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1. Great importance of the subject iu relation to all the effects of vision.

2. Explanation of how an object is seen with the naked eye. 3.

Images produced by plane reflectors. 4. How rays are reflected from
such surfaces. 5. Experimental verifications of this. 6. Image of

a point in a plane reflecting surface. 7. Image of an object in the

same. 8. Real and imaginary images. 9. Images produced by
spherical reflectors. 10. By a concave reflector. 11. Experimental
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13. Images in convex reflectors. 14. Images produced by transparent
bodies. 15. Refraction. 16. Cases in which light will not enter a
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fallacy of the fable of "the Dog and the Shadow." 19. Objects seen

at the bottom of a transparent body. 20. Case of water and glass.

21. Broken appearance of a rod immersed in water. 22. Cases in
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Images produced by lenses. 26. Six kinds of lenses. 27. The axis
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1. THE images of visible objects produced by reflection from

smooth, or polished surfaces, natural and artificial, and by looking

through transparent media, bounded by surfaces having certain

curved shapes, play a part so important in the effects of vision,

that it must be regarded as highly interesting to explain the

optical principles upon which the production of such images
depends, so far at least as may be necessary to render intelligible

LARDNER'S MUSEUM OP SCIENCE. a 81
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the natural appearances and effects which are familiar to every

eye, and innumerable contrivances, from which we derive

essential benefit, either in repairing defects of vision, or ex-

tending the range of that sense to objects removed beyond its

natural limits, either because of their minuteness or remoteness,
or in fine in producing phenomena affording at once amusement
and instruction.

The landscape seen inverted in the tranquil surface of the river

or lake ; the ship seen reproduced in like manner in the face of a

calm sea ; our persons, and the objects which surround us, seen in

a looking-glass ; the clear vision conferred on weak eyes by one

sort of spectacle-glass, and the distinct vision conferred on strong
but short-sighted eyes, by another ; the apparent enlargement

produced by magnifying glasses ; the clear view of the scene and

its personages afforded by the opera-glass ; in fine, the mar-
vellous world of minuteness opened to our view by the microscope,
and the sublime spectacle of the remote regions of space, teeming
with countless systems of suns and circumvolving worlds, dis-

played before us by the telescope, are a few, and only a few, of

the innumerable things of wonder and interest, to comprehend
which is impossible without some knowledge of the manner in

which optical images are produced.
As we shall, from time to time, present all these interest-

ing subjects in the pages of the "
Museum," we propose now,

as an indispensable preliminary, to explain with as much

brevity as may be compatible with clearness, the principles

upon which the natural and artificial production of optical images

depends.
2. It is, in the first place, and above all things, necessary to

understand the manner in which the eye obtains the perception of

any visible object, because if we can show that precisely the same
means are called into operation in the case of an optical image, we
shall understand how the latter produces the same sensible impres-
sion as the object itself.

To comprehend this, then, it is necessary to consider that each

point of a visible object is a focus from which rays of light diverge

exactly as if the point were luminous. Some of these divergent

rays are received by the eye, and enter it through the circular

hole called the pupil,
* and there produce a perception of the point

of the object from which they have radiated. Since each point of

the object is thus a distinct focus, or centre of radiation, a percep-
tion of each point, and therefore of the whole object, is thus

produced.

*
See Tract on THE EYE, vol. T., pp. 54, 55.
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This will be rendered more clear by reference to fig. 1. Let

A, B, c, be a candle, for example, placed before the eye, E. Rays
diverge from the top, A, of the flame, and enter the pupil. A cone

of these rays, whose point is at A, and whose base is the pupil,
enter the eye, and being collected on the retina, produce a percep-
tion of the point A.* And other cones, or PENCILS, as they are

called, proceeding from the points B and c, and, in general, from

all the points of the candle, radiate to the pupil in like manner,
and severally produce perceptions, and so a perception of the candle

is produced.

Now, if A, B, c, instead of being a real candle, were merely the

optical image of a candle, the same perception of its presence
would be produced, provided the same rays radiated in like

manner from each point to the eye, and the observer would see

it exactly as he would see the object itself, were it in the same

position.

But it is not even necessary to the production of the perception
that either the object or its image should be present, if the rays,

no matter where they may have originated, or what route they

may have followed, only enter the eye in the same lines of direc-

tion which they would have, had they come directly from the

object. Thus, for example, if the pencils, instead of coming from

A and c, had come from a similar point at A' and c' towards a and

c, and had there by any optical agency been turned into the direc-

tions which they would have had, if they had come from A and c

to the pupil, the perception produced by them would be exactly
the same.

In fine, the perceptions produced depend on the directions

which the rays have in entering the pupil, and are altogether

independent of the route they may have followed before arriving

there.

It will be most necessary that this fact be impressed on the

memory, since the whole theory of vision, especially where optical

agents are used, depends more or less upon it.

3, IMAGES PRODUCED BY PLA^E REFLECTORS.

The most simple case of the production of optical images, and

that of most frequent occurrence, is when they are produced by
reflection from plane surfaces ; as when a landscape and the firma-

ment are seen reflected in the surface of water, or when objects are

seen in a looking-glass.
To explain this very familiar phenomenon, it is necessary first

*
See Tract on THE EYE, vol. v., pp. 54, 55.
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to explain the manner in which rays of light are reflected when
these fall on a plane surface.

4. The rays are reflected in this case exactly as an elastic ball

is repelled when it encounters a hard and flat surface. Let c,

fig. 2, be a point upon a reflecting surface A c, upon which a ray
of light D c is incident. Draw the

line c E perpendicular to the reflect-

D\ / D
'

ing surface at c
; the angle formed

\ by this perpendicular, and the inci-

\ / dent ray D c, is called the angle of
V / incidence.

V
j / From the point c, draw a line c D'

\i/ in the plane of the angle of incidence

A. c B D c E, and forming with the per-

pendicular c E an angle E c D', equal
to the angle of incidence, but lying on the other side of the per-

pendicular. This line c D' will be the direction in which the ray
will be reflected from the point c. The angle D' c E is called

the angle of reflection.

The plane of the angles of incidence and reflection which passes

through the two rays c B and c D', and through the perpendicular
c E, and which is therefore at right angles to the reflecting surface,

is called theplane of reflection.

This law of reflection from perfectly polished surfaces, which is

of great importance in the theory of light and vision, is expressed
as follows :

When light is reflected from a perfectly polished surface, the

angle of incidence is equal to the angle of reflection, in the same

plane with it, and on the opposite side of the perpendicular to the

reflecting surface.
From this law it follows, that if a ray of light fall perpendicu-

larly on a reflecting surface, it will be reflected back perpen-

dicularly, and will return upon its path ;
for in this case, the

angle of incidence and the angle of reflection being both nothing,
the reflected and incident rays must both coincide with the per-

pendicular. If the point c be upon a concave or convex surface,

the same conditions will prevail; the line c E, which is per-

pendicular to the surface, being then what is called in geometry,
the normal.

5. This law of reflection may be experimentally verified as

follows :

Let c d c', fig. 3, be a graduated semicircle, placed with its dia-

meter c c* horizontal. Let a plumb-line b d be suspended from its

centre 6, and let the graduated arch be so adjusted that the

plumb-line shall intersect it at the zero point of the division, the
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divisions being numbered from that point in each direction

towards c and c'. Let a small reflector (a piece of looking-glass
will answer the purpose) be placed upon the horizontal diameter
at the centrewith its re-

flecting surface down-

wards, and let any con-

venient and well-de- c H & i q'

lined object be placed

upon the graduated
arch at any point, such

as a, between d and c.

Xow, if the point a' be

taken upon the arch d c

at a distance d a' from d

equal to d a, the eye

placed at a' and directed

to b will perceive the object a as if it were placed in the direction

a' b. It follows, therefore, that the light issuing from the point

of the object a in the direction a b
y

is reflected to the eye in

the direction b a'. In this case, the angle a b d is the angle of

incidence, and the angle d b a' is the angle of reflection ; and,

whatever position may be given to the object a
y
it will be found

that, in order to see it in the reflector 5, the eye must be placed

upon the arch d c', at a distance from d equal to the distance at

which the object is placed from d upon the arch d c.

The same principle may also be experimentally illustrated as

follows :

If a ray of sun -light admitted into a dark room through a small

hole in a window-shutter strike upon the surface of a mirror, it

will be reflected from it, and both, the incident and reflected rays
will be rendered visible by the particles of dust floating in the

room. By comparing the direction of these two visible rays with

the direction of the plane of the mirror and the position of the

point of incidence, it will be found that the law of reflection which
has been announced is verified.

6. This being premised, it will be easy to comprehend the

manner in which images are produced by reflection from plane
surfaces.

Let A, fig. 4, be any point of a visible object placed before a

plane reflector, M IT. Let A B and A c be two rays diverging from

it, and reflected from B and c to an eye at o. Alter reflection,

they will proceed as if they had issued from a point, a, as far

behind the reflector as the point, A, is before it ; that is to say,
the distance A ^ will be equal to a N.

It is easy to verify this, by taking into account the law of
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Fig. 4.

reflection already explained. If B D be at right angles to M x,
the angle, D B o, will be equal to B a N", and also to D B A,

and consequently to B A
:sr,

from whence it follows that B A
is equal to B a, and A N to

a "s : and since the same

will be true of all rays
which issue from A towards

the reflector, it follows

that, after reflection, all

such rays will enter the

eye, o, as if they had di-

verged from a.

The eye o will therefore

see the point A in the re-

flector as if it were at a.

7. But since the same

will be true of each point
in an object, A B (fig. 5),

placed before the reflector,

it follows that the rays

which proceed from the

several points of the object will, after reflection, enter the eye, as

if they came from corresponding points of a similar object a 6,

placed just as far "behind the reflector

as the object itself A B is before it.

It is evident that in this case the

image a b is not only similar to the

object but precisely equal to it. Its

position relatively to the reflector is

similar to that of the object, but in

an absolute sense it is different, as

will be evident from observing that

while the arrow A B points to the left,

its image a b points to the right.

8. It will be perceived, that the

reflected rays by which the perception
of the image is produced, do not

actually form the image. They enter

the eye as if they actually came from

the several points of such an image
as the eye sees, but they do not come from such points. In

suclr cases, where the image is perceived, but not actually pro-

duced, it is called a virtual or imaginary image. "When the rays

by which the image is perceived do actually diverge from the

points of the image, the image is said to be REAL.
86
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Since, in all the cases of reflection from plane mirrors, the rays

diverge as if they had issued from points behind the mirror, the

images are always virtual or imaginary.

9. IMAGES PRODUCED BY SPHERICAL REFLECTORS.

Curved reflecting surfaces may have various forms, but

those which are most important are spherical; that is, such

as consist of a part of the surface of a globe of greater or

less diameter. A concave spherical reflector is a part of the

surface of a globe seen from the inside, and a convex, seen from

the outside.

10. Let A c (fig. 6) be the section of a concave reflector, whose

centre is o. The line o B through the middle of the reflector

Fig. 6.

and the centre, o, is called its axis. Let F be the middle point of

the radius o B.

If an object be placed before the reflector at any place, such as

L M, beyond its centre o, an image of this object m l
y

will be

found at a certain point between F and o. The pencils of rays
which radiate from each point of the object, after encountering
the surface of the reflector, will be reflected, converging to the

corresponding points of the image. Thus the rays which proceed
from L will be reflected, converging to I, and those which proceed
from M will be reflected, converging to m.

The image m I will therefore be inverted with relation to the

object, the top of the one corresponding to the bottom of the other,

the right to the left, and vice versa.

It is evident also, that the linear dimensions of the image will

bear to those of the object the exact proportion of their respective
distances m o and :vr o from the centre of the reflector.

11. The production of such an image can be easily verified

experimentally. Let the object L M be a candle, and let a small

piece of card be held between o and F at right angles to o B. An
image of the candle will be seen upon the side of the card pre-
sented to the reflector. The image will at first be nebulous and

indistinct, but by moving the card alternately to and from the
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centre o, a position will be found at which the image will

be distinct. The card in this case should be so small as not

to intercept too much of the light radiated from the candle to the

mirror.

12. If the candle be now supposed to be gradually removed to

greater and greater distances from the reflector, the image will

approach nearer and nearer to the middle point F of the radius

o B, and when its distance attains a certain limit, the image will

be formed at F. However much the distance may be further

augmented, the image will remain stationary at F.

