, the more perfect is the correction of the aberration.

We know of no better object than that which was employed
in principle by Mohl, and later also by Harting. A glass slide
is coated with an opaque layer of Chinese ink, in which fine
points or lines to admit light are made with the point of a
needle ; or the layer of ink is allowed to dry, and a number of
fine, sharply bordered eracks will be formed, which are preferable
for testing to the artificial ones. Better still, but not so easily
made, are the small silvered glass dises (as employed by Abbe),
upon which bands of coarse and fine lines are ruled. Opaque
and transparent parts here lie in’exactly the same plane, and the
different bands afford the necessary gradations for testing the
various objectives.

In practice the condition must be fulfilled, which every test-
object ought in general to satisfy, viz., that the cones of rays
proceeding from the illuminating points, should oceupy the whole
aperture of the objective (a fact which Mohl and Harting have
apparently disregarded). For this purpose the diaphragm must,
with the lower powers, be removed or sufficiently enlarged, and
the mirror must be brought nearer; but with the higher powers
a condensing lens or an objective of suitable focus must be applied
to increase the convergence of the incident rays correspondingly.
If the objective to be tested has, say, an aperture of 60°, the
illuminating cone incident upon the glass slide should have an
aperture at least as large.

The other objects which have been recommended by micro-
scopists—for instance, the minute images of window-frames
formed by an air-bubble or a mercury-globule (on a dark ground)—
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TESTING THE SPHERICAL ABERRATION, 1 B

that the bluish fog, with lower adjustment, extends further, but
with higher adjustment immediately disappears, so that the miero-
scopic lmage appears as a sharply bounded circle of light with
greenish-yellow border. Under-correction is characterized by the
same contrasts in an opposite sequence.

(5.) The aberration of the central rays can only be more accu-
rately ascertained, if the effect of light thereby occasioned is
apparent—a case which, according to our experience, hardly ever
oceurs,

(6.) If the phenomena mentioned in (4) are undecided (the bluish
fog, for instance, remaining perceptible for a short time both with
higher and with lower adjustment), then both kinds of aberration
are present in the peripheral part of the cone, perhaps in con-
sequence of an Inaceurate curvature of the refracting surfaces.

An accurate and practically valuable process of testing has
recently been expounded by Abbe! It is intended to exhibit the
combined action of all the zones of the aperture of the objective in
the centre and margin of the field of view, and at the same time
to enable the respective images to be clearly distingnished. For
this purpose the illumination is regulated by suitable diaphragms
having several circular apertures (most conveniently with the
apparatus described above on page 110), so that two or three
isolated pencils simultaneously traverse the objective in the same
number of correspondingly situated zones. For instance, if the
objective has an aperture of 6 mm. the track of one of these
pencils of light would appear as a bright circular disc of 1 mm. in
diameter in the posterior focal plane, near the
centre (Fig. 92, middle circle); a second track
would be situated on the left, from 1—2 mm. from
the centre ; the third would be on the right, near
the margin. This device shows the sensitive
course of the rays, in which all faults of correction
are most active. If the Microscope be focused Fre. 92,
on one of the test-plates mentioned on p. 151, in which transparent
and opaque lines lie in the same plane, each pencil of light from
one of the bands of lines occupying the field of view forms its own
image, and the three partial images at a certain point of focal
adjustment coalesce and form one colourless and sharply outlined
image only when the objective is perfect. In every other case a

1 ¢ Archiv fiir mik. Anat.” Bd. ix. 434.
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of light is formed by a corresponding but opposite sector of the
objective, and consequently shows also traces of the aberration
peculiar to the latter. If the objective is under-corrected—that is,
if the violet rays (v) are more strongly refracted than the red (3)—
the circle of light has a blue border, and in the case of over-
correction a red one, as shown by the construetion.

A precisely analogous proof may be given, that if the Microscope
is focused to the lower plane M’ N, the opposite colours will
appear ; a red border indicating under-correction, a blue one, over-
correction, '

This method of testing is very simple, and it is theoretically
accurate. The former method appears to give more definite results
where minute traces of aberration are under consideration. To
avoid the somewhat delicate operation of covering up portions of
the lenses, a minute aperture in an opaque ground may be adjusted
in the centre of the field of wview; the mirror is then moved
laterally out of the axis of the Microscope ; the incident cone will
then meet only that half of the objective which is opposed to the
IMirTor. .

In order to test severely, not merely the halves of the objective,
but several of its concentric zones, either singly or variously com-
bined, Abbe’s method, mentioned above, 13 most efficient. A dia-
phragm having two separate apertures is adjusted so that one of
the effective pencils of light in the posterior focal plane of the
objective passes centrally through the opening, while the other
touches its margin (cf. Fig. 92, right half). The examination of the
zones which lie between the centre and the margin is effected by
moving the diaphragm from right to left. This methed has the
additional advantage, that the phenomena of interference produced
by small diaphragms are totally eliminated.

If we test various Microscopes by the method just deseribed,
we shall discover a decided under- or over-correction in the
majority. Objectives which are achromatic for red and violet rays,
and which therefore exhibit the colours of the secondary spectrum
only, are, aceording to our experience, somewhat uncommon. In
many Microscopes the coloured borders appear far more intense
near the margin of the field of view than in the centre; examples
are found where the aberration observed in one part of the field
changes to the opposite aberration on viewing a more central part
or the other side of the field, This obtains in a marked degree in
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Béneche’s Nos. 7 and 9 objectives. Others are achromatic for
the marginal parts of the field, though under-corrected for the
central.

We have tacitly assumed that the coloured borders, which arise
from the chromatic aberration of the objective, are seen by the
eye unaltered. This supposition was admissible for a preliminary
consideration where the question was chiefly relating to qualitative
and not quantitative differences in the phenomena ; but it is not,
however, in any case strictly accurate, inasmuch as the refractions
in the eye-piece, and in the eye of the observer, are accompanied
by colour-dispersion. These points merit an exhaustive discussion.

As regards the eye-piece, it is a widely-spread error, which
has become stereotyped in micrographic works and text-hooks of
Physies, that the combined action of the field-lens and eye-lens
compensates, to some extent, the defective achromatism of the
objective. According to the usual representation we are directed
to construct, by means of the rays of direction, the red and violet
image produced by the objective, as well as the corresponding
mmages produced by the field-lens and eye-lens (i.c., of the rays
which pass through the optical centre of the lenses), in which case
1t is, of course, always possible to give to the eye-lens such a posi-
tion that the final virtual images are seen almost at the same
angle, and must therefore coincide, This theory of the Campani
eye-piece, as developed, for instance, in Mueller - Pouillet’s
“ Physik,” Harting's “Das Mikroskop,” &e., is entirely erroneous,
as will now be shown, The conclusions are accurate, but the hypo-
theses are wrong. !

It has already been shown that the real image formed by the
field-lens appears under altogether peculiar conditions, in con-
sequence of which its econstruction cannot be found by simple
drawing of the rays of direction. This obtains likewise for the
virtual image of the eye-lens. Each point of these images is
formed by a surface-element of the lens, different from the adja-
cent one. The further the image-point is from the centre of the
field, the more remote also from the centre of the lens is the
active part of the refracting surface. Moreover, the incident cones
of light are so reduced where they meet the lens that they are
hardly 1 mm. in diameter, and are therefore refracted almost as
simple rays,

Having established the actual relations, which are ignored ir

M
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marginal points of the object. Since the refmctinns which they
undergo are, of course, symmetrical also, it would have been
sufficient to have made the construction on the one side and to
have added the image-points to the other at equal distances. For
more convenient comparison, two opposite cases have been placed
side by side ; on the left the path of the rays when the objective
1s chromatically over-corrected, and on the right when under-cor-
rected to the same extent. The apices of the violet cones of rays
are denoted on both sides by v, and those of the red by ;
similarly, the corresponding points of the real image by +" and #"

It is now clear that the red pencils of light undergo, in the
field-lens, the same deviation on both sides, as they meet it also
at the same angle ; this obtains also with the violet pencils, The
focal points ¢ and p of similarly indicated pencils therefore, of
necessity, lie in the axis. With regard to the position of the
real image-point v and #', it is clear that on the left 7/, and on the
right ', is nearer to the field-lens than the similarly indicated
image-point of the other side. The distance in the direction of
the axis is, however, necessarily less than that of the two +’s or of
the two v’s in our figure, therefore less than 65 mm. Similarly,
it is clear that, with equal distance of the virtual objects v and 7,
the violet image +" will be at somewhat less distance from the
field-lens than the red one #". The real images on both sides must
therefore be situated as represented in the figure.

The refraction in the eye-lens, as was above pointed out (Fig. 61
and the preceding), is dependent on its position. If the centre of
curvature of the refracting spherical surfaces lies between the focal
points o and p, the first refraction of hoth pencils takes place in
the opposite direction, and a relation may be produced, which will
lessen its divergence to any degree, or perfect parallelism may
possibly be effected ; the refraction in the opposite direction is not,
however, an indispensable condition. The fact that the red rays
meet the eye-lens at a greater distance from the centre than the
blue rays, and are therefore also more strongly refracted on account
of spherical aberration, is quite enough to cancel these differences
of inclination, and might even reverse their direction. If we con-
sider that the differences in deviation due to this are the more
important the further the eye-lens is removed from the field-lens,
1t becomes intelligible that a gradual increase of this distance will
at last bring the axes of the emergent pencils to convergence. In
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achromatism, and to this extent the traditional method of explana-
tion is well grounded. Yet it does not by any means follow that
an under-corrected objective-image will receive a red or orange-
coloured border by the dispersion in the eye-piece. For since the
mmage-points »* and +" are the apices of the emergent cones of
light, and therefore approach each other to a certain extent on
approximation or withdrawal of the eye-lens (while the distances
remain constant), it is always possible to give them such a position
that they will coincide for the observing eye. In this case, how-
ever, the resulting image appears either perfectly colofirless or
bordered only by colours of the secondary spectrum.

The elimination of the blue or red coloured borders does not
therefore afford any criterion of true achromatism ; it is equally
possible with under-corrected and achromatic objectives, as with
over-corrected ones,—and so far the usual method of explanation
1s inaccurate.!

This explanation becomes quite untenable when the real Image
1s formed by an excentrie part of the objective-system, e.g., by one
half, which oceurs most frequently in microscopical examinations.
The defect of achromatism must therefore manifest itself, as was
above pointed out, in the displacement of the different colours
laterally, so that on the one side red, and on the other violet, pre-
ponderates. It is evident that under such circumstances a correc-
tion of the objective-image by means of the eye-piece is impossible,
The coloured borders may certainly be somewhat modified, but
never eliminated on both sides simultaneously.

The chromatic aberration of the objective cannot, as a rule, be
eliminated by means of the opposite aberration of the eye-piece,
except in certain particular cases. This is also unconditionally
true with regard to spherical aberration. For since the meident
cones of light in the eye-piece generally meet less than a square
millimetre of the refracting surfaces, it can hardly be assumed
—indeed it is almost 1mpossible—that, with proportionally weak
curvatures, considerable aberration, capable of elimination, could

still be present, or that aberration already present could he
compensated.

! The absence of the coloured borders shows only, aceording to what has been
stated, that the field-lens and eye-lens form, in the effective peripheral zone,
a combination which is aplanatic for red and blue light. The points of con-
vergence of the differently coloured pencils do not here come into account,
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object @ must appear, under the conditions represented in Fig. 96,
bordered on the left by blue, and on the right by red, because the
violet image v of any object-point appears upon the retina more to
the right, and is therefore mentally assigned to an object " situated
more to the left. If, on the other hand, the left half of the pupil
be covered up, the arrangement of the coloured borders is reversed,
as shown in Fig. 97. When, in a dioptric image, the same coloured
borders are present in the same order as in refraction by the eye,
this refraction is further intensified ; while the converse of course
diminishes, and under certain circumstances cancels it. It follows
that the aberration of the eye may, in all cases where lateral dis-
placement of the differently coloured image-points is concerned, be
Just as well attached to an under-corrected as to an over-corrected
objective-image, since the arrangement of the colours varies
according as the right or left half of the objective, or of the eye, is
effective. If, on the other hand, chromatic aberration is due partly
or exclusively to differences of plane of the differently coloured
Images—as, for instance, in the testing of optical power with the
meshwork—it is evident that the eye is capable of lessening or
compensating only the contrary aberrations. This fact may be
worthy of some attention in practical Optics ; it is nof, however,
decisive, because with organic objects the lateral displacements are
the most frequent, and do not admit of elimination, since they take
place in the most different directions.

The most favourable combination for the retinal image must
therefore be a microscopic image free from aberration as the object,
and the usual vision through the central part of the pupil; and
we conclude from these diseussions that the best objective is that
i which the spherical and chromatic aberration is corrected as far
as possible,

Whether the manufacture of achromatic or slightly over-
corrected eye-pieces would compensate for the outlay involved, we
will leave undecided. It is evident that, by the most favourable
combination of the eye-piece, the microscopic image gains only in
certain subordinate points, such as extent of field of view, &e.
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A distortion as in Fig. 23, where the marginal parts appear less
enlarged than those in the centre, may be distinguished thus:
when the two lines are in contact in the centre, the ends of the
straight line s =, which is in the eye-plece getting, are bent
-:mtwmds while the opposite distortion is indicated by the devia-
tion of these ends inwards (Fig. 100). From the curvature of the
straight line m n the curvature of the virtual image which the
eye-lens forms of a flat surface, under the given circumstances,
may be estimated.

The instruments we have examined in the manner indicated
(by Oberhzuser, Hartnack, Bénéche, Merz, and Kellner) showed
but slight distortion of the objective-image, when examined either
with or without the field-lens. In the latter case the final virtual
image was more distorted, because the eye-lens was optically
effective in its whole diameter and with far greater aperture, and
thus the direction of the incident rays was more conducive to this
effect. The same result was also obtained by another method of
testing, in which the eye-piece being removed, the objective-images,
produced with or without the field-lens, were received at the upper
end of the body-tube on a sereen of ground glass.

In order to test the curvatwre of the vmage-surfoce, we examine
fine markings on a plane surface (for instance, the markings pro-
duced by pressing the tip of the finger on a glass slip), and observe
whether all points of the field of view can be clearly seen at the
same time. If we find, as we generally do, that the peripheral
points require a lower focal adjustment than the central ones, then
the image-surface is evidently convex to the upper side. The
curvature is, of course, the greater in proportion to the difference
of plane.

The application of a cover-glass with similar markings on the
diaphragm of the eye-piece, will also exhibit the curvature of the
objective-image according to the same prineiples which determine
the distortion of the image.
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directed towards p do not reach the objective, or are so refracted
that they do not reach the eye-piece ; the field of view consequently
appears dark., (In the figure this case is indicated by the dotted
line & m.) The like result would obtain if a circular dia-
phragm 7, entirely within the illuminating cone, were brought
near to the object p, until its edges touched the bounding surface
of the cone.

The real image is formed between the field-lens and the eye-
lens. From this point the rays again diverge, and are refracted
by the eye-lens, so that they appear to come from a point in
the optic axis, which is at the distance of distinet vision from
the eye. If the eye is adjusted to infinite distance the rays
are parallel to each other and to the axis. Conversely, if a pencil
of parallel rays is incident on the eye-piece in the direction of
the axis, the rays first intersect in p’and then in p, and thence
diverge as a solid cone between p @ and p . A screen placed on
the left of p at right angles to the axis is therefore illuminated to
an extent which is dependent upon the distance from p and the
angle of aperture of the objective. If the screen has the form
of a circular arc described about p, and is divided into degrees, the
angle of aperture may he read off,

If the source of light @, placed at some distance, is regarded
as the object, its objective-image will appear somewhat behind
F'in . Of this image, the field-lens would form a second one
at a”; bub the eye-lens takes up the rays before their union, so
that the actual image is now formed at «”. If the light is
moved from @ to b, the image passes from «” to 3" : it disappears,
however, as soon as the limiting line & p, or the opposite one « p,
is exceeded. The diminution of the image may readily be cal-
culated for given distances and focal lengths. If, for instance, the
distance of the light from the ohjective = 1 metre, and the focal
lengths of the objective, field-lens, and eye-lens respectively, 5, 50,
and 25 mm., and the length of the eye-piece setting 50 mm., we
get, with an ordinary tube-length of about 200 mm., a diminution
of about 800 linear.

On the basis of these theoretical deductions sundry practical
methods of measuring apertures have been devised, of which we
will describe the most simple and efficient.