This point F being therefore the place at which the images of

all very distant objects are formed, is called the PRINCIPAL FOCUS

of the reflector.

If the object L M be supposed to be moved continually towards

the centre o, its image I m will also move towards o. When the

object is moved past the point o towards the reflector, its image
will be found outside the centre, so that if the object were m I the

image would be L 3r. In passing the centre o, therefore, the

object and image interchange places.

So long as the object is outside the centre, it will be greater

than its image, but when inside the centre it will be less. The

reflector, therefore, acts as a magnifier, or the contrary, according

as the object is between o and F, or outside the centre o.

All these effects can be verified experimentally by receiving the

image on a card in the manner described above. It is evident

that in all these cases the images are real.

If the object L 31 be placed between F and B, as in fig. 7, the

pencils of rays which

diverge from the seve-

ral points of the object

will be reflected, di-

verging as if they had
"

o radiated from the cor-

responding points of

an image, I m, at a

certain distance be-

hind the reflector. This image will be similar in position with the

object, that is erect, and it will be greater than the object in its

linear dimensions, in proportion to its distance from the centre o

of the reflector.

Since the image in this case is behind the reflector it will be

imaginary.
If the object be moved towards B, the image will also move

towards B, and if the object be moved towards F, the image will

move from B, and will recede through spaces much greater than
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those through which the object is moved. In fine, when the

object approaches to F, the image will recede indefinitely behind
the reflector, and will disappear altogether when the object
actually arrives at F.

All these phenomena admit of easy verification, by placing a
candle in the several positions here assigned, and observing its

image reflected in the mirror.

13. If the reflector be convex, the object L M (fig. 8), will have

points I m, between the reflector and theits image at the

principal focus F.

The rays pro-

ceedingfromthe

several points of

the object L M
will, after re-

flection, diverge
as if they had

proceeded from

the corresponding points of I m, and will produce upon the vision

the same effects as if an object had been actually placed at I m.
The image in this case, therefore, will be erect, and it will

be less than the object in the proportion of o I to o L. In this

manner is explained the effect familiar to every one, that convex

reflectors exhibit a diminished picture of the object placed before

them.

14. IMAGES PRODUCED BY TRANSPARENT BODIES.

When light enters or issues from'a transparent body its direction

is deranged, its rays appearing to be broken at the points where

Fig. 9.they pass through the surface of

the body. This effect is called

refraction.

15. Thus, if the line A B (fig.

9) be supposed to represent the

surface of such a body, and that

a ray, E i, enter it at i, this ray,
instead of preserving its direc-

tion, will be broken, as it were
at i, and will take the direction

i R. If the ray has been transmitted from R to i, it would, on

issuing from the surface A B at i, have been broken, and would
take the direction I E.

Let the line N N' be drawn perpendicularly to the surface A B.

If the ray E i be supposed to enter the surface at I, it will be

always refracted towards the perpendicular I N'.
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But if, leaving the direction E i, it issue from the surface at i,

it will be refracted from the perpendicular I IT in a direction

such as i E. This is a law of refraction to which there is no

exception.

16. Light will enter a transparent body whatever may be the

obliquity with which it falls upon it ; but it must be remembered
that a certain proportion of it will be reflected. This proportion
is very small, when the light strikes the body with very little

obliquity, but it increases as the obliquity is increased, and is very
considerable at great obliquities.

17. This will explain a phenomenon which is familiar to every

eye. A spectator stationed on the banks of a river or lake, as at

s, fig. 10, will see the opposite bank and objects such as o upon
it, reflected in the surface of the water, and will see in the same

way distant boats or vessels, such as B, reflected, the images being
inverted according to what has been already explained (6, 7).

But he will not see any reflection of a near object, such as A. In

Fig. 10.

the case of distant objects, such as o and B, the rays o E, B E,

which proceed from them striking the surface of the water very

obliquely, the part of the light which is reflected in the direction

E s is so considerable as to make a very sensible impression on the

eye, although it is far from being as strong as a more complete

reflection would produce, as is proved by the fact of which every

one is conscious, that the images of objects thus reflected in water

are far less intense and vivid than images would be reflected from

the surface of a looking-glass.
As for objects, such as A, placed near the spectator, they are

not seen reflected, because the rays A E', which proceed from them,

strike the water with but little obliquity, and consequently the

part of their light which is reflected in the direction E' s towards

the spectator is not sufticiently considerable to produce a sensible

impression on the eye.
For this reason, also, a person on board a vessel may see
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Fig. 11.

E M

plainly enough the banks or shores reflected in the water ; but

if he lean over the bulwark, and look down, he cannot see his

own image.
18. In general, the illustrations and imagery of poetry, drawn

from natural phenomena, are just and true. Yet this is not in-

variably the case. Every one will perceive from, what has just

been stated, that the fable of the Dog and the Shadow, which has

been handed down through so many ages, diffused through so

many languages, and taught so universally in the nursery and the

school, is a most gross optical blunder.

19. If a visible object be placed below a transparent body, as,

for example, at the bottom of a reservoir of water, or attached to

the lower surface of a plate of glass, an observer above will see,

not the object itself, but an optical image of it, which will be

nearer to the surface, or less deep than the object. A reservoir

of water, a river, or a lake, or the sea, when not too deep to allow

the bottom to be visible, will on this account always appear to be

less deep than it really is,

because the optical image
of the bottom, which is in

fact what the observer

sees, is less deep than the

bottom itself. After what
has been stated above, this

is easily explained.
Let K (fig. 11) be a point

of any object below the

surface A c of any transpa-
rent body. The rays K D,

which diverge from R, will,

after emerging, be deflected from the perpendicular in the direc-

tions i> E, and will enter the eye of an observer as if they came

from I, a point less deep than R. The point R will, therefore,

be seen as if it were at I, and the same being true of all the

points of the object, it follows that an optical image of the object

will be formed at a certain depth below the surface, less than the

depth of the object.

This image will evidently be imaginary, since the rays by which
it is produced diverge from the surface of the transparent body,
but not from the points of the image.
The greater the' refracting power of the body is the more the

rays D E, emerging from the surface, will be deflected from

the perpendicular, and consequently the nearer the point I of

their divergence, or,, what is the same, the image, will be to the

surface.
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20. Thus, for example, if the transparent medium be water, the

depth of the image will be about three-fourths of the depth of the

object, and consequently water, when the bottom can be seen,

always appears less deep than it is in the proportion of 3 to 4. A
reservoir, whose real depth is 12 feet, will appear to have a depth
of only 9 feet.

If the transparent body be glass, which has a greater refracting

power than water, in the proportion of about 8 to 9, an object
attached to the under-surface will appear to be at the depth of

about two-thirds of the thickness of the glass.

21. If a rod L B I/, fig. 12, be plunged obliquely in water, it

will appear as if it were broken at B, the part immersed being

-pio
. 19 seen, not as it really is in the

direction B L, but in the direc-

tion B /'. This will be easily

understood, when it is con-

sidered that the image of such

point of the rod will appear at

a less depth than the point

itself, in the proportion of 3

to 4. Thus the image of the

several points P will be at

the points ^>, the depths M p
being severally three-fourths of the depths M p.

22. A certain part of the light which strikes upon the surface

of a transparent body will enter it, no matter what be the obliquity

with which it encounters it ; but there is a certain obliquity beyond
which light cannot emerge from it. Thus a ray of light proceed-

ing from any object under water, which strikes the surface at an

angle less than 41 32', cannot emerge, and in that case it may be

asked, what becomes of the ray ? The answer is, that it will be

reflected back into the water exactly as if the surface were a per-

fectly polished plane surface.

In the same manner, if the transparent body be glass, the ray

cannot emerge from it, if the obliquity be less than 48 IT, and in

this case the ray will be reflected.

The reflection which takes place under such circumstances, is

much more complete than any reflection from the surfaces of

bodies, whether naturally smooth or artificially polished. It has,

consequently, though somewhat improperly, been called PERFECT

REFLECTION, for, although the reflection is incomparably more

perfect than that from smooth or polished surfaces, nevertheless

there is still a small part of the light lost.

The angle which limits the obliquity at which light can emerge
from a transparent body, is called the limit of transmission.
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Fig. 13.

23. This remarkable property of transparent bodies may be illus-

trated experimentally by the apparatus represented in fig. 13
; let

abed represent a glass vessel filled with

water, or any other transparent liquid.
In the bottom is inserted a glass receiver,

open at the bottom, and having a tube

such as a lamp-chimney carried upwards
and continued above the surface of the

liquid. If the flame of a lamp or can-

dle be placed in this receiver, as repre-
sented in the figure, rays from it pene-

trating the liquid, and proceeding to-

wards the surface dc, will strike this surface with various obliquities.

Rays which strike it under angles of incidence within the limits

of transmission will issue into the air above the surface of the

liquid, while those which strike it at greater angles of inci-

dence will be reflected, and will penetrate the sides of the glass
vessel b c.

An eye placed outside b c will see the candle reflected on that

part of the surface d c, upon which the rays fall at angles of inci-

dence exceeding the limit of transmission; and an eye placed
above the surface will see the flame, in the direction of the re-

flected rays, striking the surface with obliquities within the limit

of transmission.

24. A remarkable property of glass prisms, which proves of

great use in various optical instruments, depends on this property.
Let B, fig. 14, be a rectangular prism, the

longest face of which is inclined at angles of

4o to the two rectangular faces. If a ray
of light, A B, enter one of the rectangular
faces perpendicularly, it will pass into the

glass without suffering any change of direc-

tion, and will encounter the surface B at an

angle of 45, which being less than 48 11',

the minor limit of possible transmission, it

will be reflected on issuing through the other rectangular sur-

face perpendicularly, will meet the eye as it would if B were the

only surface it had encountered, and the object from which the

ray has proceeded, and whose real direction is B A, will be seen

in the direction c B at right angles to B A.

Fig. 14.

25. IMAGES PEODUCED BY LENSES.

A lens is a circular plate of glass, the surface of which is

curved on one side or both.
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Fig. 15.

26. A plano-convex lens, fig. 15, has one side, A c, flat, and
the other convex.

A plano-concave lens, fig.

16, has one side, A' c', flat,

and the other concave.

A double convex lens, fig.

17, has both sides convex,
_ and a double concave lens, fig.

18, both sides concave.

It is not necessary that the

convexities of the sides in the

one, or the concavities in the

other, should be equal. The degree of convexity or concavity
will depend on the radius o B or o' B' of the sphere of which

Fig. 16.

JSaaA.

the lenticular surface is a part. The less that radius is, the

greater will be the curvature of the surface. Thus, if o B be greater
than o' B', the sur-

Fig' 1T*

face A' c' will be

more convex (fig.

17), or more con-

cave (fig. 18), than

AC.
o/ A concavo-convex

lens has one side,

A c, fig. 19, concave

and the other con-

vex, the concavity, however, being greater than the convexity.
A meniscus has also one side, A c, fig. 20, concave, and the

other convex, but, on the contrary, the convexity is greater than

the concavity.
27. A line, o o', which joins the centres of the two lenticular

surfaces in figs. 17, 18, 19, and 20, and which passes through the

centre of the lenses, and one which, in figs. 15 and 16, is drawn
from the centre o at right angles to the flat surface, and passing

through the centre of the lens, is called the AXIS OF THE LENS.
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28. Examples of each of these forms of lenses are more or less

familiar to every one. Thus the glasses of spectacles used by

Fig. IS.

weak-sighted or aged persons, are usually double convex lenses.

Those used by short-sighted persons are* generally double concave

lenses.

Spectacles called periscopic are sometimes used. The glasses

of these, which
are suited toweak

sight, are me-

niscus, and those

adapted to short

sight are concavo-

convex lenses.

Fig. 19.

Fig. 20.

The eye-glasses
of opera-glasses
are usually double concave lenses. The object glasses are

generally plano-convex lenses, the plane side being turned

inwards.

29. If an object such as o"', fig. 21, be placed before a convex

lens, and at right angles to its axis, an image, I'", of it will be

produced behind

the lens, also at

right angles to the

axis, inverted in

position in relation

to the object, that

is, the top of the

image corresponding
with the bottom of

the object, and the right side with the left, and vice versa.