(L) Lister's Method—The Microscope is placed horizontal, and a
lamp is adjusted at some distance from the objective in a darkened
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This method has the great advantage, that not only is the
aperture of the objective determined (that is, as far as it admits
light), but also the extent of the really effective part, 4.c., the part
which produces images free from aberration. It is, indeed, fre-
quently observed that the images are indistinet and distorted
before they disappear, while they seem otherwise sharply outlined
and in their true shape. These indistinct and distorted images
are, of course, produced by the marginal rays, for which the
objective is no longer sufficiently corrected, and which are therefore
better cut off.

The really effective part of the angle of aperture is consequently
determined by the limits within which the flame appears sharp
and clear.

(8.) Lobinson’s Method.*—A pencil of parallel raysis projected in
the direction of the axis through the eye-piece, and, after the
crossing of the rays in the focal point of the Microscope, is
received on a screen? From the diameter d of the circle of light
which is here formed, and from the distance I of the screen from
the focal point of the Microscope (or the anterior end of it, if

method conld not yield quite similar results to those of Lister, because by the
addition of a magnifying-glass the principal focal point was displaced, is at
any rate inaccurately explained. It is, on the contrary, quite immaterial
whether the images a” and ¥ are viewed with the naked eye, with a magnifying-
glass, or with a second Microscope. Their disappearance in no way depends
upon the additional system of lenses, Nevertheless, a slight difference does
exist, though the cause is not as Harting supposes. “With Lister’s method the
pencils of rays are refracted in the margin of the Microscope so that they eut
the axis in p'; it is only on this condition that the centre of the field of view is
seen illuminated. In Wenham’s method, on the other hand, it is sufficient that
the pencils reach the field-lens after refraction in the objective—a condition
which is still fulfilled if their path is at some distance from the axis. The
angle of aperture is somewhat larger than it would be if the incident cone of
light emanated from the focal point of the objective.

' Fide ** Proceedings of the Royal Irish Academy,” v, (1858), pp. 38—47,
““On a new method of measuring the angular aperture of the objectives of Micro-
scope,”’ by the Rev. T, R. Robinson, D.D., President of the Royal Irish Aecad.,
communicated Jan, 23, 1854 ; partly reprinted in ¢ Quart. Journ. Mier., SouM A
(1854), p. 295.—[Ep,]

* Dr. Robinson stated that for measuring very large apertures he * was
obliged to modify the method by receiving the light on a screen made to travel
in a cylindric surface concentric with the focal point,” which he considered a

d]e:t:ided improvement, Fide * Quart. Journ, Mier, Se.” iii. (1855), p. 164.—
[Ep.]
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the size of the plate is rendered more convenient, and the illu-
mination is stronger.

Whichever method is employed, the determination is but ap-
proximately accurate, and with higher powers the pﬂssible_ error
may attain two degrees. It follows that light and shadow in the
field of view, or on the illuminated sereen, do not appear sharply
defined on account of the various losses which the marginal rays
suffer—in fact, they pass gradually into each other, so that the
limiting points must always be somewhat arbitrarily chosen. This
disadvantage is not practically important, since it is perfectly
immaterial whether the angle of aperture of a Microscope amounts,
for instance, to 70° or only 69°. It is absurd, as Harting justly
remarks, to record the angle of aperture, as many have done, up to
a fraction of a degree. And it is just as absurd as it is unpractical
to manufacture objectives with angles of aperture of 160° and
upwards, if at least 40° to 50° belong to a totally useless peripheral
part of the system, as obtains in certain objectives of English
manufacture.

Finally, we remark, that in those objectives which are provided
with correction-adjustment, for use with immersion, or to com-
pensate for different thicknesses of the cover-glass, the angle of
aperture is necessarily altered if the distance of the lowest lens
from the next one is inereased or diminished, because an alteration
of the focal length of the whole system of lenses is produced
thereby. On the other hand, the influence which the eye-piece
magnification exercises upon the angle of aperture 1s by no means
S0 considerable as would be supposed from the representation of
Harting. The magnification itself does not come into the con-
sideration, but merely the fact that with shorter eye-pieces the
distance of the field-lens from the objective is somewhat greater,
which, as a rule, necessitates also a slight increase of the posterior
focal length of the latter, and consequently a diminution of the
object-distance. The angle of aperture is consequently somewhat
increased ; but it is equally clear that the refractions, which take
place after the formation of the real image, do not alter the angle
of aperture, since the path of the rays in the objective is quite
independent of them. With a given position of the objective-
image it is therefore quite immaterial whether the eye-piece
magnifies five or fifty linear.
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The methods which are employed for the determination of the
magnification, all amount to the same thing, viz., the projecti?n of
the image of an object of known magnitude to the conventional
distance of 25 em,, and the direct comparison of its diameter with
that of the image-forming object. The projection may be made by
means of Scemmerring’s mirror or a reflecting prism in which the
reflecting surface must be situ-

ated so that the second focal r if Kk

point of the Microscope shall E

coincide with the focal point -r"""‘"-'"-*"'"-*--I"iﬁ. ()"
of the rays in the eye of the

observer. Let NV* (Fig. 103) be .

the last refracting surface (the r ¥ i =

plane surface of the eye-lens),
F* the second foeal point, and
s a reflecting surface inelined
45°; the path of the rays will
thus be altered as if the optic
axis (o0 #) of the system were
horizontal, and the focal point
brought to (#)*. The eye must
therefore be placed at this latter point, if the results of the
measurements are to be exact and capable of comparison. Its
position corresponds very nearly to that in which the emergent
pencils form the smallest circle of light on a screen of ground
glass placed at right angles to the axis, Tt 1s, moreover, evident
that the plane upon which the image is projected (P P, Fig.
103) must form a right angle with the direction of the optic
axis as altered by the reflexion,

In selecting an object, it is essential that its margin, or rather
the points whose distance is required, be clearly seen in the image.
A glass micrometer is convenient for this purpose ; but if the lines
appear very indistinet, as generally occurs with the higher magni-
fications, other objects with sharp margins (for instance, air-bubbles,
aglobules of mercury, erystals, &c., whose diameter can be micro-
metrically determined) should be employed. The accuracy of the
determination is dependent in every case upon the exactness of
the divisions of the micrometer.

The measurement of the virtual image on the plane of projection
1 most easily effected by means of drawing-compasses, which can

£
Fie. 103,






FOCAL LENGTH. 1581

view contracted by a small diaphragm) is inversely as the magni-
fication, and the ratio is again proportional. These relations afford
us a means of determining by calculation the values for different
objective-systems in connection with the same eye-piece, if this
value is known for a single one of them. If, for instance, the
numbers of the divisions of a stage-micrometer, which are seen
in the diminished field of view with four different objectives, are
- respectively, 60, 45, 20, and 12, and if the total magnification
m obtained with the first= 50, with the other three it will amount
to 89, 89 and 49 times 50, that is 662, 150, and 250.

It is in many cases advantageous to know not only the magni-
fying power, but also the exact diameter of the field of view. Its
determination is effected - simply by measuring the apparent
diameter on the plane of projection at the distance of distinct
vision, and dividing by the magnification. The measurement may
also be effected directly with a micrometer, which occupies the
whole of the diaphragm in the eye-piece, or which is movable
laterally. .

Similarly, we may require to know the objective-amplifications.
The field-lens is removed from the eye-piece micrometer, which
1s then adjusted until the given objective-image is clearly seen.
As, however, the divisions of the micrometer are at a known
distance, generally ‘1 mm., the diameter of the real image may be
measured thereby. The ratio of the latter to the diameter of the
object evidently gives the objective-amplification.

2.—Focarn LENGTH.

In the determination of the focal length, special attention is
required in the application of the mathematical formulwe given
in the Introduction, in order to obtain a result as accurate as
possible. Since the principal points of the objective-system are
unknown, the direct measurement of the focal lengths or of the

conjugate foci is impossible. The formula L + i* = }
r p

p and p* denote the conjugate foci, and f the principal focus,

cannot be immediately applied. We may assume that we know

the relative magnitude of image and object, and one of the two

foci, provided that it is taken so large that merely an approximate

, in which
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anterior surface upwards, a suitable object (for instance, a
slip of glass blackened over a candle-flame) is adjusted on the
work-table or on the window at a distance of ‘2 to 1 metre or
more. The illuminating mirror, which must be plane, is adjusted
to reflect the image of the object in the optic axis of the
objective to be tested, which consequently forms a small dioptric
image above; the diameter of this image is directly measured
with suitable amplification. The magnitudes D and d are now
known ; the distance p* is then measured with the scale, to which
the distances from the object to the mirror and thence to the
objective must be added. If necessary, a horizontal position can
be given to the Microscope, and the object may be viewed
directly.

If the focal length of one objective has been accurately de-
termined, that of another can be readily found by comparison,

From the formula for the magnification
£

*
m=1— P? we obtainf = — mj';l’ or, if m is regarded as posi-

*
tive, f = -_:;f i that is, the focal lengths are in inverse ratio to

the objective amplifications increased by 1. Since the latter are
proportional to the linear dimensions which the images of a given
object occupy in the eye-piece micrometer, we have only to read
off the divisions from one end to the other, in order to determine
the ratio of the known focal lengths to one or more unknown
which may thence be calculated,

The focal lengths of single lenses may, of course, be determined
similarly. ‘Where, however, the curvatures are very shallow, and
the focal lengths amount to several centimetres, it is generally
sufficient to measure the distance of the image of the sun from

the lens, or one of the simple methods described in the text-books
of Physics may be employed.
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seribed by placing the lens with its anterior surface upon the stage,
and focusing the Microscope successively upon the surfaces. Where
the cell projects so much that it cannot be negleeted, it is deter-
mined subsequently, and subtracted.

From the data which these measurements furnish, the position
of the principal and focal planes can be calculated by simple
addition and subtraction. If we denote by N, N, N, N, N,, N,
the successive surfaces of the three double-lenses; by &,, b1 P
their focal lengths; and ¢ 49 ¢ 4/, ¢” ¢”, their pairs of prinecipal
planes ; and further by (/) the focal lengths of the two posterior
lenses of the system; and by (&), (E)*, (F), (F)* the principal
and focal planes of this system ; similarly, by 7 the focal length
of the whole objective; and by & E*, F F*, its principal and focal
planes; and finally, by &, and d,, in any given combination, the
distance of the corresponding focal points from the anterior and
posterior surfaces: the abscisse of the different principal planes,
reckoned from the front backwards, are given by the following
equations :—

= Ny + ¢ —d, i VhE S OE—
¢ =N, + ¢ —d, v =N + d, — ¢,
¢ =N, + ¢, —d, ¢ =N+ d,— ¢,
&) =N, + () — 4 (£)* = N; + dy — (f)
BeNinf~d, = Fehe -y

and in like manner we obtain
E‘*-E:_N’E-—_N;]+dg+dlh—2f
N,—F =f — (E— D).
The relations, determined at the commencement, between the
cardinal points of two systems intended to be combined, and

those of the resulting systems, serve here as a check. We obtain,
by means of evident substitutions and transpositions,

= by b
(f:) Py + thy — {'f) :
in which Or= =4 = g4 g — ?Ef‘fz;
and similarly, for the whole objective-system,
()
¢y + (f)—1¢’

in which t=(ﬁj_£ﬂ=¢ﬂ+(f}__¢a}f)_
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(column “ Observed ”), which we give for comparison with the
values calculated according to the above formulew.!

Observed. [ Caleulated. |

A 155 15

— 10 376 i-gg

(E)* — (B) 1-33 .
Ny, — (F) 286 2:02
E*—_F 08 57
N 43 45
|

The most striking peculiarity of the objective examined, and to
which we draw special attention, is the fact that the anterior lens
is stronger than the whole system. The equation of condition for
this case is an immediate result from the formula for the combined
focal length, taking

e [ (f)
¢ + () — ¢

and then dividing both sides by ¢,, we obtain

t> ¢,.

Of the medium-power systems we have examined, the No. 9 of
Bénéche is the only one possessing this peculiarity ; neither of the
corresponding objectives of Oberhseuser or Pleessl has it. On the
other hand, it occurs somewhat frequently in low-powers,
especially those composed of two double-lenses separated con-
siderably. 'We observed it, for instance, in the No. 4 of Bénéche,
and the No. 4 of Hartnack. In the No. 9 immersion of Hart-
nack, the anterior lens is also somewhat stronger than the whole
combination ; and this may possibly be the case in the highest

= &

! The differences in this table between the observed and caleulated values
might be explained by the fact that the determination of dy 18 impossible for
the single lenses with sufficient accuracy, on account of the indistinctness of
the image in the corresponding position. Moreover, the supposition of equal
focal lengths in both positions is, strictly speaking, only justifiable for central
rays, and becomes untenable for marginal ones, because the amount of the
spherical aberration, and consequently also the distance of the focus on
reversal of the lenses, is slightly altered. Such an alteration of distance is
noticeable even in deeper lenses as soon as the conjugate foci are in essentially
different ratio. For this reason the values, for instance, of the foeal lengths
found according to different methods, never exactly coincide,






PART I W.

THEORY OF MICROSCOPIC OBSERVATION.

MicroscopIC observation differs in many respects from ordinary
observation with the naked eye. It demands, therefore, long
practice, in order to arrive at that certainty of judgment in regard
to the sensations received from the light which alone assures the
correctness of the observation. To see through the Microseope, and
interpret the form and nature of an ohject in accordance with
what has been thus seen, is an art requiring special training,

Amongst the peculiarities of microscopic vision we may
primarily remark, that the image which we observe does not
exactly correspond to the object itself, but only to a particular
sectional plane to which we happen to adjust the focus. Whatever
lies above or below is indistinct to the eye, or invisible. The
Microscope therefore gives us direct information only of the
dimensional relations of the different sectional planes, but not of
their distances in the direction of the axis of the instrument. The
latter can in many cases be approximately estimated ; for instance,
we may distinguish at once whether a given object is spherieal,
flattened, or compressed at its sides, but a more accurate deter-
mination of its form can only be attained by turning it on its axis
—that is, by the combination of different views.

This is not so in ordinary vision.. A mere glanceis in this case
often sufficient to inform us of the form and grouping of closely
adjacent bodies, because the limits within which the eye sees dis-
tinctly at one view lie somewhat distant from each other. We
therefore see the bodies in their stereometric form, and in their
positions relative to those which are contiguous to them, Whether
we observe with two eyes or one is immaterial, precisely as with
the Microscope.

Secondly, the illumination in microscopic observation is entirely
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If we now suppose a second adjacent ray Z K, which is less
inclined to the perpendicular and which also appears after refraction
to come from the point P, it is evident that at some point it
intersects the first ray, and therefore meets the objective somewhat
nearer the centre. For if we follow the two rays in the opposite
direction, from above downwards, their point of convergence, P,
moves slightly to the left, in consequence of the refraction at the
surface in .J, assumed to be infinitely small, and hence lies in a
different level ; an intersection takes place invariably within the
air-bubble. ~This applies also to each succeeding ray with
reference to the preceding one. The further we proceed in the
emergent cone of light from left to right, the further is the
corresponding incident ray moved from right to left, its in-
clination to the perpendicular becomes gradually less, and then
passes into the opposite inclination, whose maximum also amounts
to 1567,

It is also evident that this maximum deviation must ocecur
before the emergent rays on the right have reached the limit of
307, as the two refractions always cause a deviation to the left.
Calculation shows that in the given case the marginal ray 7°L’ is
inclined, after its passage through the air-bubble, slightly more
than 18° to the left,

These discussions lead first to the conclusion, that all rays of
the incident cone of light! lying in the plane of the paper con-
tribute to the illumination of the point P. Moreover, of the rays
not lying in this plane none are lost. For since, after refraction,
they all appear to proceed from the point P, and furthermore lie
in the same plane with the radius drawn to the point of emergence,
consequently cutting the plane of the paper in the line M W, we
shall exhaust all possible positions thereof, if, while retaining
the point of convergence, all rays between S .J and 8°7" (Fig. 104)
are raised above the plane of the paper, and allowed to diverge so
far upwards and downwards, that the corresponding incident rays
graze the margin of the diaphragm. That the inclination to the
plane of the paper of the rays thus raised can at the most amount
to 15° in the given case, and for the two marginal rays =0, is
evident without further remark., There is, moreover, no difficulty

! The expression cone of light is not to be taken with striet mathematical

accuracy for the incident rays, inasmuch as they have no common point of
convergence,
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isn from ce of the Poi
AEs annnidEl‘lE& tllggﬁendiuu]nr é. In,t?]hr::;?t.ian from tﬁ?e]g:nﬁ-e,
aye 40° to the left 7856 . r
ag° 205190 i 7200 . r
40° aa el o o T004 . r
42° 108408 ... iy 6809 . »
43#“ 0° 6883 . r
45 13° 12" ,, right 7263 . r
47" 36° 32' ,, ¥ ‘9314 , r

Parallel rays, whose angles of incidence vary between 40° and
about 44°, accordingly receive, by the internal reflexion combined
with the refraction at the surface, such a direction that they
all appear to come from points whose distance from the centre
amounts to 68 — *7.», and therefore differs at most by 1; of the
radius. In other words, to an incident pencil of light composed
of parallel rays there corresponds an emergent cone of light, whose
virtual point of convergence O falls somewhat below the plane
of adjustment, though almost on the line which represents the
ray emerging without deviation. At this point, therefore, is con-
centrated for the eye the whole effect of light which the incident
pencil is capable of producing in this way. In addition to this,
every other pencil of rays @« y (Fig. 107), which with equal angles
of incidence deviates by a few degrees to the right or to the left
(drawn on the opposite side in order to avoid confusion), behaves,
with reference to the diameter-plane K L drawn at right angles
to it, in such a manner that the brightness of the point O is
further increased by an infinite number of others, which lie
somewhat higher or lower, and form with it an uninterrupted
line of light.