If the object be placed near the lens, the image will be formed

at a great distance from it, and will be greater than the object in

its linear dimensions in the same proportion as its distance is

greater than that of the object from the lens.

This will be evident by inspecting the figure. The length of

the image, i"', is evidently greater than that of the object, o'", in
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the same proportion as that in which the distance I'"L is greater
than O'"L.

If we suppose the object o'" to be gradually removed from the

lens, so as to assume successively the positions o", o', &c., the

Fig. 21.

image will gradually approach the lens, assuming successively
the positions i", i', &c., and the linear dimensions of the object
and image being still in the proportion of their distances from the

lens, the image will necessarily decrease as the distance of the

object from the lens increases.

30. Now, it might be imagined that by removing the object to

distances increased without limit, the distance of the image from

the lens would be decreased without limit. This, however, is not

the case. "While the object recedes through great spaces, its image

approaches the lens through very small spaces, and when the object
has been removed to a certain distance, the image is found to

become sensibly stationary, not being capable of approaching nearer

to the lens than a certain minor limit of distance, even though the

distance of the object should be augmented indefinitely.



Fig. 22.
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CHAPTER II.

31. Experimental verification. 32. Variation of the magnitude
of the image. 33. Principal focus and focal length. 34. Varia-

tion of position, and magnitude of image. 35. When images real,

and when imaginary. 36. Images produced by concave lenses.

37. Focal length varies with refracting power. 38. Refracting power
depends on material of lens. 39. Spherical aberration. 40. Images

produced by lenses not absolutely clear and distinct. 41. Series of

images. 42. Nebulous and confused effect. 43. Spherical aberra-

tion greater near the borders. 44. Increases with the curvature.

45. And with the magnifying power. 46. Spherical distortion.

47. Curved images. 48. How to diminish spherical aberration.

49. Lenses made from diamonds and other precious stones. 50.

Ineffectual attempts at improvement by this means. 51. Methods
of diminishing spherical aberration by proper adaptation of curva-

tures. 52. Aplanatic lenses. 53. Chromatic aberration. 54. White

light compound. 55. Coloured lights sometimes compound. 56.

Images produced by homogeneous lights. 57. Images produced by
compound light. 58. Lenses always produce several images of a

natural object. 59. Why they are not always so confused as to be

useless for vision. 60. Dispersion. 61. Dispersion increases with

refraction. 62. Dispersion different with different material.

31. THIS remarkable property of lenses, which is of the most

extreme importance, not only in the theory and practical con-

struction and application of microscopes, but of all optical

instruments whatsoever, admits of the easiest and most simple

experimental verification.
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Take any magnifying glass (the object lens unscrewed from an

opera glass, or the spectacle glass, or eye-glass of a weak-sighted
person will answer the purpose), and holding it with its surfaces

vertical, let the flame of a candle be placed near it in its axis, and
let a white card be held behind it at right angles to its axis. Let
the card be moved gradually from the glass until the inverted

image of the name of the candle is seen distinctly upon it. In

this position the flame may be supposed to be the object o'", and
its image on the card the image if". Let the candle be now re-

moved a little farther from the glass. The image will become

indistinct, but if the card be removed a little towards the glass,
its distinctness will be restored. The flame will now represent

o", and its image on the cardi". See fig. 22, p. 97.

In the same manner, if the candle be continually removed from

the glass, its image will approach continually to the glass, but at

a slower and slower rate. When, however, the flame has been

withdrawn to the distance of several yards from the magnifying
glass, its image will become sensibly stationary, never approaching
in any perceptible degree closer to the glass, however far the candle

may be removed.

32. It must be observed, nevertheless, that although the posi-
tion of the image of the flame remains thus unchanged by the in-

creased distance of the candle from the glass, its magnitude under-

goes a very perceptible change, decreasing in linear dimensions in

exactly the same proportion as the distance of the candle from the

lens increases.

It appears, then, in fine, that when a convex lens is presented
to any object, whose distance from it exceeds a certain limit, the

optical image of such object will be formed at a fixed distance behind

the lens, which distance will be the same whatever the distance of

the object may be. Thus, for example, if the lens be presented to a

window looking out over a landscape, the image of this landscape
will be seen depicted, but inverted in position on a card held

behind the lens, at the fixed distance from it, which has just
been indicated ; and although the trees, buildings, and mountains,
which form the view before the lens, are at extremely various

distances, their images will be all depicted on the card upon a

small scale, at precisely the same distance from the lens.

33. The point in the axis of a lens, at which a distinct picture
of distant objects is thus produced, is called the PEINCIPAL

FOCUS *
of the lens, and the distance of this point measured upon

the axis from the lens is called the FOCAL LENGTH of the lens.

* In some practical works on the microscope, this point is called the

SIDEREAL or SOLAR focus. This term has not, however, obtained a place
in the nomenclature of scientific writers.
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If a radiant point be placed at A, fig. 23, at the principal focus

of a lens, the rays diverging from it after passing through the

lens will be rendered parallel, as may be shown experimentally by

receiving them upon a screen as indicated in the figure. An

Fig. 23.

illuminated disc will be produced upon the screen equal in size

to the lens.

34. Having explained the change of position which the image
undergoes by removing the object indefinitelyfrom the lens, let

us now consider how its position will be affected if the object be

moved indefinitely towards the lens.

It is evident, from what has been already explained, that when
a very distant object approaches the lens, no change whatever in

the position of its image is at first produced, the image remaining

always at the principal focus, but the magnitude of the image will

be sensibly augmented, its linear dimensions increasing in exactly
the same proportion as the distance of the object from the lens

decreases.

When, however, the object has approached within a certain

limit of distance, the image will begin, at first very slowly, and
afterwards more rapidly, to recede from the lens. It will thus

continue to recede, and at the same time to increase in its dimen-

sions, until the object is brought to a distance from the lens equal
to its focal length. The image having then augmented indefinitely
in magnitude and distance, will altogether disappear.

This is, therefore, an exceptional position of the object, in which
no optical image is produced by the lens.

If we suppose the object to be brought still nearer to the lens

than its focal distance, no actual optical image will be produced,
but the rays of light which, having issued from the various points
of the object, pass through the lens, will be refracted by it into

directions such as they would have had if they had issued from a
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similar object at a greater distance in front of the lens, and of

proportionally greater dimensions.

To render this more clear, let A c, fig. 24, represent a convex

lens, whose focal length is B F, and let L M be an object placed
before it at a less distance than B F. Now, it will be understood

that from every point of the object L u, rays of light diverge,

which, passing through the lens A B, have their directions changed

by it, and this change is such that, instead of diverging from

the various points of the object L M, they will diverge from a

similar series of points placed at a greater distance before the lens.

In fine, after passing through the lens, they will diverge as if they
had issued from the points of an object I m in all respects similar

to the object L M itself, and having a like position, but greater
than the object in its linear dimensions, in the proportion of I B to

L B
; that is, of its distance from the lens to the distance of the

object from the lens.

In this case, then, no actual optical image is produced which,
as in the former case, can be received and exhibited upon a card.

But if the eye of an observer be placed behind the lens, it will

receive the rays proceeding from the object L M, and passing through
the lens exactly as if they really had proceeded from the object
I m, without the interposition of a lens, and the eye will be affected,

and vision produced exactly as if such an object as / m were present.
35. When the optical image is actually formed, so that it can

be received and exhibited upon a card or screen, it is said to be a

BEAL IMAGE
;
and when it is formed in the manner above described,

so as to be seen by the eye directly receiving the rays from the

lens, but not capable of being formed on a screen, it is said to be

IMAGINARY.
An exception might be taken to the terms, inasmuch as the

visual image is as real in the one case as in the other. They have,

however, been generally adopted in the nomenclature of optics.

All that has been said of the optical images, real and ima-

ginary, produced by double-convex lenses, and of their principal

foci, will be equally applicable to plano-convex and meniscus

lenses. In each of these the convexity being the prevalent

character, their optical effects are similar to those of double-
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convex lenses, subject, nevertheless, to some qualifications which

will be explained hereafter.

36. The optical effect of a concave is, as might be expected,

the reverse of that of a convex lens. In no position can a con-

cave lens produce a real optical image.
Let AC, fig. 25, be such a lens, and LM an object placed any-

Fig. 25.

L

where before it. The rays which diverge from the various points
of L M will, after passing through the lens, diverge as if they had
issued from the corresponding points of a similar object lm,
nearer to the lens ; and an eye placed behind the lens will see the

object, not as it is at L M, but as it would be if placed at lm, and
reduced to a lesser magnitude.

This explains a fact which must be familiar to every one who

may have looked through concave glasses, such for example as the

spectacles of short-sighted persons. All objects seen through
them appear to be diminished.

37. The focal length of a lens depends on the degree of refraction

which it is capable of producing on the rays which pass through
it. The greater this refraction is the more the convergence of the

rays will be increased, and the less will be the focal length.
The refracting power of a lens depends partly on its form, and

partly on the material of which it is made. With a given
material the refracting power will increase with the convexity.
The more convex the surfaces are the greater will be the refract-

ing power, and the less the focal length and the nearer to the lens

will the image of an object at a given distance be produced, the

lens being supposed to be convex.

38. But the refracting power, and therefore the focal length, also

depends on the material of the lens. Two lenses having the same

convexity will have different refracting powers, and therefore

different focal lengths, if they are made of different transparent

bodies, or even of different sorts of the same substance. A lens

of water will have a longer focus than a similar one of glass;
and the latter will have a longer focus than a similar one

made from a diamond, because water has a less refracting power
than glass, and glass less than diamond. In the same way, a
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lens of crown-glass will have a longer focus than a similar one of

flint-glass, since the latter has a greater refracting power than
the former.

39. SPHERICAL ABERRATION.

In all that has been stated hitherto, it has been assumed that

the images produced by lenses are as perfect reproductions of the

object as is the image produced by a common looking-glass.
In practice this conclusion requires considerable qualification.
In the first place, lenses, of whatever material they may be

formed, though very transparent are not absolutely so, and they

consequently intercept more or less of the light which falls upon
them. The thicker they are the greater is the quantity of light
thus intercepted. Sometimes there is a tendency to intercept

light of a particular tint of colour. In such cases the brightness
of the image is not only deteriorated, but it is falsely coloured,

being most tinged with those colours which the material of the

lens transmits most freely.

Although such imperfections cannot be totally removed, they

may be and have been reduced to so very inconsiderable an
amount by the proper selection and adaptation of the material of

which lenses are formed, that they need not be farther noticed

here.

The loss of light by reflectors, however highly polished the

reflecting surface may be, greatly exceeds the amount of light

intercepted by transparent media. On this, as well as some

other accounts, refracting have been generally preferred to

reflecting microscopes.
40. Although the image of an object produced by a convex

lens in the manner already described (29), appears at first view

to be an exact reproduction of the object, it is found, when
submitted to rigorous examination, to be more or less confused

and indistinct. This confusion is augmented in proportion as it

is more magnified, and when it is viewed as in a compound
microscope, with a simple microscope so as to be still further

amplified, the confusion becomes so great as to deprive the

observation of all utility.

This indistinctness and confusion arises from two causes, one

depending on the form, and the other on the material of the

lens.

That which depends on the form of the lens we shall now

explain.
41. If a convex lens be presented to a visible object, the central

part being covered by a disc of card, leaving uncovered a ring
of surface at the borders, a distinct, but very faintly illuminated

102



SPHERICAL ABERRATION.

image will be produced at a certain distance from the lens. Let

this distance be called d'.

If the border of the lens be now covered with a ring of card,

and the central part with a card disc less in diameter than the

ring, so as to leave an uncovered space between the disc and the

ring, another faint but distinct image will be produced at a

certain distance d", a little greater than d'.

If the border be covered with a broader ring of card, and the

central part by a still less disc, so as to leave an uncovered ring

of surface smaller than the last, another image will be produced
still faint and distinct, and at a distance d'" greater still than d'

1

.

In fine, by continuing this process, it will be found that if the

lens be resolved into a series of annular surfaces, concentric with

each other and with the lens, a series of images will be produced
at distances d', d\ d'\ d"", &c., gradually increasing, that pro-
duced by the external annulus being at the least distance,

and that produced by the spot surrounding the centre at the

greatest distance.