We thus explain the fact that a small space at a distance of
C'0 = *69.r from the centre, in the middle of the marginal
shadow, appears so luminous, and when viewed from above
appears as a bright ring. It is intelligible also that the breadth
of this ring, at any rate within the usual limits, increases and
decreases with the angles of aperture of the objective and of the
diaphragm, and that a higher or lower focal adjustment must
cause an obliteration of its outline.

Applying the same reasoning to rays that have undergone two
internal reflexions, we can also explain the presence of a less
distinct outer ring. If § T (Fig. 108) is such a ray, which is
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mately the twenty-seventh part of the half-diameter; it appears
most sharply outlined at a somewhat higher level. Its lower
intensity of light is intelligible, partly by the loss caused by the
two reflexions, partly by the narrow limits of the angles of
incidence (about 453°— 47°).

We may hence conclude that further bright rings are formed by
pencils of rays which have undergone internal reflexion three, four,
or more times. It will be suflicient for these cases to collect the
conditions under which the emergent rays show no deviation, and
thence determine the points in which (if produced backwards)
they cut the plane of adjustment. The distances of these points
may be identified with those of the corresponding rings without

further explanation.

- Equations of Condition for Distance of the
No.ofinternal Angle of Angle of
Reflexions. Eﬂ?m{ﬂﬁ'}“m“g without | 7, 0idence a. | Refraction o', Ringgﬂﬁrr:: the
a 4a'-a=270° 47° 23 79° 28 Jang . r
4 5a' —a = 360° 47° 47’ 81° 88’ 7406 . v
] 8a'—a = 450° 48° ga° T4l .
i 7a' —a = H40° 48° 7' 84° §' AT L

It is evident that this series terminates as soon as the angle of
incidence has reached its limiting value, which amounts for water
and air to 48° 29°. The ring corresponding to this limiting ray,
which, however, is no longer perceptible, would be ‘7487 . » from
the centre, that is, approximately, 4 of the half-diameter. Never-
theless, the remaining portion of the margin may still be illuminated
by the internal reflexion. From the table we might rather conclude
that all the rays here under consideration, which do not contribute
to the formation of the rings, are deflected so that they appear to
come from points which lie without the corresponding ring. A
feeble illumination of the margin must therefore result, while the
umbra appears, within the rings, perfectly black.

Since the distances of the rings are dependent upon quantities
which are determined by the index of refraction of the surround-
ing medium, we might infer that liquids of greater density (as
oill, glycerine, &e.) would modify the numerical relations above
given. In oil of refractive index 1'5 we obtain for the innermost
bright ring a distance of ‘5957.» from the centre, which agrees
perfectly with observation. Hence the rings always lie somewhat
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Conversely, therefore, if the movement of the light takes place
from below upwards, the rays of the very oblique cone % /g @ must
unite to form the acute pencil ¢ ¢ p b, and hence illuminate
the point 0. If & f and ¢ g approach nearer to the perpendicular,
which would be equivalent to diminishing the diaphragm, then
a cand b p also approach each other. The pencil of light reach-
ing the objective is thereby weakened, but remains, afterwards
as before, inclined somewhat to the right. This inclination passes
into a contrary one if the air-bubbles are considerably more distant
from each other. The lines of direction d f and e g then approach
more to the horizontal; @ ¢ and b p are consequently removed
further to the left, as would occur if the air-bubble 4 revolved in
the same direction round its axis. The emergent pencil of light
consequently changes its direction to the axis of the Microscope in
accordance with the distance of the two air-bubbles.

Similarly may be demonstrated the strengthening of the other
rings, and the intenser illumination of the margin. We have only
to construct the corresponding cone of light and to trace back-
wards single rays, as shown in Fig. 109, in order to account for the
different phenomena.

If we consider the air-bubble as the refracting apparatus,
without reference to the plane of adjustment, it acts essentially as
a bi-concave lens. Its focal length, £, which is of course negative,

is determined by the formula
s

et = 1)’

in which » is the radius, and n the refractive index of the
surrounding medimm. Since the two prineipal points, as in every
sphere, coincide with the centre, the above expression is also equal
to the distance of the focal point from the centre. In oil with the
refractive index 1'5, 7 is equal to — 7, in water to approximately
— £ », which values are reduced more or less (in water to about
2 .7) through the aberration of the marginal rays!

U An incident cone of light is always refracted by an achromatie system of
lenses as if it were composed of rays of about the mean inclination, i.e., it acts
as a conical shell of small aperture. Hence, it is evident that a cover-glass
upon the object produces an apparent approximation by a definite quantity,
although the mathematical expression for this approximation is dependent upon
the angle of inclination of the rays of light, and therefore yields no fixed value,
A cover-glass of 227 mie. in thickness causes, for instance, with Nos. 7 and 9
objectives of Béndche, an elevation of the object-point of 80 mic., whence the
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HOLLOW SPHERES AND HOLLOW CYLINDERS, 215

it is intelligible that the inner bright line, even with tolerably
high amplifications, will still fall in the marginal shadow of the
hollow space.

To demonstrate the action of the four different systems of rays,
we have represented in Fig. 116 the distribution of light and

2 2. Y

Fic. 116.

shadow for each separate path of the rays where £ =27 No.1
shows the image of the twice-refracted rays which traverse the walls
in a straight line; No. 2 represents the outer bright lines which
proceed from the rays which are twice refracted and once retlected
at the inner surface of the wall ; No. 3, the fine inner lines which
correspond to the rays which have entered the cavity and been
reflected once at the inner surface of the wall ; finally, No. 4 repre-
sents the marginal shadow which the rays traversing the lumen,
and consequently refracted four times, would of themselves pro-
duce. Since umbra and penumbra nearly coineide, we have through-
out, for the sake of simplicity, drawn only the limiting lines of the
umbra, and indicated for clearer determination the outer and inner
walls of the eylinder and the axis €' €' by lines through the figure.

If we regard the hollow cylinder, without reference to the plane
of adjustment, simply as a refracting apparatus, it acts upon the
marginal rays, which do not enter the lumen, as a sphere of equal
density ; but on the central rays, which traverse the hollow space,
as a concave lens, It forms, however, real and virtual images of
objects which are reflected in the mirror, both of which become
appreciable to the eye as soon as the instrument is focused to a
suitable level. The position of the real focus is, of course, approxi-
mately the same as with the spheie : that of the virtual focus may
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VISION THROUGH STEREOSCOPIC BINOCULAR MICROSCOPES, 223

may be classed with other known phenomena, and we may leave
to Physiology any further consideration of the point.

If we recall once more the dioptric and the catoptrie division of
the pencils of rays (cf. Figs. 14—16), it is evident that one eye
receives an image which is formed by the right half of the objective,
whilst the other eye receives an image formed by the left half of the
objective, The image-forming halves of the objective always lie,
with the dioptric method, on the same side of the median plane as
the observing eye, and with the catoptric method, under certain
circumstances, on the opposite side—for instance, if the equilateral
prisms of Nachet are employed. The impression which the fusion
of the two images renders perceptible will of course differ according
to the method of division of the pencils. The dissimilarity of the
mages formed by the right and left halves of the objective may be
determined by calculation, or it may be observed experimentally by
successively covering up the halves of the objective. Viewing, for
instance, a spherical starch-grain, or a minute globule of oil, the
marginal shadow, which by direct (axial) illumination appears in
the usual image equally broad, will preponderate by covering up one
half of the objective on the corresponding side, so that the spot of
light in the image lies on the same side of the median plane as the
effective part of the objective. The same phenomenon will occur
m general with every other object which aects as a convex lens,
On the other hand, if the object is an air-bubble, or a cavity, or if
it acts as a concave lens, the spot of light
moves under the same suppositions to the side
also, but in an opposite direction. The two 4
images which the binocular Microscope forms,
exhibit a distribution of light and shadow as
represented in 4 and B (Fig. 122). The
presentation of the one or the other image to
the right eye or to the left, depends, with a
given object, upon the optical arrangement by
which the division of the pencils is effected. B
The grouping of 4 and B to the right or to the
left clearly produces, however, the stereoscopic
effect.!

We may have a combination which represents elevations and

' We mustnot forget here that a half reversal by a single reflexion produces
the same effect as the changing of the images,

Fig. 122
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INTERFERENCE OF DIRECT WITH REFLECTED LIGHT. 243

the inner margin consequently appears bluish, and the outer one
yellowish red. For the other maxima, of course, a less lli}trlﬂefﬂ_ilﬁ
superposition of the different colours takes placa;’f,he com}amed
effect may be determined by reflected light, according ‘t-cr simple
rules, precisely as with Fresnel’s mirror, or Newton's rings, upon
which points further details may be found in the text-books of
Physics. Under the Microscope the resulting colours appear
unaltered even for the first bright line if the objective is achro-
matic or over-corrected, whilst an under-corrected objective
inverts the order of the colours or lessens their intensity. No
special proof is therefore needed that

this influence of chromatic aberration L4
must affect the other interference lines
also.

If the reflecting surface is spherieally
curved, the angle ¢, which the reflected
rays make with the reflecting plane—
or, what is equivalent, with the cor-
responding tangential plane—has a
greater value for every successive inter-
ference line. In Fig. 133, 4 A4 is the
reflecting plane corresponding to the
point e, and B B the one corresponding
to the point &; ¢ and ¢ are the re-
spective angles of inclination of the
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incident rays. Hence, the distances = )
of the dark lines become less, accord- s
ing to their proximity to the reflecting Fic. 133.

surface. This is observed in air-
bubbles, mereury-globules, and other reflecting bodies—and with
special distinctness if, instead of the usual circular diaphragm, a
slit-shaped one is moved slowly backward and forward at a suit-
able distance from the object, to discover the most favourable
position in relation to the reflecting surfaces.

In like manner the lines which are seen here and there on the
walls in sections of tissue (e., cork) may be very well shown,
The increase or decrease of their distances, according to the

inclination of the incident rays, proves that they belong to the
above-described interference phenomena.
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250 THEORY OF MICROSCOPIC OBSERVATION,

of the incident cone of light (placed laterally to the edge), then it
is evident from the figure that if the Microscope is adjusted to the
surface of the cover-glass, the point p will still appear fully illu-
minated. Further to the right the rays, produced backwards, are
first partly, and then entirely, reflected towards the left from the
vertical edge, or refracted so that they do not reach the diaphragm.,
The edge of the cover-glass is, therefore, in the shadow. Simi-
larly, it may be shown that if the left edge m = of the cover-
glass is observed with the same illumination, it will appear bright,
and the adjoining portion m ¢ of the plane of adjustment dark.

If, therefore, we take an object with projecting ridges (Fig. 138
A), and adjust the focus to the surface of the elevations, an image
will be formed like that
represented in Fig. 138 B.
The right-hand sides of
the ridges, as well as of
the depressions between

o aa them willl fallfdn he
I FI [I [I shadow, and the latter
: : ; i becomes the broader the

11
Fre. 138. more oblique the illumin-
ation, The same effect
must necessarily be produced by alternate solid and aqueous layers
with vertical bounding surfaces, it the Microscope is focused on
the upper surface.

The importance of oblique illumination for the dioptric image
lies therefore principally in the fact that it increases the contrasts
between light and shadow, and in addition makes the shadow
lines appear broader, and hence more palpable. In particular
cases, moreover, if the illumination is sufficiently oblique, their
number may be only half as great as by axial illumination, by
which, of course, the power of perceiving them is raised in a still
higher degree.

The angle of the incident cone of light, or, more strictly, of its
axis, must be specially determined for each particular case by
experiment. Its value is dependent not only upon the nature of
the object and the aperture w of the objectives, but also upon the
difference between the extreme values of 8. Since the power of
discrimination of alternately positive and negative impressions
upon the sight is greatest when either the one or the other has
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THE PHENOMENA OF MOTION. 253

of course, be ascertained whether it is right- or left-handed. To
distinguish this in spherical or cylindrical bodies which revolve
round a central axis is by no means easy, and in many cases, if
the object is very small and the contents homogeneous, it is quite
impossible. The slight variations from eylindrical or spherical
form, as they occur in each cell, are therefore just sufficient to
admit of our perceiving whether any rotation does take place.
The discovery of the direction of the rotation is only possible
when fixed points, whose position to the axis of the spiral is
known, can be followed in their motion round the axis. The same
holds good also, mutatis mutandis, of spirally-wound threads,
spiral vessels, &c. ; we must be able to distinguish clearly which
are the sides of the windings turned towards or turned away
from us.

I the course of the windings is very irregular, as in Fig. 139, a
little practice and care are needed to distinguish a
spiral line, as such, in small objects. The microscopic
image might easily lead us to the conclusion that we
were examining a cylindrical body composed of bells
or funnels inserted one in another. The spirally-
thickened threads, for instance, as they originate from
the epidermis-cells of many seeds, were thus inter-
preted, although here and there, by the side of the
irregular spirals, quite regular ones are also observed.

Moreover, it must not be forgotten that in the
microscopic image a spiral line always appears wound
in the same manner as when seen with the naked
eye, whilst in a mirror (the inversion being only a
half one) a right-handed screw is obviously repre-
sented as left-handed, and conversely, If, therefore, the micro-
scopic image is observed in a mirror, as in drawing with the
Sémmerring mirror, or if the image-forming penecils are anywhere
turned aside by a single reflexion, a similar inversion takes place
from right-handed to left-handed, and this inversion is again can-
celled by a second reflexion, as in Oberhzeuser’s camera lucida, and in
many multocular Microscopes. All this is, of course, well known,
and to the practised observer self-evident; nevertheless, many

microscopists still appear to be entirely in the dark about matters
of this kind,

Fiz. 139.
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270 TECHNICAL MICROSCOPY,

mination is found. As a general rule, striations, systems of lines,
&e., are seen most distinctly when the light is incident as obliquely
as possible ; the relative position of mirror and object must always
be arranged so that the direction of the incident rays is at right
angles to the strie.

As in most cases the source of light is limited, or unequally
luminous, the coneave mirror gives (for reasons previously stated) a
more intense light than the plane mirror—i.c., it involves, with
equal aperture of the incident cone of light, a greater brightness
of the field of view. For high amplifications the concave mirror
affords, therefore, decided advantages ; for the lower amplifications
its superiority might easily be exaggerated, because a field of view
too glaringly bright soon fatigues the eyes. If the mirror is suffi-
ciently large and can be adjusted near the object, the application
of illuminating lenses or condensers is in most cases superfluous,
Condensers are useful when the aperture of the incident cone of
light is required to be enlarged.

If we use reflected light for the illumination, the Microscope
should be placed as near as possible to the window, to obtain a
mﬂl:'l_eratrelz extensive source of light. With amplifications exceed-
ing 100 to 120 linear, it is advisable to employ an illuminating
lens, or the ZLicberkiikn mirror. In certain cases, also, sun-
light may be utilized by inclining the Microscope so that the rays
may strike the object directly. We doubt the accuracy of the
statement of Schacht, that the three series of lines of Pleurosigma
angulatum may with equal amplification be more distinctly seen in
this manner than with ordinary transmitted light. We do not
recommend this method of illumination for transparent objects.

Tlumination by lamp-light, when subdued by ground-glass or
cobalt-blue glass, is useful for many experiments, though it
always strains the eyes more than day-light—the latter is also far
more agreeable. Hence, for the preservation of the sight, prolonged
microscopical observations should be limited to the hours of day-
light. But in England and generally in Northern Europe, where
the cloudy day-light is only of short duration, artificial illumina-
tion must be utilized. Under these circumstances the focal length
of the concave mirror or of the illuminating lens must be duly
considered, so that the convergence of the incident rays may
reach its maximum ; this matter hardly needs further explanation
After what has been stated. In the various opticians’ catalogues,
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PREPARATION AND TREATMENT OF SPECIMENS. 2T

fingers. In wmost cases, however, it is advisable to squeeze them
between cork or elder-pith, or, if the substance is of a suitable
nature, it may be left to solidify in liquid gum. Thin roots,
single leaves, the tips of stems, and similar objects with sappy
tissue, may be cut between elder-pith, which is generally pre-
ferable to cork; the pressure must, of course, be regulated not
to injure the object. Thicker objects may require a suitable
groove to be cut in the pith. Longitudinal sections through
delicate thread-shaped objects are generally most successful if the
objects are bent round the edge of a flat piece of cork, one end
being firmly pressed down and the other (which may be fixed on
with a very little gum) carefully cut through—commencing at the
edge. We have thus obtained thin median sections through the
soft ends of roots, after numerous unsuceessful attempts between
cork and elder-pith. The process of placing the preparation in
gum can only be employed with those objects which can be dried
without injury, and which re-assume their original shape on being
moistened ; with these, however, it is preferable to every other
process. Pollen-grains with thick extine, starch-grains, the outer-
walls of epidermal cells, the thallus of lichens, the tissues of many
mosses and alge, &c., may thus be cut into the finest lamellswe
without difficulty.

For decayed wood and similar tissues with loosely united parts,
injection with melted stearine, which is afterwards removed on
the slide with ether or benzine, is said to be servieceable under
certain circumstances. Schacht states that he has obtained
delicate sections of very decayed wood from grave-mounds by
this treatment,

Finally, objects which consist of only a single row of cellsor
layer of cells—for, instance, filaments of alge and leaves of moss
—are usually placed upon the thumb-nail with a drop of water,
and cut by a swinging motion of the razor—a process which may
also be employed for several positions of the cells with moderately
thick objects.

In order to convey to the slide the sections lying in the liquid
on the blade of the knife or the thumb-nail, many observers
employ a fine brush, to the moist point of which the single objects
readily cling, whence they can just as readily be liberated again
i water. The razor may also be laid flat upon the glass plate,
the edge just touching the liquid ; the separate sections may then
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THE PRESERVATION OF MICROSCOPIC SPECIMENS. 281

presewatinn——reached an extent mullimpf:-rtmme, j.vhich n}ake it
the duty of every microscopist to become arequan_]te@ with ?;he.
processes of making such preparations. Since it is in the h‘rst
place necessary to select the proper medium for the preservation
of the objects, the methods which are employed may be described
with reference to these media. We specially note the following :—

(1) Air as a medivm for dry substances—ior mstance, scales of
butterflies’ wings, diatoms, crystals, and sections of various hard
substances. After we have ascertained that these objects produce
a satisfactory image in air, they are covered with a thin cover-
glass, which is cemented upon the slide—preferably with thick fluid
gum or Canada balsam. The whole slide is then covered with
paper, which has a hole cut out over the middle of the cover-glass
and projects somewhat beyond the edges of the slide.

(2.) Canada balsam, for hard formations of every kind—diatoms,
fossil woods, polished bones and teeth, &c. Among the resinous
substances which have been proposed as media for microscopic
objects, none is so important or so generally employed as Canada
balsam. For vegetable objects its use, however, is limited, since
it renders the majority of cell-membranes too tramsparent to
produce a distinct image; on the other hand, this quality con-
siderably enhances its importance for animal preparations. The
object to be mounted is thoroughly dried by warming or by being
placed over sulphuric acid or chloride of caleium, and then soaked
in oil of turpentine. A drop of liquid Canada balsam is put upon
the slide ; the preparation is then spread out on it and covered by
a second drop. To remove the air-bubbles, the slide may be
slightly heated (no boiling should ocecur), and this is continued, if
necesgary, after the application of the thin cover-glass, by placing
it, for instance, near a stove ; a more rapid hardening of the balsam
thus takes place.

As, however, the balsam always remains somewhat viscous, it is
advisable after the lapse of a few days to coat the edges of the
cover-glass with a rapid-drying varnish which forms a firm non-
adhesive ring. Solid Canada balsam may be liquefied with chloro-
form or oil of turpentine. Its solidification in air may be con-
siderably retarded if kept in wide-necked glass bottles with ground
stoppers. Any surplus of the balsam which oozes out at the edges
of the cover-glass may be scraped off after it has hardened, and
the glass then cleaned with oil of turpentine.
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paper; the edge of the cover-glass is then painted over with a
somewhat thick varnish of the same kind. Instead of an enclosed
ridge for the base, Schacht recommends two parallel lines of
varnish upon which the cover-glass rests. The formation of air-
bubbles is thus more easily avoided, but, on the other hand, the
difficulty of securing perfect hermetic sealing is increased.
Square cover-glasses are more difficult to cement than circular
ones. The latter are most easily cemented by the use of Frey's
improved revolving-stage, shown in Fig. 160, the action of which

Fie, 160.

is briefly as follows:—The circular brass plate has a horse-shoe
spring-clip to grip the slides. Concentric circles of different sizes
are cut on the brass plate, corresponding with the eover-glasses, and
indicate where the brush is to be applied perpendicularly to make
the rings. Further, the brass plate is rotated rapidly by applying
the finger to.the milled edge beneath. A fine brush is dipped in
the cement, and applied very lightly at first, increasing the pressure
as the rotation slackens. A little practice will soon enable the
operator to form regular rings. For circles the cement should be
more liquid than that used for square cover-glasses.

If the preparations are so thick that the ridges of cement,
though laid on several times, are not satisfactory, cells or troughs
of gutta-percha, india-rubber, or glass, may be cemented on to the
slide. The gutta-percha or india-rubber cells may be made from
the thin sheets of commerce by cutting out square pieces, some-
what narrower than the object-plate, and boring them through
with a punch (Fig. 161).

(+lass cells of cireular form are obtained by sawing off rings
of suitable thickness from glass tubing, and grinding the surfaces
flat ; they require, of course, circular cover-glasses. We prefer
small rectangular plates of glass with circular or oval aperture,
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partly fill the interspaces of the micrometer-scale, can only be
approximately effected. Thread-shaped objects should be adjusted
to lie across the division-lines at right angles; the proportion of
the interspaces to the thickness of the thread can thus be easily
determined within a slight error. Spherical objects should, where.
possible, be arranged consecutively in a series’; the length of the
whole series is then measured and divided by the number of the
objects. Similarly, the mean thickness of layers in membranes,
starch-grains, &e., is estimated; and also, where practical, the
sectional magnitude of the elementary organs in tissues.

The screw-micrometer is now almost entirely superseded by the
more convenient and much less costly class micrometer. The
arrangement of the instrument is based upon the principle much
applied in machinery (eg., dividing engine, &ec.), that the move-
ment of a screw is proportional to the angle at which any point
of it is turned. The object is placed upon a sliding plate, which
is moved backward and forward, by means of a micrometer-
screw having a very fine thread (e, 5 revolutions to 1 mm.),
until the opposite edges of the image coincide successively with
a thread extended in the eye-piece. The distance travelled from
one point to the other can thus be read off on the graduated
screw-head, sinee the value of one division can easily be calculated
from the known value of an entire revolution, and may therefore
be regarded as given.

Another form of this device, well known in England, is the
eye-prece serew-micrometer.  In this, two parallel threads are seen
stretched vertically across the field of view of the eye-piece, of
which the one can be made to traverse the field by the micrometer-
screw, whilst the other remains stationary. If the edges of the
objective-image are now brought to coincide with these threads
its diameter can clearly be much more accurately determined
than is possible with the help of a micrometer-scale upon glass.
The measurement is, however, in this case also only an indirect
one; the relative value of the serew-thread must be specially deter-
mined for every objective and for every tube-length, just as with
the glass micrometer,
~ Upon the principle of Ramsden, of measuring the objective-
unage nstead of the object, is based also the screw-micrometer of
H. von Mohl, recently proposed (* Archiv fiir mikr. Anat.,” Bd. i,
1865). Mohl finds the usual kind, where this principle is em-
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THE MEASUREMENT OF MICROSCOPIC OBJECTS. 205

attached to the eye-piece; to this disc a vernier is applied, with
which crossed-threads extended in the eye-piece revolve round the
point of intersection. In practice the apex of the angle to be
measured falls upon this point of
intersection, while the two threads
are brought alternately to cover the
legs of the angle. The angle of
the rotation is read off by the
vernier. Other opticians apply the
araduation fo the rotating stage, so
that in making measurements the
crossed-threads in the eye-piece re-
main stationary while the stage is
rotated with the object. This ar-
rangement has the disadvantage that the object changes its place
in the field of view in consequence of defective centering of the
stage. To remedy this defect the stage should be centered very
accurately by adjusting screws acting in two directions. We
therefore prefer the eye-piece goniometer.

In default of a goniometer, a drawing may be made of the angle
with the camera lucida ; the two legs are then produced by means
of a rule, and the angle measured with an ordinary protractor.

Whatever method of measuring we adopt, there always remains
a source of error to be counteracted, which is not dependent upon
the accuracy of the measuring instrument. Though we should
entirely disregard the numerous irregularities which influence the
distinctness of the lines and disturb the parallelism of edges
which ought to be parallel, or if we suppose the legs of the
angle required adjusted with all desirable accuracy, yet it cannot
be affirmed with certainty whether the plane of the angle coincides
exactly with that of the ficld of view or is inclined to it. Itis
evident that an elevation or depression of the apex makes the
angle appear too large, whilst turning it round one leg makes it
too small ; hence the results of measurement may differ considerably
according to position, and unequal angles may even appear equal.
This disadvantage cannot be wholly eliminated in crystallographical
researches; it may be checked to some extent by repeating
the measurcinents of equivalent surfaces.” In many ecases, also,
it is possible to control these inclinations so that we know
certainly whether the actual measurement of an angle differs in
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half-inversion. In practice, the rule also holds good, th:ﬂt the
plane of projection in the reflected image must coincide with, or
at least be parallel to, the field of view.

It cannot, therefore, be once for all decided which of these
contrivances is the most suitable for convenient manipulation, for,
obviously, familiarity and practice may lead different observers
to various opinions upon this point. So much, however, will be
evident to all, that a half-inversion, such as a single reflexion
involves (whereby, for instance, a spiral winding to the right 1s
changed into one winding to the left), must be looked upon as a
real disadvantage which not only adds to the difficulty of making
the drawing, but which may also, under certain circumstances, give
rise to many errors. The reflected image obtained in this manner
should therefore be again inverted, which may conveniently be
done by tracing it on the reverse side of the paper against a
window. :

The method recommended by Harting, to draw the real image
produced by the objective on a sereen at a distance of 400-500
mm., and then make a tracing of it with tracing-paper, as also
Stilling’s method! (which would not be applicable for high amplifi-
cations), involve such troublesome minutiw that they are not likely
to find many supporters.

Since the amplification of the projected image is dependent upon
the distance of the plane of projection, it must be determined
directly for the usual distance and also for different distances
(cf. p. 179). This should be done for each objective; the amplifi-
cations should be tabulated and preserved in the microscope-case,
together with the table of the relative values of the micrometer-
divisions.

The scale of the amplification should be given with each figure
thus: (60), (350), and so on, or in the form of a fraction, as
6o, 230 though the addition of the denominator is superfluous,

! Harting (‘“ Das Mikroskop,” 2nd ed. ii. p. 295) describes Stilling’s method
as follows:—*‘ A small piece of tracing-paper is attached with gum upon the
cover-glass, under which is the microscopic preparation. This is now brought
under the Microscope, and the outlines of the magnified object are drawn upon
the tracing-paper with a fine point. A network of fine lines is afterwards
drawn upon it, dividing the whole into small squares; a similar network of
larger squares is made upon a piece of paper, and the drawing on the tracing-
paper is copied.”
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heighten the realistic execution of the drawing, that it may almost
be mistaken for the microscopic image. : _

The opposite process of delineatiﬂn——l.;n}' which the brightest spots
are regarded as the darkest, and vice versdé—would be of equal value
for scientific purposes. - b
But, just as in chart- :
ography, the process
resolves itself to this—
that the drawing must
be executed according
to a certain system,
whatever may be de-
cided upon. The sec-
tion of a eylindrical _
cell, the membrane of which consists of two dense outer layers
and one less dense (red) layer, may consequently be just as well
represented by Fig. 168 b as by Fig. 168 a. Generally speaking,
a white background is more serviceable where the multiplication
of the diagram is contemplated, and is attended with other prac-
tical advantages also.

If, in accordance with these explanations, we now examine the
anatomical figures given in the more recent works on the subject,
we shall at once perceive that neither the one principle nor the
other has been strictly adhered to. Most draughtsmen (we do not
exclude even ourselves) commence work, consciously or uncon-
sciously, in an intentionally eclectic manner ; for instance, they re-
present thick cell-walls by light tints, while they represent thread-
like concretions, and the starch-grains contained in the lumen, &e.,
by dark tints. Everyone who will carefully examine finished ana-
tomical drawings with reference to the method of representation
will almost always meet with these incongruities. As an example
we will just mention the elegant plates of Schacht’s « Lehrbuch der
Anatomie und Physiologie.” It contains many ficures which at
first sight might seem to be very perfect drawings, but which on
closer examination turn out to be mere outlines, in which the most
arbitrary shading serves to direct attention to certain parts of
them. The concentric circles, by which, for instance, the strati-
fication of bast-cells is indicated (Plate V., 3), correspond neither
to the looser nor to the denser layers ; for if we were to assume that
this were the case, then the relative thicknesses of the two layers

Fie. 168.
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the cone of rays reaching the eye; on the other hand, the endeavour
to depict the objects as they appear in nature, and yet combined
with different sectional views; and again, the habit of keeping
oneself at the distance of distinct vision with the naked eye or
with transmitted light; and finally, the difficalty or rather im-
possibility of producing the conditions of microscopie vision for the
naked eye—we are unable to suggest how all these opposing
conditions can be reconciled in a satisfactory manner. The
natural reproduction of the microscopic image in a photographically
true, or even in a rationally diagrammatic manner, is and remains
conceivable only for a definite focal adjustment ; with solid figures
it is an impossibility.

For some years photomicrograplic representations of objects, with
drawings of them in juxtaposition, have attained a considerable
importance. Preparations, the production of which involves great
difficulties, may in this way be rendered permanent to a certain
extent, and thus serve for subsequent investigations from new
points of view, whilst the draughtsman accurately reproduces
only those special points which engage his attention. This
advantage of the photomicrographic process has, however, been
felt rather by the zoologist than the botanist. Moreover, since the
manipulation of the photomicrographic apparatus presupposes a
knowledge of the photographic processes—on which subject
special treatises have in recent years appeared—we must refer
those of our readers who would learn more of this branch of
technical microscopy to the special treatises.

1 The most complete work upon this subject is *“ Die Photographie als Hiilfs-
mittel mikroskopischer Forschung,” translated from the French work of Dr. A.
Moitessier, with numerous additions by Dr. B. Benecke (Brunswick, 1868).
Cf. also Gerlach’s book with the same title (Leipzig, 1863).
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Jlumination of the field of view. Such a cone of light may be
produced in two ways: either it is provided directly by the
polariser, since this apparatus is capable of polarising rays of
different inclination equally completely; or the emerging polar-
ised rays being approximately parallel, are subsequently made to
converge by a convex lens applied between the object and tke
polariser. The latter arrangement 18 found in the so-called
polariscopes as manufactured by Dove, Nerrenbere, and others; it
is in all cases applicable where there is room for inserting a
condenser above the reflecting or refracting contrivances, and
hence, as was previously said of illumination in general, does not
require any further explanation. Hartnack, Merz, and others
have in recent times applied a condensing lens also to the
polarising Microscope. Polarisers are in general use which
furnish completely polarised light with sufficient convergence
without condensers.

The best known polarising contrivance of this kind is Nicol's
prism. We may assume its construction to be known to the
student, as it is described in every text-book
of Physics; we will merely add by way of illus-
tration that in Fig. 170 @ b and e f represent the
two end faces which are artificially eut to an
angle of 68° to the edge ad ; while inbcand dewe
still see indicated the faces of an obtuse rhombo-
hedron. The dividing face b e, where the two
halves are cemented together, forms with the end
faces angles of 89° 17, which may therefore Le
considered right angles. All these faces are vertical
to the principal section of the erystal coinciding
with the plane of the paper.