On comparing the series of distances d', d", d'", d"" ...
at which these images are placed, a very important circum-

stance will be observed in their distribution. It will be found

that while those produced by the central annuli are crowded very

closely together, those produced by the annuli near the edge of

the lens are separated one from another by much more sensible

spaces.

When the entire surface of the lens is uncovered and exposed
at once to the object, it is evident that this series of images will

be produced simultaneously. Some idea of their distribution

along the axis of the lens may be found by referring to fig. 26. ^

Fig. 26.

I

The object being oo, and the image produced by the small

central spot of lenticular surface being at 1 1, the images formed

by the rings of surface immediately contiguous to this spot will

be crowded together so closely in front of a screen held at 1 1,

that they will all be formed upon the screen with very little
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less distinctness than the image formed by the central spot itself,

so that by their superposition upon the screen, all will contribute

to augment the brightness of the image formed upon it, without

producing injurious confusion or indistinctness. But not so with
the much more distant and more widely separated images 1, 2,

3, 4, &c., produced by the exterior rings of the lenticular surface.

These being at very sensible distances from the screen held at

the place of the central image would produce a confused, cloudy,
and indistinct picture on the screen, which falling

upon the more distinct picture produced by the cen-

tral part, would give the whole a nebulous and

misty appearance, such as is shown in fig. 27, when
the object is a circular disc.

42. It appears therefore that a distinct optical

image of an object placed before a convex lens can

only be formed when a certain limited part of the

central lenticular surface is exposed to the object. The exterior

part would render the image brighter by means of the increased

light transmitted to it, but at the same time confused by reason

of the distance of the place of the distinct image formed by the

borders from that formed by the centre.

The confusion and indistinctness produced in the optical image
of an object from the cause here explained and illustrated is

called the SPHERICAL ABERRATION..

43. From what has been explained, it appears that the aberra-

tion produced by the central part of the lens is inconsiderable,
but that it increases rapidly towards the borders. The extent of

the central surface, which is thus free from any considerable

aberration depends on the convexity of the lens. If it be but

slightly convex, or what is the same, if the radius of the sphere
of which it forms a part be great, the extent of this central

surface will be considerable ; but as the lens becomes more and
more convex, or what is the same, as the radius of the sphere of

which it forms a part is less and less, the central part exempt
from injurious aberration also becomes less and less.

44. It follows from this, that in proportion as lenses are more

convex, their diameters must be less, inasmuch as otherwise the

aberration produced by external parts of their surfaces would

destroy the clearness and distinctness of the image.
Since every increase of the magnifying powers of a lens formed

of a given material requires an increase of its convexity, it will

also render necessary a decrease of its diameter.

45. If while the diameter is thus decreased the focal length
remained the same, the aperture and consequently the illumina-

tion of the image would be diminished. But while the increased
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convexity renders a diminished diameter necessary it also pro-
duces a diminished focal distance ; and since the aperture

(that is, the angle formed by lines drawn from the principal focus

to the extremities of a diameter of the lens) increases with the

decrease of the focal distance, this decrease may compensate for

the decrease of the diameter, so that the aperture may not he

diminished. But in fact the decrease of focal distance, much more
than compensates for the decrease of the diameter, and in good
lenses the aperture is much greater for small lenses of high magni-
fying power, than for larger ones with lower magnifying power.

It is owing to this, that great magnifying powers can be

obtained without rendering the illumination of the image

injuriously faint, as it would be, unless the aperture of the lens

on which it depends were augmented in some degree proportionate
to the increase of the power.

46. SPHERICAL DISTORTION.

Independently of the spherical aberration properly so called,

there is another optical effect produced in the image, depending
on the form of the lens, which requires notice.

In the preceding paragraphs it has been assumed that theform
of the image is that of the object, and when the image is small

this may be considered as practically true. But when the image
is considerably amplified the form differs sensibly from that of

the object.

If an object which is straight or flat be presented to a convex

lens, outside its principal focus, so that a real image shall be pro-
duced on the other side of the lens, the image will not be flat but

curved, with its concavity towards the lens. If the object were

curved with its convexity towards the lens, its image would be

also curved, but with its concavity towards the lens, and the

curvature of the image would in that case be greater than that of

the object.

If the object were concave towards the lens, its image would
be also concave towards the lens, but with less curvature than

the object.

47. If the curvature of the object be supposed gradually to

increase, the concavity still being presented towards the lens,

the image will be also concave towards the lens, but its curvature

will diminish as that of the object increases, and when the

curvature of the object increases to a certain point, the image will

become straight or flat.

If the curvature of the object still continue to increase, the

image will become convex towards the lens, and its curvature

will increase with that of the object.
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The relative forms of the object and its image in such case will

be more clearly understood by reference to fig. 28, where L L is

Fig. 28.

the lens, and o o, o' o', o"o", o'" o'", and o"" o"", objects having
the different forms above mentioned, placed at a point beyond its

principal focus. The images of these severally are indicated by
the letters 1 1, i' I', i" i", i"'!'", and i"" i"", at the other side of

the lens. Thus the image of the straight or flat object o' o' is the

curved image i' I', concave towards the lens L L. In like manner,
1 1, concave towards L L, is the image of the object o o, which is

convex towards L L
; i" i", concave towards L L is the image of

o" o", also concave towards L L
; while the flat image i'" i'" is that

of the object o'" o'
r/

,
which is curved and concave towards L L.

The image i"" i"", convex towards L L, is that of o"" o"", concave

towards L L.

It will be evident that none of these images could be projected
with uniform distinctness upon a flat screen, except that of the

curved object o'" o'", the image of which is flat. If the image of

a flat object o' o
7

were projected upon a screen held at the point
where its curved image i' i' intersects the axis of the lens, it

would only be distinct at and near the centre. The screen being
behind the extremities would be out of focus with them, and

consequently those parts of the image would be indistinct. If the

screen were advanced, so as to render the extremities distinct, the

centre would be out of focus, and consequently indistinct.

In this case, the object is assumed to be placed beyond the

focus of the lens, and consequently the image is always real,

whatever be its form. Let us now consider the case in which
the object is placed within the focus, and its image consequently

imaginary (34).

Let L L, fig. 29, be the lens, and let the object, placed within its
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focus, be viewed by an eye at E, an imaginary image will be seen

at a certain distance, greater than that of the object.

Fig. 29.

If the object be straight or flat, such as o' o', the image will be

curved with its convexity turned towards the lens, as shown at

i' i', in the figure. If the object be concave towards the lens, the

image will be less and less convex, until the object having a

certain concavity, such as o" o", the image will be straight or

flat as shown at i" i". If the concavity towards the lens be still

greater, as at o'" o'", the image will become concave towards the

lens, but less so than the object. If the object be convex

towards the lens, as at o o, the image 1 1 will also be convex

towards it.

It follows, therefore, that a straight or flat object seen through a

convex lens thus will appear curved or convex, and that a convex

object will appear more convex. A concave object, provided it

have a certain degree of curvature, will have a straight or flat

image, and all objects more concave will have concave images.
These results will be found to have considerable importance in

the practical construction of compound microscopes.
48. From what has been explained it follows, that if any

expedient could be discovered, by which the focal length of a lens

could be shortened without increasing its convexity, we could

obtain a given magnifying power with a lens of a given
diameter without increasing the aberration, a result which would
be a most evident advantage. Now, there is only one way by which
this could be accomplished, which is by finding some material for

the lens, which without any countervailing disadvantages would
have a greater refracting power than glass. A lens made of such

a material would have a shorter focus, and consequently a greater

magnifying power than a lens of glass with the same convexity.
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49. Several transparent substances having this important

property are found among the precious stones, and more parti-

cularly in the diamond, which has a greater refracting power
than any known transparent body.

This advantage, and some other optical properties, induced

some scientific men, among whom Sir David Brewster held a

conspicuous place, to cause lenses to be made of diamond,

sapphire, ruby, and other precious stones, and sanguine hopes
were entertained of vast improvements in microscopes, resulting
from their substitution for glass lenses. These hopes have
however proved delusive.

50. Notwithstanding all that enterprise, skill, and perseverance
could accomplish, both on the part of scientific men, such as

Sir David Brewster, and practical opticians, such as Pritchard

and Charles Chevalier, the attempt has been abandoned. Inde-

pendently of the cost of the material, difficulties almost

insuperable arose from the heterogeneous nature of the gems.
Their double refraction, and the imperfect transparency and
colour of some of them. The improvement of simple microscopes

composed of glass lenses by the invention of doublets, and by the

proper combination and adaptation of their curvatures, was also

such as to render their performance little, if at all inferior even

to the gem lenses, while their cost is not much more than

a twentieth of that of the latter.

In all cases, therefore, where objects or parts of objects of

extreme minuteness are submitted to microscopic examination,

requiring the application of high magnifying powers combined

with extreme precision of definition, the compound microscope
must be resorted to.

51. Although it is not possible to efface altogether the effects

of spherical aberration, yet they have been so considerably
diminished by the adaptation of the curvatures of the lenticular

surfaces, that in well-constructed optical instruments they may
be regarded as entirely removed for all practical purposes. This

is accomplished by giving to the two sides of the lens different

curvatures, so adapted that the aberration produced by one shall be

more or less counteracted by the aberration produced by the other.

It has resulted from a mathematical analysis of the phenomena,
that the lens which has least spherical aberration is double

convex with unequal convexities, the radius of the natter side

being six times that of the more convex side. If the object to

which such a lens be presented be very distant from it, and con-

sequently the image proportionately close to it, the more convex

side should be presented to the object. This, for example, is the

case in all forms of telescopes and opera-glasses.
But if, as is
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always the case in the microscope, the object be placed much
nearer to the lens than its image, the natter side of the lens

should be presented to the object.

With such a lens the entire extent of the aberration, the object

being distant, does not exceed its thickness by more than the

14th part. If the thickness of the lens be expressed by 1, the

aberration for a distant object will be 1'07.

Such a lens is represented in fig. 30, and it will be evident in

how slight a degree it differs from a plano-convex lens. It may
therefore be expected that its aberration cannot differ much from

that of the latter form of lens, which has the advantage of being
much more easily worked. It is accordingly found by calculation

that the aberration of a plano-convex exceeds that of a lens

of the above form, in the proportion of 27 to 25, or

something less than a twelfth. Fi - 30-

If a plano-convex be used the flat side should be

presented to the object if it be near, and the convex

side if it be distant.

52. Lenses, or combinations of lens, which thus

practically efface the effects of spherical aberration

are said to be APLANATIC, from two Greek words
a

(a) and ir\dvri (plane), which signify no straying.

53. CHROMATIC ABERRATION.

It has been already shown in a former number of

this "
Museum," that solar light is a compound prin-

ciple, consisting of several component lights differing
one from another as well in colour as in their sus-

ceptibility of refraction, and that the colours of all ^
natural objects arise from their peculiar properties
of reflecting light, red objects being those which reflect red

light, blue those which reflect blue light, and so on, a white

object being one which reflects indifferently lights of all colours,
and a black object one which reflects no light.

54. White light is composed of lights of various tints, varying
from red to violet in the following order : red, orange, yellow,

green, blue, indigo, and violet, each colour being less refrangible
than that which follows it.

55. Coloured lights may be also more or less compounded ;

thus, various tints of orange may be produced by the combina-

tion of reds and yellows, tints of green by the combination of

yellows and blues, and so on.*

56. This being understood, let us suppose an object illuminated

*
See Tract on "Colour."
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by a simple and homogeneous red light placed before a convex

lens A c, fig. 31, and that an image of it is produced at r r'. Let

Fig. 31.

the same object be now supposed to be illuminated by simple and

homogeneous orange light. This light being more refrangible

than red light, the lens A c will produce an image o o' of the

object, a little nearer to it than rr'. If the object be next

illuminated with simple and homogeneous yellow light which is

still more refrangible, the image y y' will be produced at a still

less distance from the lens, and in fine if the object be successively

illuminated with simple green, blue, indigo and violet lights, the

images will be produced successively at g g', b &', i i', and v v
r

y

nearer and nearer to the lens as the light is more refrangible.

57. If the object, instead of being illuminated as we have here

supposed it to be by a simple homogeneous light, be illuminated

by any light compounded of two or more simple lights, then so

many distinct images of it will be produced at different distances

from the lens, as there are simple lights in the compound, and

these images will differ in colour from the object and from each

other. Thus, for example, if the object be illuminated by a

compound light of a green tint, composed of simple yellow and

blue lights, two images of it will be produced, the nearer blue,

and the more distant yellow.
A like consequence will follow if the object be illuminated by

a compound light made up of three simple lights, when three

images will be formed, and so on.

If then an object reflect from its surface the white solar

light, which is a compound of all the colours, it will follow that

all the coloured images which have been here produced in succes-

sion, will be produced at one and the same time, and will be

placed one before the other in a regular series at unequal distances

from the lens, as already described.

58. It has been shown* that the colours of natural objects

generally are more or less compounded. It is only in very rare
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and exceptional cases that the light emitted or reflected hy any

body is pure homogeneous light. It follows, therefore, from what
has been explained above, that as many distinct images of each

object will be produced by a lens as there are distinct homogeneous
colours which enter into the composition of the light it emits or

reflects, and that these several images will be placed at several

different distances from the lens corresponding with the different

refrangibilities of the different homogeneous lights of which they
are composed.

If different parts of the same object* be differently coloured,

different series of images of those parts will necessarily be pro-
duced at different distances from the lens, according to their

several component colours.

59. From all this it might be inferred that the optical utility

of lenses would be utterly destroyed in the case of all objects save

such as would emit or reflect homogeneous light. For if such

a multitude of variously coloured images be formed at various

distances from the lens, the effect which would be produced upon
a card held at any distance whatever, might be supposed to be a

confused patch of coloured light, having no perceptible resemblance

in form or colour to the object; and such would certainly be the

case if the distances of the several images, one from another,
were considerable. These distances, however, are so small, that

the coloured images are so blended together that the decomposi-
tion of their colours appears principally by coloured fringes

produced upon their edges, and in general upon the outlines of

their parts. Nevertheless, when these false lights and fringes are

magnified, as in the compound microscope they always are, by
the eye-glass, the general appearance of the object under

observation would be so changed as to colour, and so indistinct as

to outline, as to be rendered useless for all the purposes of

scientific enquiry.
The indistinctness of the image thus produced, is called chro-

matic aberration, from the Greek word xPM^a (chroma) signifying
COLOUR.

60. The extent of the chromatic aberration produced by a lens

measured by the interval v R (fig. 31) between the red and violet

images, is called the DISPERSION of the lens.

The preceding observations have been applied only to the images

produced by a convex lens, but they are equally applicable to

concave lenses, taking into account that the images in the case of

these last are imaginary. Thus, if a white object be placed before

a concave lens, the light issuing from it, after passing through
the lens, will proceed as if it had diverged from different objects,

leaving the seven colours placed at different distances from the
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lens, but on the same side of it with the object, as explained
in (36).

61. With the same lens the dispersion will increase with the

refraction, and consequently the more the image is magnified
the greater will be the dispersion and the aberration, and the more

confused and indistinct the image.
62. It might naturally therefore be supposed that if two lenses

made of different transparent substances produce images of the

same object at the same distance from them, and consequently

equally magnified, they would produce the same dispersion and

aberration. It is found, however, that this is not the case. A
lens of diamond and a lens of glass may be so formed that the

same object being placed at equal distances from them, the

distances at which the violet image will be produced shall be

exactly equal, but the same equality will not prevail between the

distances of the red image and those of the intermediate colours.
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CHAPTER III.

63. Experimental illustration. 64. Dispersive powers. 65. Dispersive

power does not necessarily increase with refractive power. 66.

Example of the diamond. 67. Achromatic lens. 68. Achromatic
combination of flint and crown-glass. 69. Form of the compound
lens.

63. To make this, which, is a circumstance of the highest

importance, more clear, let L L, fig. 32, and if I/, fig. 33, be two

lenses, the former of diamond, and the latter of glass, and let o o

and o' o' be a white object placed at the same distance before them.

Let v be the violet, and n the red image, produced by the lens

L L, the images of the intermediate colours being between v and B,

according to what has been explained above. Now let us suppose
that such a convexity is given to the lens L' L', which is evidently

always possible, that the distance of the violet image v' of o' o'

from the lens i/ L' shall be equal to that of the violet image v of o o
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from the lens L L. In that case, the distance of the red image R',

from L' L', will be greater than that of the red image R from L L,

and in like manner the distances of all the intermediate images
of o' o' from I/ L will be greater than those of the corresponding

images from L L.

Thus the coloured images of o' o' produced by L L- will be

spread over a greater space than those of o o produced by L L.

The dispersion of the latter is therefore greater than the dispersion
of the former.

With the same amount of refraction, therefore, the lens L' L'

produces more dispersion than the lens L L.

If we suppose the convexity of the lens L L to be increased, the

refraction will be increased, the image v will be produced at a

less distance from it, and at the same time the dispersion v R will

be increased. The convexity, as shown at L" L" (fig. 34), may be

so much increased, that the dispersion v" R" shall be equal
to V R'.

Thus it appears that a diamond lens, which would have a dis-

persion equal to that of a glass lens, would have a much greater

refraction, and would produce the image of the same object much
closer to it. In a word, the focal length of a diamond lens having
the same dispersion as a glass lens, would be much shorter than

the focal length of the latter ; or, what is the same, with an equal
focal length, the diamond lens would have a less dispersion.

64. It appears, therefore, in general, that lenses made of

different transparent substances will have, under like conditions,

different dispersions. The DISPERSIVE POWERS of any two

transparent media, will be measured by the dispersions which

lenses of the same focal length made from them would produce.
The actual DISPERSION produced by a lens must not be con-

founded with the DISPERSIVE POWER of the material of which

the lens is formed.

The actual dispersion produced by a lens of a given material,

varies with its focal length, and with the distance of the object

from it, so that with the same lens there may be many different

quantities of dispersion, and the quantity will also be different

with different lenses of the same material. But the dispersire

power depends on the material alone, and is altogether independent
of the form of the lens, its focal length, or the position of the

object relatively to it. It will be most important that this dis-

tinction should be understood and remembered.

65. It might be imagined that the dispersive power would

necessarily increase with the refractive power of the transparent

body. On comparing together the optical effects of different

media, no such correspondence is however found to prevail ; on
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the contrary, the bodies having- nearly equal refractive powers, often
have very unequal dispersive powers, and vice versa.

Fig. 34.

66. The high refracting power of the diamond, combined with

its low dispersive power, were among the circumstances which
raised the hopes already mentioned, that great improvements in

microscopic lenses would result from the substitution of that gem
and others, having like optical properties, for glass. Happily the

invention of other and better expedients for surmounting the

imperfections arising from chromatic aberration, have rendered

unnecessary so expensive a remedy.
67. The discovery of the fact that the dispersive powers of

different transparent bodies is not proportional to their refractive

powers, but on the contrary, that bodies of greater refractive

powers have sometimes lower dispersive powers, has supplied a

remedy, which practically speaking, may be said to be completely
efficacious for the removal of all the inj urious effects of chromatic

aberration. The manner in which this important end has been
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attained, admits of an explanation, which after what has been

stated above will be easily understood.

Let an object o o, fig. 35, be placed before a convex lens, c c y

and let v be its violet, and E its red image, the dispersion being

Fig. 35.

consequently v E. Now, let F F be a concave lens r through, which)

the rays proceeding from c c will be transmitted. This lens being"

concave, will have the effect of diminishing the convergeney of

the rays, and of throwing both the violet and red images to a

greater distance ; but it will have a greater effect on the violet

than on the red rays, the former being more refrangible, Nowy

suppose that the material of which the lens F F is miadey be such

that at a certain distance from it, at v' for example, the quantity
of dispersion it would produce would be exactly equal to v E. In
that case it is evident that the extreme images of o o, the violet

image and the red image would be equally affected in contrary
directions by the two lenses c c and F F. By c c, the violet image
would be brought back, and the red image thrown forward, so as

to separate them by the distance v E ; but by the lens F F, on the

contrary, the violet image is thrown forward, and the red driven

back, in exactly the same degree, so that the two images are made
to coalesce at E' v'. As to the intermediate images, although they
do not actually coalesce, their dispersion becomes so insignificant
as to produce no perceptible chromatic aberration.

The production of this effect depends on the relative dispersive
and refractive powers of the material of the two lenses^ and on

their forms.

This important principle may be further elucidated as follows :

Let I/ L' (fig. 36, p. 113) be a diverging lens and let it be

supposed to receive rays proceeding from a white object which,
if not intercepted, would produce a real image of the object at

a point o, within the focal distance of the lena I/ L'.. In that case

the lens I/ L', according to what has been explained, will produce
a series of coloured images of the object at a greater distance
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from the lens, the red image R' being nearest, the violet v' most

distant from the lens, the dispersion being R' v'. Now this dis-

persion may be increased or diminished by increasing or diminish-

ing the concavity or the diverging power of the lens I/ if. It is

evident, therefore, that such a form may be assigned to the lens

I/ I/, as will give the dispersion R' v' any desired magnitude.
Let L L and I/ i; (fig. 37, p. 113) be two lenses made of dif-

ferent materials, the former being a convergent, and the latter a

divergent lens. Let o be a white object placed at such a distance

from the lens L L, that its violet and red images would be formed

at v and R, the distance v R being therefore its dispersion. But
instead of allowing the rays transmitted through the lens L L to

form this series of images, we will suppose them intercepted by
the lens i/ i/, and since the images would fall within its focal

length, the effect of L' i/ will be to throw the images to a greater
distance from it ; but its effect upon the violet image v, will be so

much greater than its effect upon the red image R, that the dis-

tance of v from the lens will be more increased than that of R,

by a space exactly equal to v R, and consequently the two images
will be made to coalesce, and the system will thus be rendered,
for all practical purposes, achromatic. We say for all practical

purposes, inasmuch as although the conditions here supposed will

produce the coincidence of the red and violet images, they will

not rigorously produce the coincidence of all those of the inter-

mediate colours. Nevertheless, the general effect will be the

production of an image sensibly exempt from chromatic con-

fusion.

A compound lens, which produces such an effect, is called an
ACHROMATIC LENS.

68. The materials which have been found most valuable for

achromatic lenses, are flint and crown-glass, which differ con-

siderably in both their refractive and dispersive powers. The
refractive and dispersive powers of these sorts of glass, vary
according to the proportions of their constituents, but they may
always be rendered such as to fulfil the conditions necessary for

an achromatic lens.

69. The forms of the lenses shown in fig. 38, are those of a

plano-concave of flint, and a double convex of crown glass. It

is neither necessary nor expedient that these forms should be

adhered to. The crown-glass lens may be double-convex with

unequal convexities, or it may be plano-convex or even meniscus.

The flint-glass lens may be in like manner double-concave, with

unequal concavities, or it may be plano-concave, or concavo-

convex. In the same way the curves of the surfaces may be

indefinitely varied, the compound lens having still the same focal
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length. In the figure, the convex lens is next to the object.

This is neither necessary nor usual. They are commonly placed

in the contrary position.

The artist has therefore a wide latitude in the construction of

achromatic lenses, of which the most eminent opticians have

availed themselves with consummate skill and address, so as to

efface by the happy combination of curves, not only the spherical

aberration, but also the chromatic aberration of

the eye-glass, and the spherical distortion of the

final image in the compound microscope, as we shall

show in our Tract on that instrument.

One of the forms of compound lens, which calcu-

lation shows to be most free from aberration, is a com-

bination of a double-convex lens of crown-glass, with

equal convexities, and a double-concave of flint-glass ;

the concavity of one face corresponding with the

convexity of the crown lens, the radius of the con-

cavity of the other face being 23| times that of the

crown lens. But since such a concavity within the

limits of the face of the lens would (fig. 30) be

practically undistinguishable from a plane surface,

opticians have combined a plano-concave of Hint

with the double-convex of crown-glass, which gives
all the achromatism that can be desired.

An achromatic lens of this kind is shown in section in fig. 38,

where c c is the double-convex crown, and F F the plano-convex
flint lens.