The optical action of Nicol's prism is as fol-
lows :—The ray g =, incident from below, divides
into two rays, of which the ordinary ray =k
undergoes total reflexion at the layer of Canada balsam, and is
absorbed at the blackened lateral face of the prism, while, on the
other hand, the less refracted cafiaordinary vay passes through and
reaches the field of view in the direction p 7. DBoth rays are polar-
ised, the effective extraordinary ray perpendicularly to the plane
of the principal section ; its plane of polavisation® is called the
polarising plane of the Nicol. In the cross-view of the prism it is

X

Fre. 170.
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determined by the longer diagonal, while the shorter one is
parallel to the prinecipal section,

The greatest possible inelinations which the incident rays can
attain towards the different sides arve evidently determined, under
the given relations, by the corresponding limiting angle of the
total reflexion at the layer of balsam. Let us first trace the
direction of the rays deviating in the plane of the paper towards
the right. Assuming the refractive index of cale-spar to be 1:6583,
and that of Canada balsam (according to Brewster)
1'549, then for the ordinary ray the sine of the
1-6583
1549’
gives for the angle itself. Hence, if % f (Fig. 171)
is an incident ray deviating to the right, and 7 k
the ordinarily refracted one, the latter, if it is a
limiting ray, forms the above-mentioned angle of
69° 4° with the normal % g If we now draw
through f a line perpendicular to o ¢ and produce
i1t to g, then o is the angle of incidence, y the angle
of refraction, and 2 the inclination of the incident
limiting ray to the axis. But in the rectangle
d f g we stated above that @ =89° 17’; therefore,
since the angles at 4 and f are right angles,
g = 90° 43", Wlhence we obtain
v = 180° — (69° 4 + 90° 43) = 20° 13’;

limiting angle = precisely what 69° 4’

and since sin 0 = cos e = 1'G583 sin v,
S T
Further, since 8 = € + z,that is 2 = 8 — ¢, we get as maximum
melination . — 19° 5%’

[f again the refractive index of the Canada balsam is assumed
to be 1-528, according to Wollaston, we obtain for the limiting
angle of the total reflexion 67" 7. Hence v = 22" 10, and
z =16" 44",

The calenlation for the rays inclined towards the other side is
not so simple. Here we have the transmitted extraordinary rays,
whose limiting angle determines the greatest deviation from the
]]Ul‘l)ut][lil:lll:ll‘;: for the ordinary rays meet the layer of balsam more
obliquely the greater the inclination, and therefore always
undergo total reflexion. The refractive index of the extraordinary
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brass plates, Letween which the object-sli
an object lying thereon is nearly in the
consequently suffers little or no lateral dig

le is inserted so that
axis of rotation, and
placement on rotation,

Fie. 156.

The indicator P, connectod with the mille

d head D, moves along
the graduated scale on rotation,

and thus gives the reading of the

I're. 175,

angle. It is advisable, for certain purposes, to arrange the ap-
paratus so that the object can be turned under water or other
liquid.  This is the case, for instance, in the trough apparatus of
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since in the compressed glass the attraction of the molecules
ncreases with their mutual approximation, and the repulsion
of the atmosphere always keeps it in equilibrium, it must be
assumed that the density of the air undergoes a change through
the compression in a manner similar to that of the substance. But
with the density of the air the veloeity of propagation of the light
is also changed; and even if we leave unexplained how this
alteration is effected, it is nevertheless apparent that the resulting
ellipsoid exhibits the optical properties of the compressed glass
in a manner analogous to the surface of elasticity of the erystals.

There is, moreover, no difficulty in demonstrating experiment-
ally the agreement for all the different cases imaginable. If the
alass is compressed or expanded in one direction only, it acts
as a crystal with one prineipal axis, which lies in the direction of
the active force; the surface of elasticity is an ellipsoid of revo-
lution. If we then apply perpendicularly to the first a second force
unequal to it, the ellipsoid of revolution is changed into another
having three unequal axes; the glass now acts as a crystal
without a principal axis. We may then state generally, that a
parallelopiped of glass may always be so compressed that its
optical action corresponds to a given positive or negative crystal
with one or two axes.

The manner in which the atmospheric density acts upon the
motion of light is, in general, explained by the above-determined
relations. But a definite formulation of the precise correspondence
has not yet been found. Those relations are not sufficient to con-
struct the ellipsoid of elasticity in a given medium with known
optical properties, as far as they are determinable by observation ;
this can be done only on assumptions which are derived from the
theory of the propagation of light, and must therefore not be con-
fused with facts such as direct observation furnishes. The undu-
latory theory in its present form assumes that the veloeity of pro-
pagation of light is dependent merely upon the composition of the
atmosphere in the direction of the vibrations, but not in the direc-
tion of the rays. The ellipsoid of elasticity is hence so constructed,
that its diameters, which are parallel to the directions of vibration
of any rays, correspond to the velocities (calculated from the refrac-
tive indices) with which those rays traverse the crystalline medium.
It appears therefore Hattened like the globe in positive uniaxial
erystals, and oval in negative uniaxial erystals.
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aold of view. In other words, a very thin section cut in any
shape from the substance and laid upon the object-slide always
acts as a section made in the same direc-

tion through the ellipsoid of elasticity. ‘A

Quch a section, therefore, to a certain
extent replaces the ellipsoid ; it gives a
perfect image of the elasticities effective
under the given relations, and hence
may be denoted as an effective ellipse of
elasticity.

The connection in point is thus re-
duced from space (three dimensional) to
the plane, and may be readily demon-
strated. If p ¢ » s (Fig. 184) is the effec-
tive ellipse of elasticity, and p ¢ the major,
~ s the minor axis, the incident rays of
light (perpendicular to the plane of the
paper) are divided into two systems of
waves which are polarised in the planes A
of the two axes. The vibrations of the
one system therefore take place parallel
to p ¢, those of the other parallel to » s.
The relative magnitude of the axes condi-
tions at the same time the veloeities with which the two systems
traverse the object; the greater p ¢ is in relation to 7 s, the
areater is the difference between the two
veloeities of propagation, as also the dif-
ference of phase thereby conditioned with /_
a given thickness of the object. y

On turning the object round, the ratio
between p ¢ and 7 s is, of course, altered, \
and it is important to examine the pro- v
cess of these changes. We will first Fre. 184.
suppose that the axis of rotation coin-

?ides with the mean axis of the ellipsoid, and that the rotation
itself takes :placu in our side view (Fig. 183) in the plane of the
paper ; @ @ is then the major, ¢ ¢ the minor axis of the ellipsoid ;
the mean axis b b appears perspectively shortened. If we now
consider the position in which @ @ coincides with the plane of the
field of view, the effective ellipse of elasticity passes through the

Fic. 183.
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The axial divections of the effective ellipses of elasticity remain
altogether unchanged if the rotation takes place round a prin-
cipal axis of the ellipsoid situated in the plane of the field of view ;
on the other hand, they suffer a continuous alteration if any other
diameter or an inclined axis forms the axis of revolution. The
approximate process of this change is determined through the known
or easily constructed sectional surfaces, which become effective after
a rotation of 907

There is no difficulty, therefore, from what has been stated above,
in approximately determining the position of the axis of the ellipse
of elasticity for any inclination of our ellipsoid, and in defining, as far
as necessary, the changes with regard to position and excentricity
which take place during revolution. The planes of polarisation of
the two systems of waves are, however, also given with the axial
position ; and with the excentricity the difference of phase, which
they attain in a medium of given thickness, also rises and falls.
The difference of phase, as is well known, involves interference
colour, and thus we arrive at the conclusion that the optical action of
o doble-refracting medivm, whose ellipsoid of el asticity is given, may be
pre-determvined for any given dirvection of the penetrating vays of light.

We have intentionally combined the above explanations with the
gseneral case that the three axes of the ellipsoid of elasticity
are unequal, since the special cases which may be imagined are
contained in them. It may be not quite superfluous, in addition
to what has been stated above, to briefly mention these special
cases. If we suppose, first, that the difference between the mean
and the minor axes of the ellipsoid gradually diminishes and
at length becomes wil, then the two circular sections approach
nearer and nearer to the plane of these axes, since the angles
they make with this plane become more and more acute, and at
!ength coincide with it. The two optic axes consequently move
in an opposite direction; when they have reached the major
axis of the ellipsoid they coincide and form a single axis. The
refracting mediwm becomes, therefore, optically uninzial and posi-
tive, since it was also positive in a biaxial state before the axial
angle was 0, in accordance with the above-given definition. If, on
the other hand, we suppose the mean axis to become gradually
equal to the major axis, then the optic axes at last coincide
with the minor axis of the ellipsoid, and the negatively hiaxial
medium becomes negatively uwnicrial,
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ellipsoid. The differences of direction which oceur, therefore, relate
only to their position within one plane—i.e., to the angles which the
axes form with the longitudinal and latitudinal directions of the
cell. Acecordingly, in sections cut perpendicularly to the surface of
the membrane, one axis of the effective ellipse of elasticity lies in
the direction of the layers, the other is at richt angles to it, and 1s
at the same time an axis of the ellipsoid. This obtains likewise
with the membranes of cellular tissues, so far as we know them ;
here, however, observation is rendered more difficult by the circum-
stance that the two lamelle, of which the dividing walls consist,
really represent two objects, whose axes of elasticity are possibly
very differently situated.

The second point that comes into consideration in the deter-
mination of the ellipsoid of elasticity, viz, the relative magnitude
of the axes, assumes, under certain circumstances, a more exact
acquaintance with the phenomena of polarisation. It is of pri-
mary importance that the observer should be familiar with the
scales of the interference colours, at least up to the third or
fourth order, which appear on gradual increase of the difference
of path between the ordinary and the extraordinary rays, and
that he should be quite clear about the factors which produce
the variation of the tints. We must refer those who are not
conversant with the subject to the text-books of Physics, since a
detailed exposition of these phenomena here would lead us too far
from our subject. We consider it, how-
ever, within our provinece to present the
more important points in their mutual
connection, and to elucidate their relations
to the ellipsoid of elasticity.

If A B (Fig. 190) is a parallelopiped of
glass compressed in the directions of the
arrows—Tfor example, one end of an object-
slide—then the position of its effective
ellipse of elasticity is represented in the
fioure. An object-slide of this sort ap- Fie. 190.
pears, on rectangular crossing of the
Nicols, most brightly illuminated when it forms an angle of
45° with the planes of polarisation, and is consequently situated
in a diagonal position. Tt then produces in white light an
interference colour, which, with given thickness, increases In pro-
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a diagonal one), then we obtain as the combined effect of both for
the interval of acceleration a colour of the second order (yellow
I1.), and for the interval of retardation a colour of the first order
(Light blue L), which in regard to the yellow is one grade lower
than red.

We shall presently return to these acceleration and retardation
colours, and tabulate them for a series of combinations as they
commonly occur in practice ; here it is only a question of estimat-
ing them for the determination of the relative magnitudes of the
axes of elasticity, and for this purpose the facts we have mentioned
amply suffice. It is obvious that the comparison of any given
medium with a compressed glass plate, whose ellipse of elasticity is
known, must present a simple means for correctly explaining the
unknown ellipsoid of elasticity. We will denote its three axes,
whose directions we assume to be known, by @, b, and ¢; then it is
only necessary to combine the sectional surface passing through « &
with the glass plate : the position in which acceleration or retarda-
tion takes place then decides whether « or b is the greater. Inlike
manner we determine in sectional surfaces, which are eut parallel
to b ¢, the ratio of b to ¢, and in others cut through « ¢, that of
@ to ¢. Thus, as nearly as possible according to this method, our
problem is solved,—we know what directions correspond to the
least, the mean, and the greatest elasticity.

The examples already adduced will serve here for further
elucidation. Tt the tabular crystal of selenite (Fiz. 192) is so
placed upon the compressed glass plate, that the
direction o @ is parallel to the major axis of elas-
ticity in the glass, we observe an increase of the
interference colour—the effects of the two media
are added together. On the other hand, if we
make a rotation of 90° retardation sets in, and
the interference tint is lowered. Hence of the
two axes of the ellipsoid, which are parallel to
the directions @ « and ¢ ¢, the latter is the shorter.
The discovery of the third perpendicular axis is

Fre. 192. combined with some difficulties. From the un-
symmetrical position of the axes @ @ and ce 1t 18

evident that the erystal is biaxial, which excludes the pﬂﬁﬂll_ﬂhtf}’
of the third axis being equal to one of thc_Jse ﬂlread_}-' u;letermu‘]eﬂ;
yet we have always to discover whether it is the major, the minor,
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With flat membranes, as indeed with all objects which can be
cut in every direction, the problem is much simplified. If, with
an object of this nature, two out of the three axes are known, their
ratio to the third axis is directly determined by transverse sections
cut parallel to the corresponding principal planes. If, for instance,
@, b, ¢, d (Fig. 193) is the ellipse of elasticity of a flat piece of

membrane, and if a transverse section parallel to
———~—— ¢ d shows that the third axis is less than ¢ d,
then it is of course the minor axis of the ellipsoid ;
g if it is greater than ¢ d the ratio to a b decides
whether it is the major or the mean axis.
2 Together with the relative magnitude of the
axes of elasticity the plane of the optic axes, as
P already stated, is given, sinee it always passes
| throngh the major and the minor axes of elas-
- ticity. A very thin plate cut parallel to the
Fre. 193, mean axis must therefore, on rotation upon
this axis, come twice into such a position that
the rays inecident from below enter it in the direction of an
optic axis; it must consequently act as a single-refracting
medium, and must appear black with crossed Nicols. Hence
it 1s only necessary to measure the inclinations of the plate
corresponding to these positions, and also to take into account
the deviation at the bounding surfaces of the plate, in order to
determine approximately the angle which the optic axes make.
Such determinations are not absolutely accurate, yet it is generally
possible to distinguish whether the object is positive or negative.

In order to avoid erroneous interpretation of the interference
colours, it is always advisable to compare the positions of
acceleration and retardation accurately with one another. If the
interpretation has been made correctly, retardation must yield
a colour which stands above, as regards the higher of the two com-

results of observation appear too vague for a more detailed investigation to
be justifiable upon these and similar theoretical inferences.

It is moreover sufficiently clear from the above that the deductions which
Valentin (** Die Untersuchung der PAanzen-und der Thiergewebe im polarisirten
Licht,” p. 144) makes from this rise and fall of colour in selenite plates are
entirely incorrect. Thus, he states that the plane of the optic axes corresponds,
‘‘ therefore,” to the diagonal direction + 45° (which in our figure is denoted
by ¢ ¢), whilst in reality it coincides with the plane of the plate.
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t.e, that it may be compared with a simple crystal. If, for
1:1=3t1nce we are dealing with small horizontally situated cells
or fibres consisting of concentric layers of molecules whose
ellipses of e]’tstiuit}' are inclined towards the longitudinal
direction of the cells, the portions of the walls situated in the
median zone act singly as simple crystals, though we should
be compelled to split up the fibres in order to be ahle to observe
these effects separately; and such a division of the fibres is in
many cases impracticable. The same holds good also for some-
what thickened membranes which form walls between adjoining
cells, and which are therefore to be looked upon as composed
of two lamellee. For since the thickenings of these membranes
(¢.7., spiral threads, obliquely-situated pores, &c.) are, as a rule,
unsymmetrically placed, which indicates a corresponding situation
of the series of molecules, it is also probable that the axes
of elasticity of the two lamelle. do not lie in the same plane.

The observer has not unfrequently to deal with two inseparable
superposed media, whose axes of elasticity intersect at various angles,
He is thus presented with a new problem, which is apparently
more complicated than the foregoing one ; and the first question to
be decided is whether it is really capable of solution by the same
method, We will endeavour to answer this question experimentally,

Let 4 B and €' D (Fig. 194) be the ellipses of elasticity of the
two superposed bodies, and e the angle between their major axes
(assumed to be variable). The focal adjustment should always
be so chosen that the bi-sectional line m n of that angle is
always at 45° to the crossed Nicols. On this assumption we get
experimentally the following results for
the ditferent values of ¢:—If ¢ is very
small the effects of the two bodies increase
almost as if they were observed in the
position of acceleration, where ¢ = 0; the
resulting colour undergoes no considerable
alteration up to an angular magnitude
of several degrees. On further increase
of ¢, however, a marked degradation in
the interference colour soon follows,
which expresses itself up to a mean
value of 45° by a distinet change in
the tint. From this point, however, the colour remains ap-

Fia. 194,
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easily be shown by demonstration of the respective positions of the
three effective ellipses of elasticity. If, for instance, 4 4A’, B F,
and C (" (Fig. 196) are the ellipses of the selenite plate and of the
two superposed plates of crystal in their sequence from below
upwards, and if, further, P P and NN are the polarising planes
(at right angles to each other) of the two Nicols; then it is evident
from the figure that in the position indicated the homologous
planes of vibration of the ellipses follow one upon the other like
the steps of a spiral staircase, in so far as the alphabetical order
of the letters 4 B(C or 4’ B (' at the same time represents the
sequence of the corresponding axes in the direction of a spiral
turning to the left. This is the orthogonal consecutive position. If,
on the other hand, we take the pair of plates rotated to 90°
(Fig. 197), C' " falls between B B and 4 A’, and the vertices
ABCor A" B (" of the ellipses no longer appear as steps, but
make a zig-zag one above another—a position which is denoted
as the alternative position, in contradistinetion to the other one.

The difference of the colours which these positions produce is
then in many cases of such a nature that their comparison with
the acceleration and retardation eolours affords the requisite data

Fiz. 198. Fic. 199,

for recognizing a given orthogonal position as a consecutive or
alternative one, When this is the case, the soluticn to the ques-
tion immediately follows,—how the effective ellipse of elasticity in
the upper and in the lower plate is inclined. If, for instance,
Fig. 198 is recognized as a consecutive position, and Fig. 199 as an
alternative one, we know that the ellipse B B’ belongs to the lower
and €'C" to the upper plate.
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In this synopsis only the first combination series—in which
each plate separately gives less than white T., the combination
for e=0 therefore giving not quite red I.—admits of the recog-
nition of a certain conformity to law. In this case the eolour
of the orthogonal consecutive position, like the diagonal position
of acceleration, always remains above the red of the selenite
plate, the colours of the alternative and retardation positions,
however, always below it; “dark red” denoting the red which
forms the passage to violet II, ¢ light red” that to red-orange.!

The second combination series is obtained by pairs of plates
of which each one separately gives white I., or a higher colour.
The colours of the different positions do not here admit of inter-
pretation, since they lack a definite acceleration or retardation
character.

Let us now reverse the problem, and ask ourselves what data
the relations we have developed afford us for determining from
known polarisation colours the unknown ellipses of elasticity of
two superposed plates. First, it is clear that the colours of
the maximum acceleration or retardation, which are observed
on rotation upon a selenite plate, always correspond to the two.
positions which we have denoted by the diagonal position of
acceleration and retardation, and that they consequently disclose
to us the position of the acute angle ¢, made by the major axes.
of the ellipses of elasticity. The bi-sectional line of this angle is
thence determined,

Secondly, observation decides whether the colours of the two
orthogonal positions are sufficiently distinctly outlined that the
consecutive or alternative position may be recognized as such.
Where this is the case, the position of the lower and of the upper
ellipse of elasticity is determined in the sense explained above ;
where it is not the case, the investigation can, as a rule, be
repeated with smaller objects of the same kind which give rise to.
a considerably stronger colour. With most organised structurr_:s
(membranes, fibres, prosenchymatous cells, &e.), which act as a pair
of plates, we can thus succeed in producing a change of colour
which unmistakably belongs to the first combination series of
the above synopsis, and which therefore admits of an accurate
interpretation.

1 Cf, Nigeli: “Die Anwendung des Polarisationsmikroskops,” Beitrige III.
p. 98.
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On these suppositions a transverse section of the cylinder
gives the simplest combination, since the effects of the super-
posed elements become added together
as in a simple crystal; moreover, the
positions of the ellipses of elasticity
effective upon a radius agree with each
other (Fig. 200). The combined effect
18 at once evident from these facts,
Each diameter of the section acts as a
erystal needle (or, in thicker sections, as
a plate of erystal placed vertically), and
the interference colours, which come

Fre. 200. into view successively on rotating the
crystal needle round a perpendicular
axis, appear side by side at the same time upon the sectional sur-
face. Two diametral zones « b and ¢ d, in which the axes of the
ellipses of elasticity lie in the polarising planes P P and ¥ ¥ of
the Nicols, consequently act as single-refracting media ; without
the selenite plate they appear black, and with it they appear
lluminated by its normal interference colour, The middle lines
of the intermediate quadrants of necessity, therefore, show the
brightest colours, and, in combination with a selenite plate, pairs
of acceleration or retardation colours, according as the homologous
axes of the ellipses coincide or intersect at right angles, Upon a
selenite plate, red I., whose ellipse of elasticity takes the position
represented in Fig. 201, the quadrants of
the cylinder denoted by 4 would therefore
increase the colour, whilst those denoted by
S would diminish it.

Hence, in transverse sections of cylinders
and hollow cylinders, the axial position of
the effective ellipses of elasticity is easily
discovered. We will only add, that all
hitherto known cases so far agree, that the
one axis is situated radially, the other at a
tangent, while the neutral zones which form the dark eross always
lie in the polarising planes of the Nicols, The deviation (from
this) shown in Figs. 200 and 201 is not therefore actually
observed, but is merely assumed for the sake of generality.

Fic. 201.
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the other two axes lie in a tangential plane. Tt is, therefore,
only necessary to determine the ellipse of elasticity of one
tangential section—as, for instance, of the segments A4 A
of the cylinder (Fig. 202)—in order to fix not only the
directions of the axes in question, but also their relative
magnitudes.

We have not, however, yet arrived at the ratio of the two
tangential axes to the radial axes—except only in the case
where the former correspond to the longitudinal and latitudinal
directions of the cylinder. In every other case the observer
is compelled to discover this ratio in sections which are
made through the axes to be compared, or, if they do not lead
to a result, by inclination of the eylinder, to which we shall refer
later on.

If it should appear that sections, which have been made per-
pendicular to one of the three axes, act as single-refracting
media, then the two other axes are equal—that is, the double-
refracting elements are optically wniawial. If, on the other hand,
each section made through two axes produces colour, the elements
of the cylinder are opfically bioxial. Whether an object belongs
to the one or the other category, cannot, as a rule, be determined
until the direction of one optic axis is discovered experi-
mentally, by sections or by rotation. It would indicate a very
superficial knowledge of the phenomena if one imagined that
the optical properties of an object can be discovered in every
given section.!

! The differences observed in such sections have been denmoted by some
anthors by expressions which have a totally different sigﬂiﬁcnnc? 1n Erj."sta.}lu-
graphic Optics. Mohl and Valentin, for instance, speak of negafive a:'nd pastt.irc
colour or composition of an object, according as the ellipse of elasticity, ‘il:"hlﬂh
comes into play in transverse sections, is situated liadial}y or tangentially.
In other places the major or the minor axis of the elhp_se is h_rleﬂ}r called the
optic axis, and it is therefore tacitly assumed that it lies in thq.e plane of
the field of view, and so on. It is hardly necessary for us to point out the
inaccuracy of these and similar explanations, such as are fnun:& in t!:e
literature of the subjeet; the reader who has followed our explanations will
be able to exercise the meedful ecriticism. .

As an example we may, however, mention briefly a few results of Valentin
on the action of eylindrical structures (** Die Un_taralwhung der Pflanzen- und
Thiergewebe im polar. Licht,” p. 161). Valentin assumes the uniaxial com-
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Secondly, we take the case where the cylinder cannot be split
up on account of its minuteness, or from other causes, and_ that
hence we can only obtain longitudinal views of the whole cylinder.
It may be foreseen that such views, in most cases, replace ‘the
‘diametral longitudinal sections (B B, Fig. 202), the effect of light
which the two marginal zones produce being essentially tl:tg. samne.
Their agreement will be the more complete, the more we (.hmllllsh
the refraction of the light which takes place on entrance into the
substance of the cylinder. If we are .

successful in completely eliminating this
refraction by proper selection of the sur- _}(@ 777)
Z

o
L~

rays incident from below act just as ‘x.‘__\ e
in a very thin plate—i.e., they attain the

same differences of path next to the

rounding medium (glycerine, oil, &e.), the

Bé
margin, as if the middle piece B B (Fig. ?@DV;
203) alone were active. Further inwards,

the gradually increasing effects of the -
triangular pieces ¢ and ¢ are added ; } {
though it is clear that they in no case Fre. 203,

preponderate in the peripheral layers
of the cylinder. The two marginal zones must therefore,

position of the elements of the cylinder, and then explains the appearance of
the dark cross in the section as the ¢ three principal directions of the optic
axis:” the perpendicular, the tangential, and the radial. To the perpendicular
position of the optic axis the “cross of the first order” corresponds; to the
tangential position the “ cross of the second order ; ” and to the radial position
the *‘ eross of the third order.” And it isremarked that there are preparations
from the vegetable kingdom (albumen of Phytelephas) in which crosses of the
first, and others of the third order, appear side by side in one and the same
section. Against this statement we must first of all observe that the assump-
tions themselves, so far at least as vegetable preparations are concerned, are at
variance with reality, inasmuch as all the membranes of cells that are
accurately known (it is true there are but few) have been found to be optically
biaxial. Butf even disregarding this, the ¢ cross of the first order” is a
physical impossibility under the polarising Microscope (especially with amplifi-
cations such as are necessary with most of the objects offthis class), for with a
perpendicular axis the whole section appears dark. We must emphatically
remark that by a polarising Mieroscope we understand an ordinary Microscope
fitted with polarising prisms—the sole instrument, moreover, by which the
microscopically small objects (such as hast-cells, vegetable albumen, &e.),
mentioned by Valentin himself, can be observed, The image which an instru-

A A
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under all circumstances, exhibit the colours of a diametral

section, if the surrounding medium is of approximately equal
density.

The middle zone, however, acts in the longitudinal view, as
before remarked, like two superposed plates of erystal. Observation
can therefore, at most, decide whether the axes of elasticity
of the longitudinal and latitudinal directions correspond, or
intersect obliquely ; and, in the latter case, whether the middle
line of the acute angle, which the major axes together
form, lies longitudinally or latitudinally, and which of the two
ellipses is the upper one. After what has been noted above
(pp. 348—349) on this point, no further explanation is needed to
show that these data are in general insufficient for constructing
the ellipsoid of elasticity, It is nevertheless important to
test, one after another, the different cases which observation

may afford, and to determine for each individual case the
results obtained.

ment of this kind gives of transverse sections of eylinders, is produced by cones
of light whose aperture corresponds with that of the diaphragm—that is, of the
polarising Nicol. The total effeet produced by such a eone, as regards double
refraction, is approximately the same for the eye as if the differently inclined
rays had traversed the object in the direction of the axis of the Microscope.
A plate of erystal, whose optic axis is perpendicular, thus in reality exhibits
no trace of double refraction. The action is quite different of the special
polarising apparatus of Norrenberg, Dove, &e., which are sometimes
designated as Microscopes, though incorrectly so. The real image which is
here formed, and viewed through the eye-lens, is not the image of the
object under examination ; the rays which interseet in the plane of the image
represent on the contrary, when produced backwards, a penecil of parallel rays,
which traverses the object at an inclination to the axis of the Microscope the
greater in proportion to the distance of the point of intersection from this
axis. In that point of the image, therefore, incident rays of definite inclination
produce interference, and upon this circumstance is based the formation of
rings as they are observed in plates of cale-spar cut perpendicularly to the
axis,

The ** cross of the first order ”” occurs only in the polarising apparatus, but
not in the polarising Microscope (very low amplifications exl:fepted}i Valentin
commits the mistake in this as in other points (e.g., combination with a sel‘m'mita
plate, determination of the axial direction, &-::.]! :::f basing his theoretical
explanations upon the action of a special polarising up_pumtqa, and then
applying the results he has obtained without furth_er consideration to obser-
vations with the polarising Microscope. It is manifest that such a method,
combined with the arbitrary assumptions mentioned at the outset, must lead

to error.
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The latter are impossible, because one always of the three
positions taken up is not capable of being combined with the other
two, as may easily be proved. For instance, from combination
14, I denoting the longitudinally situated axis of the ellipse (of the
middle and marginal views), R the radial axis, and 7" the tangential
axis, we obtain the impossible inequalities: B = T R = Tl =,
The proof for the other combinations is Just as easily supplied.

The conclusions which may be drawn from the thirteen possible
combinations naturally arrange themselves in two series, The first
series contains those cases where one of the three axes of the
ellipsoid is parallel to the axis of the eylinder ; the second
embraces all the remainder having any oblique position of the
tangential axes. Both series are placed side by side with the
combination series in the following table, for more convenient com-
parison.  The signs we have used therein are to be interpreted as
follows : + positive and negative—i.c., undecided whether the one
or the other; plane of the axes = plane of the optic axes; tan-
gential = parallel to a tangential plane situated in the surface of
the eylinder ; radial = in the plane drawn through the radius and
the longitudinal axis (Z); transversal = in a plane perpendicular
to the axis L; L = longitudinal axis—i.e., axis of the ellipsoid of
elasticity, which in the first series is parallel to the axis of the
cylinder, and in the second series is inclined less than 45°
to 1t; 7' = tangential axis—i.c., the axis of the ellipsoid, which is
perpendicular to the plane drawn through I and the radius of
the eylinder ; B = radial axis.

Combination, | Opftical Character of the Elements of the Cylinder,
Yo |'= "5 :ga Ll Second Series :
E E ;_.I'g & p“a“ﬂmt,ﬂﬂ':r_““ Lo L L obligue, inclination < 45°
1| 2| ¢ | ! | Biaxial *, plane of axes| Biaxial *, plane of axes tan-
ta.ngeutia,] : gential ; . :
L major, I minor axis of L major, I minor axis of
| elasticity. elasticity.
2 | g | 9 | g | Biaxial £,’plane of axes tan. ;| Biaxial X, plane of axes tan. ;
T major, L minor axis. T major, £ minor axis.
3 A R S | Biaxial *, plane of axes | Biaxial %, plane of axes radial ;
radial ; | & major, £ minor axis,
L major, R minor axis, Or, biaxial +, plane of axes tan

L major, I minor axis
Or, uniaxial +
L = optic axis.
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It "is a simple task to deduce the conclusions shown in the
above table from the positions determined by observation, or
to render them perceptible through models or figures, and no
further explanation will be required by readers who clearly
grasp the given ratios in their minds, It will amply
suffice if we show by an example the course that has to be
pursued,

Let the observed combination be [ / (the first in our series), and
let the longitudinal axis Z of the ellipsoid be placed obliquely to
the axis of the cylinder. Then the limiting value of the angle
which the axis Z forms with the axis of the cylinder is determined
by the intersecting ellipses, which affect
the middle of the horizontal cylinder
—4.6, 16 13 in this case less than 45°
These ellipses are consequently situated
as represented in Fig, 205—that is, if
C' C'1s parallel to the axis of the cylin-
der. We get, therefore, s¢ = m n, and
L I greater than ' I The diameters
m nand s ¢, however, which correspond
to the latitudinal and longitudinal

Fia. 205. directions of the eylinder, represent re-
spectively an axis of the ellipses which
affect the transverse section and the margin of the horizontal
cylinder ; m =« is the tangential axis of the ellipse of the section,
s ¢ the longitudinally situated one of the marginal view. But, from
the form of these ellipses, as it is fixed by the combination I [ , it
18 clear that the radial axis R of the ellipsoid is greater than m a,
and less than s ¢ ; it must therefore be the mean axis of the ellip-
soid. Hence the elements are biaxial, and the optic axes lie in a
tangential plane. The ratio of the axis R to the two others, and
the situation of the segments dependent thereon, still remain un-
determined, and the positive or negative character of the elements
1§ therefore doubtful,

A few simple combinations, of the thirteen above-mentioned,
deserve additional special consideration on account of the optical
effect they produce. We will, first, emphasize the case given in
the combinations 5 and 6 of our series, where the margin and
the middle of the horizontal cylinder produee colours of opposite
character. Its characteristic feature is that on observing with
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of the previous one, is given by combination 13, The margin
and centre in the horizontal cylinder here appear neutral ; the
former because an optic axis is perpendicular, the latter because
the two superposed ellipses intersect at right angles. With the djs-
tance from the middle line, however, these ellipses take up a more
upright position ; they now intersect acutely, and therefore give
rise to an effect which corresponds to the position ! upon the
middle line. Towards the margin, however, this action becomes
gradually eliminated again, becanse the difference between the
major and the minor axis of the ellipses becomes ever smaller,
and at the margin is nil. We consequently get two stripes
lluminated by interference colours on either side of the middle
line, while the latter and the two margins act neutrally,

If we now endeavour to reduce, where possible, the alternatives
which figure in the above table to a smaller number, the first
question is whether the direction of the optic axes may perhaps be
experimentally determined. Considered theoretically, the matter
1s unusually simple, as is readily seen, Tt is only necessary to
find out, by inclination of the section to different sides, the two
positions in which the object acts as a single-refracting medium—
that is, in which the optic axes are exactly perpendicular. Simi-
larly, on inclination of the horizontal cylinder, we shall discover
whether the optic axes lie in a tangential plane or not; for, where
the former is the case, the margins, with a definite inclination
which corresponds to the perpendicular position of an optic axis,
must necessarily act neutrally.