The discovery of the method of constructing achromatic object-

glasses for telescopes and microscopes, constitutes a most important

epoch in the history of the progress of physical science. The re-

fraction of light without the production of coloured fringes, which
was regarded by Newton, his contemporaries, and his immediate

successors, as incompatible with the established properties of light,

was first shown to be possible, and, as it appears, even experi-

mentally proved by Mr. Hall, a country gentleman of Worcester-

shire, about the year 1730. Three years later, he caused an

achromatic telescope to be constructed by one of the London makers.

Nevertheless, from some cause not known, this discovery proved

fruitless, and the matter was neglected and forgotten.

The practical realisation of achromatism in telescope lenses is

undoubtedly due to John Dollond, who arrived at their construc-

tion through a long course of skilful and systematical experiments
undertaken for the express purpose. The possibility of solving
the problem had been proved theoretically previous to this by
Euler, upon reasoning based upon the structure of the eye.
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After Dollond' s discovery, the subject was investigated mathe-

matically by Euler, Clairaut, and D'Alembert, but their researches

did not lead to any practical improvement, and for a long series of

years the lenses produced by the Dollond family enjoyed a mono-

poly and a European celebrity.

The difficulty in constructing achromatic lenses arises from that

of obtaining single pieces of flint glass which are pure and uniform

throughout their entire dimensions. The slightest impurity, or

want of homogeneity in the composition of the glass, produces a

streaked and deformed image.
The method of producing pure flint glass even in pieces of mode-

rate magnitude, long remained a secret with the Dollonds, and it

formed a very considerable article of exportation. Of late years,

however, the art of producing it has undergone immense improve-
ment in Switzerland, Bavaria, and other parts of the Continent,

by the successful experiments of Gruinand, Frauenhofer, Cauchoix,

Korner, D'Artigues, and others. The object-glasses of Dollond,
excellent as they were, never could be obtained of greater diameter

than about 5 inches. Frauenhofer, however, has succeeded in

producing perfect lenses, having diameters measuring from 12 to

13 inches. An object-glass, manufactured by Cauchoix, which
measures more than 12 inches, is mounted in the great parallactic

telescope of Sir James South, at Campden Hill.

The exact proportion of the ingredients composing these fine

specimens is not certainly known, and the excellence of particular

pieces depends on accidental circumstances not known or con-

trolled by the makers themselves. Korner produced some of his

best specimens with the following ingredients : Quartz, previously
treated with muriatic acid, 100; litharge, or red lead, 80; and

bitartrate of potash, 30.
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Fig. 15. SIMPLE MICROSCOPE.

MAGNIFYING GLASSES.

1. Magnifiers intermediate between spectacle-glasses and microscopes. 2.

Variously mounted. 3. Extensive use in the arts. 4. Their magni-
fying power explained. 5. Visual magnitude. 6. Standard of visual

magnitude. 7. Distance of most distinct vision. 8. Visual magni-
tude at ten-inch distance. 9. Magnifying power of a convex lens.

10. Effect of the same lens with different eyes. 11. Superficial and
cubical magnifying power. 12. The eye to be placed close to the

lens. 13. Magnifying power depends on focal length. 14. Focal

length depends on convexity and materials of lens. 15. Lenses of

different materials. 16. Spherical aberration less with a greater

refracting material. 17. Diamond lens. 18. Magnitude of lens

greater with more refracting material. 19. Advantages of gem lenses.

20. Superseded nevertheless by the improvement of compound micro-

scopes. 21. Magnifiers for reading. 22. For miniature-painters and

engravers. 23. For watch-makers, jewellers, &c. 24. Supports for

these. 25. Pocket magnifiers. 26. Coddington lens. 27. Doublets.

28. Their optical effects. 29. Their advantages over single lenses.

30. Method of mounting them
; triplets. 31. Mounting of hand-

doublets. 32. Method of mounting doublets of high power for dissec-

tion and similar purposes.

1. MAGNIFYING glasses hold an intermediate place between the

spectacle glasses, used by weak-sighted persons, and the micro-

scope ; and when they possess considerable magnifying power, they
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are sometimes called simple microscopes ; but the term microscope
is more generally applied to that class of optical instruments which

consists of a combination of lenses, which are applicable to the

examination of the most minute objects, and with amplifying

powers much more extensive.

2. Magnifiers are very variously mounted according to the uses

to which they are applied. The more simple forms, and those

which have the least amplifying power, consist of a single lens,

which is either convex on both sides, or plano-convex, or which

may be concave on one side and convex on the other, provided the

convexity be greater than the concavity. In fine, whatever be its

form, it is essential that convexity shall prevail.

3. These glasses are of very extensive use in the arts. In

all cases in which the objects operated upon are minute, the inter-

position of a magnifier is found advantageous, and often indis-

pensable ; thus, they are invariably used in different mountings

by watch-makers, jewellers, miniature-painters, engravers, and

others.

4. To render our explanation of these very convenient instru-

ments intelligible, it will be necessary that the reader should be

previously more or less familiar with what has been already ex-

plained in our Tracts on the Eye, on Optical Images, and on Spec-
tacles ; we shall, therefore, take for granted, that the contents of

these Tracts are known to the reader.

"We know no subject respecting which more inexact and erro-

neous notions prevail, than the amplification or magnifying effect

produced by all optical combinations, from the simple convex lens

to the most powerful microscope. The chief cause of all this con-

fusion and obscurity may be traced to a neglect of the proper dis-

tinction between visual and real magnitude. The eye, as has been

already explained, takes no direct cognizance of real magnitude,
which it can only estimate by inference and comparison with the

impressions of the sense of touch ;
these inferences and compari-

sons being often attended with complicated calculations and

reasoning. If a proof of this be required, it may be found in the

universally observable fact that objects which have the same
visual magnitude often have real magnitudes enormously diffe-

rent ; thus, for example, the apparent or visual magnitudes of the

sun and moon are, as every one knows, equal; yet the real

diameter of the sun is more than 400 times that of the moon.

5. It must be remembered that visual magnitude is determined

by the divergence of lines drawn from the eye to the extreme

limits of the object; it is measured, therefore, not like real mag-
nitude by miles, feet, and inches, but by degrees, minutes, and

seconds-; thus, while the real diameter of the moon measures
98 . .-. = ,.
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about 2000, and that of the sun about 887000 miles, the visual

diameter of the one and the other measures about half a degree.
The magnitudes of objects, as they appear with magnifying

glasses, are all visual and not real. When an object seen by the

interposition of such an instrument is said to be magnified so many
times, it is therefore meant that it is so many times greater than
it would be if the same object were seen with the naked eye ; but

since it has been shown in our Tract on the eye, that the visual

magnitude of the same object seen with the naked eye varies, being

greater as its distance from the eye is less, it follows, that the visual

magnitude seen with the naked eye is an indefinite and variable

standard, and in order that the visual magnitude of an object
taken as the standard of magnifying power should be definite, it

is necessary that the distance at which the object is supposed to be

viewed by the naked eye should be stated. When, however, a

person without any previous scientific instruction views an object
with a magnifier, he becomes instantly conscious of its amplifica-
tion

;
that is, that it appears larger than it would appear if he had

viewed it without the interposition of the magnifier. The question
is then, at what distance from his eye such a person would sup-

pose the object to be looked at without the magnifier ; and the

reply which has been generally given to this question is, that he

would suppose it to be viewed at that distance at which he would
see it most distinctly.

6. This being admitted then, microscopists have generally agreed
that the visual magnitude viewed with the naked eye, which should

be taken as the standard of comparison in expressing the effect of

magnifiers, is that which the object would have when viewed at the

distance at which objects are most distinctly seen.

7. But here another difficulty arises. In the first place, the dis-

tance at which one individual can see an object most distinctly is

not the same as that at which another will see it most distinctly ;

thus, while a far-sighted person will see most distinctly at the

distance of 15 or 16 inches, and cannot see at all at the distance

of 5 or 6 inches, a near-sighted person will see most distinctly at

the latter distance, and only confusedly and indistinctly at the

former. But even the same individual will see the same object

most distinctly at one distance when it is strongly illuminated,
and at a much less distance when it is feebly illuminated.

The distance of most distinct vision is therefore a variable and

uncertain standard of comparison.
8. But there is one thing which is perfectly definite and cer-

tain. The visual magnitude of an object, at a given distance,

is always the same, and quite independent of the powers and qua-
lities of the eye which views it ; it may, or may not, be distinctly
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seen, or seen at all
; but if seen, it can have but one visual magni-

tude. Thus an object, such as a coin, placed with its surface at

right angles to the line of sight, at a distance from the eye equal
to 10 times its own diameter, will have a visual diameter of 5|

J

,

and neither more nor less, no matter by what eye it is viewed.

Seeing, then, that the distance of most distinct vision varies with

different observers, and even with the same observer under diffe-

rent circumstances, and cannot therefore be taken as a standard

of reference for visual magnitude, it has been generally agreed
that magnifying powers shall be arithmetically expressed, by refe-

rence to visual magnitudes seen at 10 inches distance. Thus, if

we say that such or such a magnifier magnifies an object three or

four times, it is meant that it exhibits that object with a visual

magnitude three or four times as great as that which the same ob-

ject would have if viewed with the naked eye at 10 inches distance.

This distance of 10 inches has not been selected arbitrarily. It

is considered to be about the distance at which average eyes
would see an object most distinctly. It has the further conve-

nience of lending itself with facility to calculation by reason of

its decimal form. In other countries, the same distance very

nearly has been adopted as a standard. Thus, French microsco-

pists take 25 centimetres, which is a very small fraction less than

10 inches, as their standard.

9. This conventional standard being accepted, let us see in

what manner an object is made to appear magnified by the inter-

position of a single convex lens.

Let E E fig. 1, represent a section of the eye, and o o' a small

object placed at a much less distance from the eye than is corn-

Fig, l.

patible with distinct vision. According to what has been ex-

plained in former tracts, it will appear that the cause of indis-

tinct vision is, in this case, that the image of o o', produced by
the humours of the eye, is formed not as it ought to be on the
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retina at 1 1', but behind it at i i'. According to what has been

explained of optical images, the interposition of a lens, L L, of

suitable convexity, will bring forward the image from i i' to i i',

and will therefore render the perception of the object distinct.

Now, it is most important to observe in this case, that the

visual magnitude of the object, measured by the angle formed by
the lines o I and o' I', will be exactly the same as it would be if

the eye could have seen the object o o' without the interposition of

the lens : from which it appears that the lens does not, as is com-

monly supposed, directly augment the visual magnitude of the

object, but only enables the eye to see the object with distinctness

at a less distance than it could so see it without the interposition
of the lens. We say directly, because, although the lens does not

augment the visual angle of the object in the position in which it

is actually viewed, yet, by enabling the eye to see it distinctly at

a diminished distance, the visual angle of distinct vision, and
therefore the apparent magnitude of the object, is increased in

exactly the same proportion as the distance at which it is viewed
is diminished.

To understand the magnifying effect of the lens, we must con-

sider that the observer, seeing the object o o' with perfect distinct-

ness, obtains exactly the same visual perception of it as if the

object having the same visual magnitude were placed at that dis-

tance from the eye at which his vision would be most distinct.

Let the lines passing through the extremities of the object there-

fore be prolonged to this distance of most distinct vision, and let

an object, o o', be supposed to be placed there, similar in all re-

spects to the object o o', and having the same visual magnitude.
It will be evident, from what has been stated, that o o', as seen

with the lens, will have precisely the same appearance as the

object o o' would have if seen with the naked eye. The observer,

therefore, considers, and rightly considers, that the magnifying
power of the lens is expressed by the number of times that o o' is

greater than o o'; or, what is the same,by the number of times that

the distance of o o' from the lens, that is the distance of most dis-

tinct vision, is greater than the distance of the object from the lens.

It follows, therefore, generally, that the magnifying power of

the lens will be found by dividing the distance of most distinct

vision by the distance of the object from the lens.

10. Adopting this method of estimating the magnifying power,
it would follow that the same lens would have different magni-
fying powers -for different eyes, inasmuch as the distance of

most distinct vision for short sight is less than that for average

sight, and less for average sight than for far sight.

To make this more clear, let E, fig. 2, represent an average
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sighted eye ;
E' (fig. 3) a short-sighted eye, and E", [fig. 4, a far-

sighted eye. Let the same small object, L M, be placed at the same

Fig.

distance from each of them, and let the distance of most distinct

yision for the first be E /
; for the second E' l'

}
and for the third

E" ZV If, by the interposition of a lens, the object L M be rendered

distinctly visible to each of these three eyes, it will appear at I m

Fig. 4.