Practically, however, these rules have only a very subordinate
value, for the simple reason that observation is not possible with
the accuracy that we might & priori expect. Transverse sections
cannot in most cases be employed, and even marginal views fre-
quently enough give a very doubtful effect. Beyond this, the latter
afford only under the most favourable relations the data which are
requisite for the determination of the position of the axes. For
since the inclination of the ellipsoid of elasticity—that is to say,
of 1ts longitudinal axis Z—to the axis of the cylinder is in general
unknown, the positive or negative character of the elements of
the cylinder remains doubtful, inasmuch as the angle which
the optic axes together form cannot be approximately measured,
nor the presence of a single optic axis testified. The few
rules which may be of practical value, with regard to the
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action of the margins on inclination, are contained in the following
paragraphs :(— :

(1.) If it is possible to discover the direction of the optic axes in
the tangential plane, the angle which they make with the axes
of elasticity, and consequently the inclination of the latter to
the axis of the cylinder, are likewise determined. ~Eaample :—The
middle of the horizontal cylinder gives a colour which corresponds
to the position ; on inclination to the one side, whereby the
end furthest from the observer falls and the near one rises, the
right margin becomes neutral after a rotation of 40°, on rotation
to the opposite side, however, at 20°; the left margin acts con-
versely. The elements of the cylinder are therefore negative, the
axial angle is 66°, and the longitudinal axis Z of the ellipsoid
is inclined in the direction of a left-handed spiral (in botanical
terminology) 10° to the axis of the cylinder.

(2.) If the middle of the horizontal cylinder gives the same
colour as in the preceding example, and then neither margin
becomes neutral on ineclination to 45°, the elements of the
eylinder are optically positive.

(3.) If the middle of the horizontal cylinder gives the colour
of the position ¢, and then neither margin becomes neutral on
inclination to 45°, the elements of the cylinder are optically
negative,

In two special cases the middle also of the horizontal cylinder
must act neutrally on a definite inclination. The one case
occurs when the horizontal position produces a colour corre-
sponding to the position /, and when, moreover, the radial axis
of the ellipsoid is the minor one. Then the inclination of - the
cylinder implies a gradual approximation of the effective ellipses
of elasticity to the crossed position which they would also attain
after a revolution of 90°. These ellipses must therefore, at a
definite inclination, deviate exactly 45° from the longitudinal
direction, and hence intersect at right angles. Their effects conse-
quently counteract each other; the centre behaves neutrally.—The
second case is analogous to this first one; it occurs when the
colour of the horizontal position corresponds to the position ¢, and
when, moreover, the radial axis of the ellipsoid is the major one.
Then the two ellipses approach each other on inclination of the
cylinder to the longitudinal position, and hence attain also a
position in which they intersect at right angles and counteract each
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other. The conditions of neufrality are, in general, given in -both
cases, if the radial axis of the middle elements is taken as equal,
and hence their uniaxial constitution assumed.

The application of these relations to combinations 3 and 4 in
the above table, which alone suffices for the prescribed conditions,
affords us a means of at once striking out either the first and third,
or the second of the possible cases there adduced.

2.—SPHERICAL AND OVAL OBJECTS,

We must at once remark that these terms refer only to objects
whose double-refracting elements are grouped round one centre in
more or less concentric layers, where therefore a certain congruity
exists between the outer form and the inner structure. Spheres
cut from a crystal or from a eylinder would of course act Just as
these objects themselves, and therefore do not require a special
treatment.

The possibilities which are imaginable in stratified structures
with regard to the optical action of the objects fall, on nearer
examination of the relations, into two categories, which may
always be readily distinguished on revolution of the objeet during
observation. Tn all possible views that we get on rotation, either
the polarisation colours retain the same character and the same
order—i.c., we always observe the same position of the neutral
lines of the acceleration and retardation quadrants—or this agree-
ment of the different views does not take place,—the 1mage
exhibits, on rotation of the object, a very marked change of
phenomena, which fails to take place only when perchance the
axis of rotation coincides with a certain diameter of the object
which is distinguished from the other,

It 1s apparent that with objects of the first class the double-
refracting elements must be situated symmetrically with regard
to the position of their axes of elasticity round each radius, and
thence round each point of the surface; while in the latter case
such symmetry, just as with a cylinder, is indicated only with
regard to that particular direction which may be denoted
as the axis. Rotation of the objects under the Microscope
therefore discloses to us whether they are to be considered



- |
1 r u




J64 POLARISATION,

On this supposition the sphere acts in any given position, at
least in its marginal parts, as a middle lamella B B (Fig. 207)
which we may imagine to be cut from

A It—or as a transverse section of the
m % " cylinder. For it may readily be shown
o ;\ that the spherical calotte turned to the

/ 7z observer and the one turned from him

B always act in the same way as the

\ imaginary middle piece, and that they

7 \ A consequently increase its effect, but do

\QLD not change it. This is at once apparent

A with uniaxial elements whose optic axis

Is situated radially. We arrive at the

! t same result with biaxial elements if

Fra. 207, we: consider that the tangential axes of

elasticity are situated in every position,

and therefore act upon the transmitted ray of light with a

value which is mid-way between the minor and the major

axes. The effect of the superposed elements is clearly the

same as if, with similar position of the tangential axes, they

were turned rapidly round their radial axis, and therefore

also the same as with uniaxial elements with radially situated
optic axis.

Hence the image which a spherical object gives in polarised
light decides for us the question, whether the radial axis
of the ellipsoid of elasticity is greater or less than the mean
value of the two tangential ones; but it leaves undecided
whether the elements are uniaxial or biaxial. Assuming the
latter case, it further remains doubtful whether the radial
axis is the mean one, or, in accordance with the character
of the colour, the major or the minor—i.c, it is doubtful
whether the optic axes lie in a tangential plane or in a dia-
metral one.

The neutral cross, which separates the acceleration and
retardation quadrants from each  other, acts exactly as in
transverse sections of cylinders. It appears rectangular if the
polarising planes of the Nicols carried through the centre of
the layers intersect the layers themselves at right angles ; and
in the opposite case it appears oblique-angled.  In circular layers
the former is, of course, always the case; but in elliptical ones
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interpreted in the same manner as with the cylinder, We will
only remark that no object has hitherto been found which comes
under this category,

V.

ON SOME STRUCTURAL PECULIARITIES OF ORGANISED
¢ SUBSTANCES,

HirnerTo we have strictly adhered to the supposition that the
position of the ellipses of elasticity corresponds, in all points of
the substance, to the effect which the superposed elements produce,
We have assumed that the double-refracting elements, of which
the layers of a membrane—a cylindrical or spherical object—
consist, always exhibit the same regular arrangement, and, based
upon this hypothesis, that one axis of elasticity is always situated
radially, and the other two tangentially. We have then determined
the position of the latter according to the effect which the surface
views produce, or left them undetermined if these views acted
neutrally.

This course would be self-evident with crystalline media with
suitable arrangement of the smallest particles; with organised
media it is always plausible; but it should be emphatically stated
that no absolute necessity exists for the assumption of so regular
a structure. Organised substances act in all essential points
differently from non-organised ones ; their optical character is not,
as in the latter, dependent upon the changes of distance which
the smallest particles undergo by pressure or tension, or even by
swelling ; it remains constant, even when the changes amount to
a multiple of the original distances. We can stretch or bend a hair,
a bast-fibre, &e., at will, without altering the character of its colours ;
whilst, for example, a fine glass tube, even on very slight curvature,
produces the colour which corresponds to the change of distance
of its atoms thereby occasioned. Just as little does the swelling
of a piece of membrane cause an essential change of the optical
properties when it is soaked in sulphuric acid or ammonio-oxide
of copper, whereby possibly the thickness is increased fivefold,
though the length and breadth but slightly, Hence it follows,
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lowever, that the optical properties are s_ituated in those mole-
cular gronps—which we shall henceforth term micelle—though
standing in no connection with their distance from each other, or
with the tensions which they at all times develope between them.
Each separate micella acts as a small crystal, and if the effects
become added, the resulting interference colour rises the higher
the greater the number which the resulting ray of light has to
pass, and thus becomes the more intense the greater the number
brought to the unit-area of the microscopical image.

But since organised substances—as we shall further on prove—
consist of a mass of different combinations which mutually eom-
mingle, and of which each perhaps forms its special micellze,
and which also are possibly differently situated ; and since, further,
the ratio in which these combinations ecommingle is, as may be
shown, unequal in the different layers; and since, moreover, the
necessity of a constantly equal position does not exist (or at least
cannot always be proved) in the lodging of new micellee between
those already present though of the like constitution: the
transmitted ray is in all probability subjected to the action of
differently situated elements, and the ellipse which represents the
observed effect can, strictly speaking, be explained only as an
imaginary or resulting one, which in regard to form and position
is between the real ellipses that act upon the ray. It is, for
instance, quite immaterial whether one axis of the ellipse of
elasticity is situated radially throughout, or whether in the
superposed elements (assuming their number infinitely great) it
presents all possible deviations between 0° and 30° to either
side,—the effect is the same in both cases. Similarly, it is imma-
terial whether the successive micellee of the same radial series are
situated equally or unequally, in as far as the superposed series
only exhibit the- deviations just mentioned. We may in general
assume any arrangement of the double-refracting elements, pro-
vided certain positions, which together produce the observed effect,
are preponderantly represented.

A further peculiarity, which is connected with the inner struc-
ture and the method of growth of organised substances, is the
unequal fluid-contents of somewhat dense and loose layers, and the
inequality of double-refracting power resulting therefrom. Hence
1t 1s not permissible to compare transverse sections and surface
views, with regard to their double-refracting power, with the
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intention of discovering the relative excentricity of the effective
ellipses of elasticity from the colours which they produce. Tf, for
mstance, a membrane 6 mic. thick gives in the surface view,
with a selenite plate red I, the acceleration colour blue 11, whilst
a transverse section produces the same effect with 4 mic., it does not
follow that the ellipse of elasticity of the section possesses a rela-
tively greater, or in general a greater, excentricity than that of the
surface view ; for with the latter the more effective dense layers
form only a fraction of the total thickness, whereas in the section
they run continuously from one sectional surface to the other. A
comparison in the given case is therefore only admissible between
the different tangential directions, as they become effective in
transverse, longitudinal, or any oblique sections, if they pass
through a radius.

It is manifest that surface views of membranes, whose layers
produce colours of opposite character in transverse section, do not
admit of interpretation according to the rules we have laid down,
when more than two such layers are present.

74 6

COLLECTION OF EXAMPLES.

ALL structures hitherto investigated agree in that one of the
three axes of elasticity is situated radially. The two axes lying in
the tangential plane exhibit the most variable positions ; ogcasinna-].ly
they correspond to the longitudinal and latitudinal directions of the
cells or fibres, or they may cut these directions at different angles.
We will hereafter denote by left-handed rotation and right-handed
rotation the positions in which the longer of the two tangential
axes lies with reference to the direction of a left-handed or right-
handed spiral (in acecordance with botanical term.linnlng}'}.l Tl_m
angle which the spiral coils form with the Inugitu_dmal axis we will
call . As regards the position of the ellipses in the transverse

' A common screw has, according to botanical terminology, a left-handed
thread, whilst in mechanics it is termed right-handed.
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section, diametral longitudinal sections or marginal views, and
surface views of cylindrical struc-
tures, we will employ a terminology i
agreeing in principle with that applied
above (p. 356), though in so far differ-
ing from it that for transverse and
longitudinal seetions (and with spheri-
cal objects for any sectional views
whatever) it is based upon the relation
to the course of the layers, not to the
diameter. We'shall hence denote by p
(parallel) and by ¢ (transversal) the
positions of the ellipses of elasticity, in
which their major axes lie respectively
in the direction of the layers, or cut
them at right angles. This relation to
the course of the layersis, moreover, not
arbitrarily chosen, but derived directly
from nature, inasmuch as the ellipses of
the known objects in longitudinal and
transverse sections, almost without ex-
ception, show the same position to the
stratification. The position of the
ellipses represented in Fig, 209, for
example, would consequently be de-
noted as follows: transverse section
p, margin p, surface p. When diametral longitudinal sections
were examined in place of the marginal view, the term “ longi-
tudinal section,” instead of “ margin,” has been employed. The
two orthogonal positions of the ohject, which serve to distinguish
the consecutive and the alternative positions, according to what
has been stated above, are represented by horizontal (=) or
upright ( || ) strokes, in which, of course, the same position of the
selenite plates, and the usual position of the polarising prisms
corresponding to these strokes, are throughout assumed. Since the
optic axes always lie in the planes of the major and minor axes
of elasticity, it has been thought superfluous to specially name the
position of the axial plane. On the other hand, the positive or
negative constitution is given with the few objects which have
supplied the necessary data.

Fic. 209,

B R



370 POLARISATION,

The ellipsoid of elasticity to which our results refer has a differ-
ent position from that usually assumed, when the axes are similarly
directed. With reference to this, it is an ellipsoid rotated to 907,
or a reciprocal ellipsoid, since its minor axis takes the position of
the major according to the usual representation, and conversely
(cf. on this point pp. 322-3).

A. Cylindrical Objects.
* A tangential axis is parallel to the axis of the eylinder.

Caulerpe prolifera Lomouwre—Stem. Transv. sect. £, long. sect. 7,
surface doubtful, in the same piece of membrane agreeing with
position £, in other places p. Hence, major axis radial. According
to action on rotation, biaxially positive.

Chameedoris annulate Mont.—Transv. sect. p, long. seet. p, sur-
face p. Hence, major axis longitudinal, minor radial, mean cross-
tangential. Probably optically negative ; on account of unevenness
of surface of membranes not observed with certainty.

Acetabularia mediterranen Lamouwrz—Stalk, Aetion similar to

Chameedoris annulata.

Valonia Egagropila Ag.—Transv. sect. p, long, sect. p, surface £.
Hence, major axis cross-tangential, minor radial, mean longitu-
dinal. Optically positive ; angle of optic axes about 80°.

* * The tangential axes stand acutely to the axis of the cylinder.

Stachys spec—Thin-walled hairs of the stalk. Produce neutral
longitudinal stripes near the margin. The orthogonal position=
appears to be consecutive, the position at right angles to it |
alternative ; consequently left-handed rotation. Angle ¢, after
measurements in split hairs, about 17°; left-handed rotation
confirmed. In agreement with the above we get transv. sect. 7,
margin f, surface p. Hence, minor axis transverse to the left-
handed spiral ; the ratio of two other axes unknown. :

Trifolivm rubens L.—Thick-walled hairs of calyx of fruit.
Action similar to hairs of Stachys; with neutral longitudinal
stripes and left-handed rotation ; angle ¢ unknown.

Abies excelss DOC—O0Lld wood, macerated in nitric acid and
chlorate of potash. (a.) Thin-walled wood-cells. Transv. sect. p,
margin p, surface p. Position = appears to be consecutive,
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compressed threads, whose inclination to the axis > 45°. Transy,
sect. p, margin p, surface £. Consecutive position with regard to
the axis of the cells ||, alternative position =, consequently right-
handed rotation. The single spiral fibres act tolerably neutrally
in transy. sect.; their major axis of elasticity is longitudinal.
Hence, major axis of elasticity of the vessels in the direction of
a compressed right-handed spiral ; the two others unknown, though
probably differing but slightly (judging from the action of the
isolated spiral fibres).

Periderm and Cuticle—Any section ¢, Hence, major axis radial.

Fibres of Musele—According to Briicke, and our own observa-
tions with muscle of Coleoptera agreeing therewith. Long-view p
(longitudinal), transv. sect. neutral, orthogonal positions neutral.
Hence, major axis of the longitudinal direction parallel, the two
others equal or differing but slightly ; optically positive. (The
opposite result of Mohl is due to an error.)