M

to E, at I' m' to E', and at /" m" to E" ; its apparent magnitude,

therefore, to the three eyes will be in the exact ratio of their re-

spective distances of most distinct vision, and consequently the

magnifying power to E' will be less, and to E" greater than to E.

It must, however, be observed, that in this, which is the com-

monly received explanation, a circumstance of some import-
ance is omitted, which will modify the conclusion deduced from

it. To produce distinct vision with a given lens, L L, the dis-

tance of the object from the lens will not be the same for diffe-

rent eyes ; for short sight the object must be nearer, and for long

sight more distant than for average sight.

Now, if this variation of the distance from the lens, or of the

focus, as it is called, for different eyes vary in the same proportion
as the distance of most distinct vision (and it certainly does not

differ much from that proportion), it will follow, contrary to the

received doctrine, that the magnifying power of the same lens, will

be the same for all eyes, whether they have average sight, long

sight, or short sight.
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Fig. 6.

I

11. It is contended by some that the magnifying power is more

properly and adequately expressed by referring it to the super-
ficial than to the linear dimensions of the objects.

To illustrate this, let us suppose the object magnified to be a

square such as #, fig. 5. Now, if its linear dimensions, that is

its sides, be magnified 10 times, the square will be increased to

the size represented at

A (fig. 6); its height and

breadth being each in-

creased 10 times,
and its superfi-
cial magnitude
being conse-

a
quently in-

creased 100 times, as

is apparent by the

diagram.

Now, it is contended,
and not without some

reason, that when an

object, such as a, re-

ceives the increase of

apparent size, repre-
sented at A, it is much
more properly said to be magnified 100 than 10 times.

Nevertheless, it is not by the increase of superficial, but of linear

dimensions that magnifying powers are usually expressed. No

obscurity or confusion can arise from this, so long as it is well

understood that the increase of linear, and not that of superficial

dimension, is intended. Those who desire to ascertain the super-
ficial amplification, need only take the square of the linear ; thus,
if the linear be*3, 4, or 5, the superficial will be 9, 16, or 25, and
so on.

It might even be maintained, that when an object having
length, width, and thickness, a small cube or prism of a crystal
for example, is magnified, the amplification being produced equally
on all the three dimensions, ought to be expressed by the cube of

the linear increase ; thus, for example, if the object, being a cube,
be magnified 10 times in its linear dimensions, it will acquire 10

times greater length, 10 times greater breadth, and 10 times

greater height, and will consequently appear as a cube of 1000
times greater volume.

In this case, however, as in that of the superficial increase, the

calculation is easily made by those who desire it, when the linear

increase is known.
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12. In all cases in which magnifying lenses are used, except
where the lens is large, and the magnifying power low, the eye of

the observer should be placed as close as possible to the lens, the

pupil being as nearly as possible concentric with the lens ; for

since the pencils of rays, which proceed! i'rom the extreme points
of the object, intersect at an angle equal to that formed by lines

drawn from the extremities of the object to the centre of the lens,

they will diverge after passing through the lens, at the same

angle ;
and the farther the eye is removed from the lens, the more

rays it will lose, and beyond a certain limit of distance, a part

only of the object will be visible.

13. Since eyes of average sight are adapted to the reception
of parallel rays, an object seen through a lens by them will be

distinctly visible, only on the condition that its distance from the

lens shall be equal to the focal length ; for, in that case, the rays
which diverge from each point of the object, will emerge from the

lens parallel, and therefore suitable to the power of the eye.
It is for this reason that the magnifying powers of lenses are

estimated, by comparing their focal lengths with the distance of

distinct vision. For since the focal length is always the distance

of the object from the lens for average eyes, the distance of

distinct vision, divided by it, will, according to what has

been explained, be the magnifying power of the lens for such

eyes.

14. The focal length of a lens will be less in proportion as its

refracting power upon the light transmitted through it is greater ;

but the refracting power of the lens depends partly on its con-

vexity and partly on its material.

"With the same material the refracting power will be greater
and the focal length less, as the convexity is increased ; and, on

the other hand, with a given convexity, the refracting power will

be greater, and the focal length less, as the refracting power of

the material, of which the lens is made, is greater. Thus, for

example, if two lenses be composed of the same sort of glass, that

which has the greater convexity will have the less focal length ;

and if, on the other hand, two lenses, one composed of glass and

the other of diamond, have equal convexities, the latter will have

a less focal length than the former ; because diamond has a

greater refracting power than glass.

15. It will be evident, from what has been explained, that if

two lenses be formed of materials having different refracting

powers, such for example as glass and diamond, so as to have

equal focal length, that which has greater refracting power will

have the less convexity.
If two lenses therefore be formed, having the same magnifying
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power, one of glass and the other of diamond, the latter will have

less convexity than the former.

From what has heen explained on the subject of spherical

aberration, in our Tract upon Optical Images, it will be under-

stood, that the more convex a lens is, the less its diameter must

be, for if its diameter exceeds a certain limit relatively to its con-

vexity, the spherical aberration will become so great as to render

all vision with it confused and indistinct. This is the reason

why all lenses of high magnifying power and short focal length
are necessarily small.

16. But since the spherical aberration depends on, and increases

with the convexity of the lens, other things being the same, it

follows that if two lenses, composed of different materials, have

equal focal lengths, that which has the less convexity will also

have less spherical aberration.

17. Now, as according to what has been explained above, a

diamond lens has less convexity than a glass lens of the same focal

length, it will, if it had the same diameter, have less spherical

aberration, or, what is the same, it will admit of being formed

with a greater diameter, subject to the same aberration.

18. In lenses of high magnifying powers, and which are con-

sequently of small dimensions, any increase of the diameter which

can be made without being accompanied with an injurious

increase of aberration, is attended with the advantage of trans-

mitting more light from each point of the object to the eye, and

therefore of rendering the object more distinctly visible. It was

on this account that, when single lenses of high magnifying

power were thought desirable, great efforts were made to form,

them of diamond, and other transparent gems having a refracting

power greater than that of glass.

19. Sir David Brewster, who first suggested the advantage of

this, succeeded in getting lenses of great magnifying power, made

of ruby and garnet ;
he considered those made from the latter

stone to surpass every other solid lens : the focal length of some of

those made for him was less than the l-30th of an inch, the mag-

nifying power being more than 300.

20. All these and similar efforts made by Messrs. Pritchard and

Yarley, aided by the genius and science of the late Dr. Goring,

have, however, happily for the progress of science, been subse-

quently rendered unnecessary by the invention of methods of pro-

ducing good achromatic object-glasses of high power for compound

microscopes, so that the range of usefulness of simple microscopes,

or magnifying glasses, is now limited to uses and researches in

which comparatively low magnifying powers are sufficient.

21. The most feeble class of magnifying glasses are those occa-
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sionally used for reading small type, by persons of very weak

sight ; they consist of double convex lenses of 5 or 6 inches focal

length, and having consequently a magnifying power no greater

than two; they are usually double convex lenses, from 2 to 3

inches in diameter, mounted in tortoise-shell or horn, with conve-

nient handles.

22. Magnifiers of somewhat shorter focal length and less

diameter, similarly mounted, are used by miniature-painters and

engravers.
23. Lenses having a focal length of about one inch, set in a

horn cell, enlarged at one end like the wide end of a trumpet, the

magnitude being made to correspond with the

Fig. 7. socket of the eye, as represented in fig. 7,

are used by watch-makers. The wide end

being inserted under the eyebrow, is held in

its position by the contraction of the muscles

surrounding the eye-ball, and the minute

work to be examined, is held within an inch

of the lens set in the smaller end of the horn

case ; if the focal length be an inch, the mag-
nifying power of such a glass, for average

eyes, will be ten.

Glasses somewhat similarly mounted are used by jewellers, gem-
.sculptors, and other artists.

24. To relieve the artisan from the fatigue of holding the mag-
nifier in the eye-socket

j^ or in the hand, a stand

with a moveable socket

is sometimes resorted

to, such as that repre-
sentedin fig. 8. A hori-

zontal arm slides upon a

vertical rod, upon which

it can be fixed at any
desired height by a

tightening screw. This

arm consists of two

joints, connected to-

gether by a ball and

socket, by which they
can be placed at any
desired inclination; at

the extremity of the

lower arm a fork supports a ring-shaped socket, made to receive

the magnifier.
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25. Very convenient pocket magnifiers are mounted in tortoise-

shell or horn cases, in the form, shown in fig. 9. Lenses of

Fig. 0.

different powers are provided which may be used separately or

together ; when they are used together, however, the interposi-
tion of a diaphragm is necessary to diminish the effects of

spherical aberration by cutting off the lateral rays.
Lenses thus mounted are well fitted for medical use, and for

certain researches in natural history.
26. When a higher power is required than that which these

common magnifiers afford, a magnifying glass, called from its

inventor a Coddington lens, is F -

10

used with much advantage. To

produce such a lens, a solid ball

or sphere of glass, about J an inch

in diameter, is cut round its

equator, so as to form round it

an angular groove, leaving two

spherical surfaces on opposite
sides uncut. The angular groove
is then filled up with opaque
matter, the circular edge of the

groove serving as a diaphragm
between the two spherical sur-

faces. A section of such a lens

is shown in fig. 10, where A B and
A' B' are the two spherical sur-

faces left uncut, and A c A' and
BOB' the section of the angular

groove filled with opaque matter.

The course of the rays passing

through it from any point such

as o, is shown by the lines o o, and it will be evident from the
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mere inspection of the figure, that the effect of the lens upon
the rays will be precisely the same, wherever the point o may
bo placed; this lens, therefore, gives a large field equally-

well defined in all directions, and
since it is no matter in what

position it is held, it is very con-

venient as a hand and pocket glass ;

it is usually mounted in a small

case, such as is shown in fig. 11,
which can be carried in the waist-

coat pocket.
27. Magnifying glasses of low powers, such, for example, as

those which range from 5 to 40, may be constructed with much

advantage in one or the other of the above forms. When, how-

ever, higher powers are necessary, the use of such lenses, with very
short focal length, is attended with much practical inconvenience,
which has been removed by the use of magnifiers, consisting of

two or more lenses combined. The combinations of this kind which
are found most efficient, consist of two or three plano-convex

lenses, with their convex side towards the eye ; these are called

doublets and triplets.

28. After what has been explained in our Tract upon Optical

Images, the principle upon which these magnifiers depend will

be easily understood.

Let E E and D D, fig. 12, represent the two lenses of a doublet,
and let o o be a small object placed before D D, at a distance from

it less than its focal length. According to what has been ex-

plained, D D will produce an imaginary image of o o at i i, more
distant from D D than o o, so that an eye placed behind D D would
receive the rays from o o, as if they had diverged from the corre-

sponding points of * i.

But instead of being received by an eye placed behind D D,

these rays are received by the other lens E E
; the image i i there-

fore plays the part of an object before the lens E E, and being at a

distance from E E less than the focal length of the latter, an

imaginary image of i i will be produced at I I
; the rays, after

passing through E E, entering the eye as if they had come from
the corresponding points of 1 1.

To cut off all scattered rays not necessary for the formation of

the image, a stop or diaphragm, s s, consisting of a circular disc of

metal, with a hole in its centre, is interposed between the two
lenses.

29. Such a combination, when high powers are necessary, has

several advantages over an equivalent single lens. In the first

place, the effect of spherical aberration is much less, and secondly,
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the object can be placed at a much greater distance from the

anterior lens D D, and can consequently be more conveniently

Fig. 13.

manipulated, if it be desired to dissect it, or to submit it to any
other process ; it can also be illuminated by a light thrown upon
that side of it which is presented to the glass ; this could not be

done if it were nearly in contact with the glass, which must

necessarily be the case by reason of its very short focal length, if

a single lens were used.

30. It was recommended by Dr. Wollaston, tho inventor of

these doublets, to give the two lenses com-

posing them unequal focal lengths, that of

E E being three times that of D D.

The lenses are usually set in two thimbles,
one of which screws into the other, as shown in

fig. 13, so that they can be adjusted as to their

mutual distance, so as to produce the best effect.