B. Spherical Objects.

Starel-Grains.—Any sectional view {, surface neutral. Hence,
radial axis the major or a mean one sitnated nearer to the major
than to the minor. Possibly uniaxial and then positive.

TInulin granules from the cells of the discs of Aectabuiaria,
arising from their being placed in alecohol. Sectional view p, surface
neutral. Hence, radial axis the minor or a mean one situated
nearer to the minor than to the major. Possibly uniaxial and

then negative.

C. Disc-like Crystals of Amylodextrine.

The minute dises of amylodextrine have a similar structure
to that of sphero-crystals; the crystal needles are not, however,
arranged round a centre, but radially round an axis. They are
distingnishable from all the above-named objects by the fact that
with vertical position of the axis the black cross is situated
diagonally, not orthogonally. The position of the effective
ellipses of elasticity is demonstrated by Fig. 210. In accord-
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object, or is only slightly distant from it. We do not therefore
see the real image of the object under examination through the
eye-piece, but merely the system of the interference curves
which the incident rays produce in the plane of intersection.

Hence the applicability of the instrument is confined to
crystalloid objects or parts of objects, which are large enough
for us to be able to observe them separately. As such, for
Instance, we may name somewhat larger sections of horn and
chitine, sections of muscle, cell-membranes of considerable extent,
&e.  To keep off all stray light, the preparation should be placed
upon a small aperture in an otherwise opaque surfacs, for which
purpose a thin leaf of tin-foil, for instance, fastened upon the
object-stage is convenient. The interference curves which then
appear naturally agree with those which very thin plates of
erystal produce in the polarising apparatus. As, however, most
text-books of Physies treat this point in sufficient detail, it is
unnecessary for us to enter into it more fully.

The great majority of microscopic objects remain inaccessible
for the so-called polarising Microscope. Take, for example,
any cellular tissue, say a section of fir, where each cell-wall
acts as a correspondingly situated plate of crystal—we should
in vain try to cover up all the cell-walls to the very last one,
in order to observe their interference curves. It would therefore
be futile to think of succeeding with cylindrical and spherical
structures, whose crystalloid elements are much smaller than
those in prismatic wood-cells!

The observation of cellular tissue in the polarising Microscope
can lead to a successful result only if certain walls are so
preponderantly . represented, that in sections made parallel to
them they influence the optical effect—i.c., give rise to phenomena
which are not essentially disturbed by the other walls,

Pardon d Song, Printevs, Wine Ofice Court, Fleet Stroet, London, E.C.
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Crystals, action of anisotropic crystalleid
bodies, 819-341.

’ action of two superposed crystal-
loid bodies, whose planes of
vibration intersect obliquely,
341-349,

¥ of amylodextrine, example of |
polarisation, 372-373.

5 Herapathite, 310.

Curvature of the Image-surface, 169,

Image-surface, influence
of Curvature of refract-
ing surfaces upon, 75-
78.

Field-of-view, 64-65, 260.

Field-of-view, Image-dis-
tortion, so-called, 69-
70.

Field -of-view,  distin-
guished from Image-
distortion, 71.

Ui ] L

13 1

1 ., Field-of-view, elimina-
tion of, TZ. )
11 T Fiﬂlfl-ﬂf-i'iﬁw, in con-

nexion with determin-
ation of Magnifying-
power, 178.
Cylinder-diaphragms, 120.
Cylinders, Hollow, 206-217, 349.

DeFrsiTioN, Power of, 148, 149.
Determination of Angle of Aperture,
172-177.
T Magnifying power and
Focal length, 178-
183,
v Cardinal points, 184-
188,
Diameters, equal, objects with, 363-365.
Diaphragms, 120.
Dicatopter, Hagenow’s, for drawing, 208,
Diffraction in connexion with delineation
of fine structures, 226-236.
Diffractional action of Aperture of lenses,
102-103.
Discrimination, testing absolute power of,
126-127.
5 testing relative power of,
140-147.
Distance. Ses © Focal,” *f Object.”

INDEX.

Distortion, Image, 64 ; 68-78.
distinguished from Cur-
vature, 71,
1 T elimination of, 72.
See ** Aberration,” ** Curvature.”
Drawing of mieroseopic ohjects, 296-803,
»»  photomicrographic, 303.

L} b 1]

Evastiorry, axes of, determination of,

aa0-341,
- ellipsoid orsurfaceof, 319-323,
> .+  phenomena of po-
larisation in relation to,
323-330.

Elevations and Depressions, as opposed to
dense and soft layers, 221-222,
Eye, Chromatic Aberration of, 166-167,
B 84-49,

y»  fluctnations in magnifying
power of, 37.

- Spherical Aberration in, 62.

a0 correction of Aberration in,
72-756.

Eye-piece, aplanatic and  orthoscopie,
43-45.

»»  Campani's (or Huyghens'), 35-
42 . 74; 78,

4 Erecting, 45-46.

. error of supposing that com-
bined action of Field-glass
and Eye-glass compensate
defective Achromatism of

Ohjective, 161-167.
¥ for elimination of distortion and
curvature, 72,
+ Holosteric or solid, 44.
- Ramsden's, 42-43; 74 ; 78.
. Spectral, 47-48.
. micrometer, 179-181 ; 182.
Eye-point, the, 40-42.
Eyes, care of the, 273-274.

FARRANTs, preparation of glycerine re-
commended by, 282,

Field of view, Brightness of, §4-80.

Curvature of, 64-65 ; 260.

ay
:: ,, Curvature of, in connexion
with determination of
Magnifying-power, 178.
5 ,» determinationof diameter of,

180.
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Lepisma saccharinwm, 133, 138,

for demonstration
of diffraction phe-
nomens, 231,

Lenses—Centering of the systems of, 79-84,
i cleaning and preservation of, 273,
iy construction of, for elimination

of Distortion and Curvature,
72,
s difference and analogy between
an infinitely thin lens and
given systems of, 4-9.
. differential action of Aperture of,
102-103.
i in connexion with Illumination,
107, 110.
e testing the Centering of, 170-171.
A Achromatie and Aplanatic, 54.
2 Coddington's, 262,
- combination of, for determination
of Cardinal points, 57-62, 144-
188.
i condensing lens in Polarising
Microscope, 304, 308,
- Cylinder, 262-263,
- of Eye-pieces, 35-48, 63-65.
s of Lantern Microscope, 267,
5 of Objective, 27-34.
o of simple Microscope, 256-266,
See  ‘‘ Aberration,” °f Angle of
Aperture,” ** Eye-piece,” ** Focal
length,” “ Illumination.”
Level, differences of, 254-255.
Lieberkithn Mirror, contrast to Illumina-
tion, 114,

Light, Interference of direct with re-
flected, 240-243.

Interference of refracted with re-
flected, 244,

»»  Interference of refracted and direct,

245.

s,  Interference lines caused by
withdrawal of source of, 239-
240.

technical directions with regard to
Illumination, 268-271.

See ** Diffraction,” ** Rays,” ‘* Re-
flexion,” *‘ Refraction,”

Lister's method of determining Angle of

Aperture, 173-174.

Lycena argus, 133 ; 188,

n ]
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INDEX.

MacxI¥YING POWER, determination of,
86, 37, 178181,
260,

for different ranges
of sight, 37,

35 selection of, 271,

Measurement of microscopic objects, 288.

2986,
o Units of, compared, 204,
See “* Determination.”

Membranes, bounded by one plane and

one undulating surface,

219-220,

% bounded by parallel un-
dulated surfaces, 220.221,

- with small depressions or
holes, 217, 219,

A drawing of, 300, 302,

Merz's Spectral Eye-piece, 48.
Micrometer, determination of diameter of
Field-of-view by, 181.
) determination of Focal length
by, 181-183.
3 determination of Magnifying
power by, 179-181.
S determination of Objective
amplification by, 181.
,, Glass-, 238-2091.
. Secrew-, 201,
2 Eye-piece Screw-, 291,
Micromillimetre, proposed standard of
unity, 293,
Mieroscope, optical power of, 90-101,
25 testing the, 126-188.
5 component parts of, 27-50.
& base, 120,
% diaphragms, 119,
i focusing, 116.
. illuminating
118.
o length and position of the
tubes, 120-121.
e object stage, 117,
" placing the, 269.
T stands of modern opticians,
122.125.
treatment, cleaning, &ec.,
273.
o Lantern, 267,
- Multocular, 48-50.
i1 Polarising, 304-319; 354 (nofe).

apparatus,
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Objects, preparation and treatment of
specimens, 275-280,
»»  Ppreservation of specimens, 280.288,
See * Crystals,” * Liquid,” * Mem-
branes,” * Solid,” ** Substances,”
Observation, microscopie, theory of, 189-
255.
Oil-globules in water, microscopic ob-
servation of, 202-208.
Optical Power, 90-92,
Organic test-objects, 132-139.
Orthoscopie Eye-piece, 44, 72.
Uscillariee, observation of motion of, 252,

Pacinr’s liquid for preserving specimens,
283.
Periderm and Cuticle, example of polarisa-
tion, 372.
Periscopic Eye-pieces, 44.
Photomicrographic representation of ob-
Jjects, 303,
Pinnularia viridis, 134, 138,
Pipette, the, 278,
Plane of Adjustment, interferences in,
240-247.
Flane, Focal planes, and prineipal plane
of an infinitely thin lens, 5.
»»  Principal, of compound Refracting
systems, 6, 16.
s  Principal and Focal, of Ohjective
systems, 185-188.
Plate, Rotating, 315-319.
Flewrosigma angulatum, 134, 138,
., attenuatwm, 135, 138.
for demonstra-
tion of diffraction
phenomena, 234,
,  balticum, 136, 138.
Pleessl's Aplanatic Eye-piece, 43,
Points, Principal, of compound refracting
systems, 6, 16,
»  Nodal, 8. :
" Optical Cardinal, 9.
determination of Optical Cardinal,
23 ; (in tabular form); 184-188,
Polarisation, phenomena of, 304-374.
in relation to
the Ellipsoid
of Elasticity,
323-380.

31 tl |
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INDEX.

Polariscopes, use of, 805,
Polariser, the, 304-811.
Power, Defining and Penetrating, 91-92,
See *‘ Magnifying,” ** Optical,”
Prisms, used for drawing, 298,
»»  Foucault's, 308-309.
y»  Hartnack and Prazmowski's, 309-
310,
i Nicol’s, 805-315.
Pritchard’s lenses, 263, 264.
Pseudoscopic effect in binocular Micro-
scopes, 223-224,

RAMSDEN's Eye-piece, 42-43.

Rays of direction, 8, 16,

s, analytical determination of the
path of, in refracting systems,
§-23.

s» determination of the distances of
corresponding image-points from
the axis in the case of any given
inclination of the, 24-26.

,» refracted by Eye-piece, 34.

,» course of, within Eye-piece, subse-

quent to their emergence from
Eye-glass, 39-42.
means of dividing Pencil of, 48-50 ;

3

293,
s in relation to brightness of field,
84-90.
s s [llumination, 103-
115 ; 247-251.
. Aperture of effective cones of, 257-
250,
yy devices for drawing which project
the, 208.

Polarisation of, 304.

See *f Diffraction,” ** Illumination,”
‘' Light,” *‘ Reflexion,” ‘' Refrac-
tion."

Razors for preparation of sections, 276.

Reflector, Side-, 113 (note).

Reflexions by small spheres, granules, fine
threads, &c., and Interfer-
ence phenomena thereby pro-
duced, 236-239.

Interference due to, 240-244.

in drawing of microscopic ob-
jects, 297.308.
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= Edition. :guts. Demy 8vo, cloth, 185. A ‘* People’s Eﬂ.‘l.tiﬂ‘!l” of the
above (Abridged), containing numerous lithographed figures. Fifth Edition,
1zmo, cloth, 2s,
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An Elementary Text-Book of British Fungi: By W.
DE LisLE Hay, F.R.G.5. With about 400 large Figures. Royal 8vo, cloth
il 5

"‘i‘f Lﬁ’ru%n:dlfrmt:vsurlhy manual. —Secafsiman. ) !

Flowers and Flower-Lore : By Rev. Hitperic Frienp, F.L.S.
Illustrated. Third edition in 1 vol., 8vo, cloth extra, gilt tap, 75 551..
CoNTENTS,—The Fairy Garland—From Pixy to Puck-—The Virgin's Bower—
Bridal Wreaths and Bouquets—Garlands for ITeroes and Saints—Traditions
about Flowers—FProverbs of Flowers—The Seasons—The Magic Wand—Super-
stitions about Flowers—Curious Beliefs of Flerbalists—Sprigs and Sprays in
Heraldry — Plant Names — Language of Flowers — Rustic Flower Names—
Teculiar Usages—Witches and their Flower-lore.

Moon Lore: By the Rev. Timorny HarLey, F.R.A.S. Ilustrated by

facsimiles of old prints and scarce wood-blocks. 8vo, cloth extra, gilt top, 7s. 6d.

CoNTENTS.—Introduction—The Man in the Moon—The Woman in the

Moon—The Hare in the Moon—The Toad in the Moon—Other Moon Myths—

Moon Waorship—Moon a Male Deity—Moon a World-wide Deity—Moon a

" Water Deity—Moon Superstitions—Lunar Fancies—Lunar Eclipses—Lunar
Influences—Moon Inhabitation.

Lunar Science: By the same Author. Supplementary to “Moon

Lore.” 3s. &d.
A very popular and readable account of facts known about the Moon,"— Jonrnal of Microscapy.
 Told in a popular and entertaining manner."—Bookseller.

An Elementary Star Atlas: A Series of Twelve Simple Star
Maps, with Descriptive Letterpress, for the use of beginners with the telescope
and naked-eye star-gazers, By the Rev. T. H. E. C, Esrin, B.A,, F. R.A.S,,

Special Observer to the Liw:rgmc-l Astronomical Society. 4to, cloth, 15. 6d.
" These maps are of aconvenient an handy size, and their arrangement is good.” — 4 thesrnm.
- ‘“A tempting popular intreduction to the fascinating scienee of astronomy."—Scheel Board
Chronicle,

Bibliography, Guide and Index to Climate: By A.

Ramsay, F.G.S. With a few Woodecuts, Demy 8vo, cloth gilt, 16s.

Tabular View of Geological Systems: By Dr. E. CLement,
Crown 8vo, limp cloth, 1s.

The Naturalist’s Diary: A Day Book of Meteorology, Phre-
nology, and Rural Biology. By CHARLES RoeerTs, F.R.C.5., L.R.C.P., etc.
With a Coloured Folding Flower Chart. S8vo, limp cloth, 2s.-6d.

A delightful device. . . .Will make every man his own White ot Selborne."—Saturday Review.

The Dynamo: How Made and How Used. By S. R. BorToNE.

Second Edition, with 39 large Illustrations. Crown Zvo, cloth, 2s. 6d,

The Wanderings of Plants and Animals: By Pror.
VicTor I-EEHH. Edited by J. STEVEN STALLYBRASS. Demy 8vo, cloth extra,
ilt top, 16s.

*“ No more interesting work can be imagined. . . . A profusion of learning is spent on every
chapter ; at every turn some odd piece of classical lore turns up. Every student of nature, as well as
evEry ﬁcimln.r, will be grateful to Mr. Stallybrass for his book. He gives them in their own tongue a
Ereat body of erudition and a collection of striking facts. The index is excellent, and particular atten.

tion should be drawn to the notes which are most valuable, and run to ane hundred pages.” —Adcad
(Rev. M. G. Watkins), ’ ; i s

The Farmer’s Friends and Foes: A Popular Treatise on
the various animals which favourably or adversely affect British Agriculture. B
THEODORE WooDb., Fully illustrated. Crown Svo. [Shortly.

The Natural History and Antiquities of Selborne :
By the REv. GILBERT WHITE, M.A. The Standard Edition by BENNETT.
Thur?ligllly Revised, with Additional Notes, by JamMEs EDMUND HaRrTING,
F.L.S., F.Z.5., Author of * A Handbook of British Birds,” ¢ The Ornithology
of Shakespeare,” etc. Tllustrated with numerous Engravings by THoMAS

“BEWIEK, HARrVEY, and others, Thick 8vo, cloth extra, gilt edges, 7s. 6d,
Who ever read without the most exquisite delight White's History o Selborne 1"'— Blackwood s

Recent Scientific Books Published by SWAN SONNENSCHEIN & CO.

Mapazine,
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