When still higher powers are sought, the lens D D is replaced by
two plano-convex lenses, in contact, which taken together play
the part of the single lens D D in the doublet ; this combination

is called the triplet.

When a very low magnifying power is required, the lenses E E
and D D may be separated, by unscrewing.

31. The lenses, whether of a doublet or a triplet, being thus

properly mounted, expedients must be adopted to enable the

observer to apply them conveniently to the object under examina-
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Fig. 14.

tion. The most simple method of effecting this would be to-

hold the lens to the eye with one hand, and to present the object
before it at the proper distance with the other. But even in

this case it would be necessary that the lens should be attached

to a convenient handle, and unless the magnifying power were

very low, the steadiness necessary to retain the object in the focus

could not be imparted to it, and while the observation would be

unsatisfactory the fatigue of the observer would be considerable.

When high powers are

used, every motion of

the object is as much
magnified as the object

itself, and consequently
in such cases the most
extreme steadiness is

indispensable.

"Whatever be the form
of the mounting, there-

fore, it is necessary
that the object should

be supported by some

piece attached to that

by which the doublet

itself is supported, so

that it may be steadily
held in the axis of the

lenses, and that its dis-

tance from them may be

varied at pleasure, by
some smooth and easy

motion, by which the

observer can bring the

object to the proper
focus.

The means by which
these ends have been at-

tained vary according
to the use to which the

microscope is to be ap
-

plied, to its cost, the

taste and fancy of the observer, and the skill and address of

the maker.
One of the most convenient forms of mounting, for a common

hand microscope is shown in fig. 14.

The doublet is inserted in a socket c made to fit it
;
the screen
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b protects the eye from the light by which the object is illu-

minated, an arm e is jointed at d, so that it can be turned flat

against cf, when the instrument is not in use, and can be inclined

to a, at any desired angle. This arm being round, a sliding

tube/ is placed upon it, fixed to another tube at right angles to

it, in which a vertical rod slides, to the upper end of which is

attached a forceps or any other convenient support of the object

under examination.

Several doublets or triplets of various powers may be provided,

any of which may be inserted at pleasure in the socket c.

32. "When still greater steadiness is required, and greater bulk

and higher price do not form an objection, the arm and socket

bearing the doublet are fixed upon a vertical pillar, screwed to a

table with proper accessories for adjusting the focus and illumi-

nating the object.

The arrangement adopted in the simple microscopes of Charles

Chevalier, shown in fig. 15, p. 97, may be taken as a general

example of this class of mounting.
The case in which the instrument is packed serves for its

support when in use. A square brass pillar T T, screwed into the

top of this case x, has a square groove cut along one of its sides,

in which the square rod G is moved upwards and downwards by
a rack and pinion E ; at the top of this rod, a horizontal arm a is

attached, at the end of which a socket is provided to receive the

doublets ; several of which having different powers are supplied
with the instrument.

The object under observation is supported on the stage p,

firmly attached to the upper end of the square pillar T T
; in this

stage is a central hole, through which light is projected on its

lower surface when the object is transparent, and the quantity of

this light is modified by means of an opaque disc D, pierced with

holes of different magnitudes.

By turning this disc on its centre, any one of these holes may
be brought under the object ; when the object is not transparent,
the opening in the stage is stopped, and it is viewed by light
thrown upon its upper surface.

A square box B, sliding upon the pillar T T, with sufficient fric-

tion to maintain it at any height at which it is placed, carries a

reflector M, by which light is projected upwards to the opening of

the stage P, this light being more or less limited in quantity by
the orifice of the diaphragm D, which is presented in its path.

In this instrument the object is brought into focus by moving
the arm which carries the doublet up and down, by means of the

rack and pinion K, the stage supporting the object being fixed

The same effect might be, and is in some microscopes, produced
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by moving the stage supporting the ohject to and from the lens :

but when the instrument is applied to dissection, it is necessary
to keep the subject dissected immoveable, and, therefore, not only
to maintain the stage stationary, but to render it so solid and
stable that it will bear the pressure of both the hands of the

operator while he manipulates the dissecting instruments ; on this

account the stage is often made larger than is represented in tho

figure, and supported by a separate pillar.

The arm a carrying the doublet is also sometimes fixed in a

square socket on the top of the rod G, so that it can be moved to

and fro in the socket, while the socket itself can be turned upon
the rod G

; by this combination of motions, the observer can with

great convenience move the lens over every part of the object
under examination.

Simple magnifiers, with provisions similar to these, are made by
the principal opticians, Messrs. Ross, Leland and Powell, Smith and

Beck, Pritchard, Yarley, and others.

"When the object has not suflicient transparency to be seen by
light transmitted through it from below, it may be illuminated

by a light thrown upon it from above by a lamp or candle, and

condensed, if necessary to obtain greater intensity, by means of a

concave reflector or convex lens.
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THE MICROSCOPE.

ing microscopes. 8. Conditions of distinct vision in the microscope.
9. Effects of different magnifying powers. 10. Distinctness ofdeline-

ation necessary. 11. Hence aberration must be effaced. 12. Achro-

matic object-lenses. 13. Sufficient illumination necessary. 14.

Effects of angular aperture. 15. Experiments of Dr. Groring. 16.

Method of determining the angular aperture. 17. Mutual chromatic

and spherical correction of the lenses.

1. THE microscope is an optical instrument by means of which

we are enabled to see objects or the parts of objects too minute to-

be seen distinctly with the naked eye, the name being taken from

two Greek words, tuKpbv (mikron), a little thing, and ovceTreo?

(skopeo), I look at.

2. In a certain sense, all magnifying-glasses may be regarded as-

microscopes, but the slightly convex lenses, used by weak-sighted

persons, cannot with any propriety be so denominated. The

higher magnifying lenses, however, used by watchmakers,

jewellers, miniature painters, and others, may with less impro-

priety receive the name ;
and the small lenses of short focus and

high power described in our Tract on "
Magnifying Glasses,"

especially when they have the form of doublets, and are mounted
to serve anatomical purposes, and for microscopic delineations, are

generally designated simple microscopes. Since, however, they
differ in no respect in their optical principle from common magni-
fiers, we have considered it more convenient to explain them
under that head, limiting therefore the subject of the present
Tract to those optical combinations which are generally called

COMPOUND MICKOSCOPES.

3. Such an instrument, in its most simple fornij
consists of a

magnifying lens or combination of lenses, by means of which an

enlarged optical image of a minute object is produced, and a

magnifying lens, or combination of lenses, by which such image is

viewed, as an object would be by a simple microscope.
4. The former is called the OBJECT-GLASS, or OBJECTIVE, since

it is always directed immediately to the object, which is placed

very near to it ; and the latter the EYE-GLASS, or EYE-PIECE, inas-

much as the eye of the observer is applied to it, to view the

magnified image of the object.

5. Such a combination will be more clearly understood by
reference to fig. 1, where o is the object, LL the object-glass, and
E E the eye-glass.
The object-glass, L L, is a lens of very short focal length, and

the object o is placed in its axis, a very little beyond its focus.

According to what has been explained in our Tract upon
"
Optical

Images," 31 et seq. an image o o, of o, will be produced at a dis-

tance from the object-glass L L, much greater than the distance of
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o from it : this image will be inverted with relation to the object ;

its top corresponding with the bottom, and its right with the left

side of the object, and vice versa : the linear magnitude of this

image will be greater than that of the object, in the proportion of

o L to o L, and consequently its superficial magnitude will be

greater than that of the object, in the proportion of the squares of

these lines.

The image o o, thus formed, may be considered as an object
viewed by the observer, through the magnifying glass E E, and
all that has been explained, relating to the effect of such a lens, in

our Tracts on "
Magnifying Glasses " and "

Optical Images," will

be applicable in this case. The observer will adjust the eye-glass

Fig. 1.

E E, at such a distance from o o, as will enable him to see the

image most distinctly, and the impression produced upon his sense

of vision will be that the image he looks at, is at that distance

from his eye, at which he would see such an object most dis-

tinctly without the interposition of any magnifying lens ; let

this distance be that of a similar image o' o', and the impression
will be that the object he beholds has the magnitude o' o'.

The distance of most distinct vision with the naked eye, and
the distance from the image at which the eye-glass must be

placed to produce distinct vision, both vary for different eyes, but

they vary almost exactly in the same proportion, so that the

magnifying effect of the eye-glass upon the image o o, will be the

same, whether the observer be long-sighted or short-sighted ; in

estimating the magnifying power, therefore, of such a combina-

tion, we may consider, in all cases, the distance of the eye-glass
E E from the image o o, to be equal to its focal length, and the

distance of o' o' from the eye-glass, to be 10 inches. (See
"
Magnifying Glasses," 8.)

To estimate the entire amplifying effect of such a microscope, we
have only to multiply the magnifying power of the object-glass

by that of the eye-glass ; thus, for example, if the distance of the

image o o from the object-glass be 10 times as great as the
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distance of the object from it, the linear dimensions of the image
o o will be 10 times greater than those of the object ; and if the

focal length of the eye-glass be J an inch, the distance of most
distinct vision being 10 inches, the linear dimensions of o' o' will

be 20 times those of o o, and therefore 200 times those of the

object ;
the linear magnifying power would in that case be 200,

and consequently the superficial magnifying power 40000.

It would seem therefore, theoretically, that there would be no
limit to the magnifying power of such a combination

; practically,

however, there are circumstances which do impose a limit upon it.

It must be remembered that the object must always be placed at

a distance from the object-glass, greater than the focal length
of the latter, the magnifying power of the object-glass depend-

ing on the number of times this distance is multiplied, to make up
the distance of the image o o from L L

;
if a very great magnifying

power be required, the latter distance must be a proportionally

great multiple of the former, and as the eye-glass must be farther

from the object-glass than the image, the instrument might be

increased to unmanageable dimensions.

There is therefore a practical limit to the increase of the ampli-

fying power of the instrument by the increase of the distance of

the image o o from the object-glass, and consequently it can only
be augmented by the decrease of the focal length of the object-

glass, combined with a corresponding decrease of that of the eye-

glass. By such means, the distance of o from L L will be con-

tained a great number of times in o L, while the latter has not

objectionable length, and the distance of the eye-glass from the

image o o will be contained a great number of times in the

distance of most distinct vision.

The eye and object glasses are usually mounted at the distance

of 10 or 12 inches asunder, adjustments nevertheless being pro-

vided, by which their mutual distance can be varied within

certain limits.

6. A convex lens is generally interposed between the object-

glass and eye-glass, which receiving the rays diverging from the

former, before they form an image, has the effect of contracting
the dimensions of the image, and at the same time increasing its

brightness. The effect of such an intermediate lens will be

understood by reference to fig. 2, where F F is the intermediate

lens. If this lens FF were not interposed, the object-glass LL
would form an image of the object o at o o ;

but this image being
too large to be seen at once with any eye-glass, a certain portion
of its central part would only be visible. The lens F F, however,

receiving the rays before they arrive at the image o o, gives them

increased convergence, and causes them to produce a smaller

4
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image o' o', at a less distance from the object-glass L L. The
dimensions of this image are so small, that every part of it can be

seen at once with the eye-glass.
The portion of the image which can be seen at once with the

eye-glass, is called the FIELD OF YIEW of the microscope.
It is evident from what has been stated, that the effect of the

Fig. 2.

lens F F is to increase the field of view, since by its means the

entire image of the object can be seen, while without its inter-

position the central parts only would be visible.

The lens F F has, from this circumstance, been called the

FIELD-LENS.

But the increase of the field is not the only effect of this

arrangement.
The light which would have been diffused over the surface of

the larger image o o, is now collected upon that of the smaller

image o' o' ; and the brightness, therefore, will be increased in the

same proportion as the surface of o o is greater than the surface of

o' o', that is, in the proportion of the square of o o to the square
of o' o

7
.

Another effect of the field-lens is to diminish the length of the

microscope, for the eye-glass, instead of being placed at its focal

distance from o o, is now placed at the same distance from o' o'.

7. In this brief exposition of the general principle of the micro-

scope, the image, which is the immediate subject of observation,

is supposed to be produced by a convex lens ; such an image,

however, may also be produced by a concave reflector, and being
so produced may be viewed with an eye-glass, exactly in the same

manner as when produced by a convex lens.

Microscopes have accordingly been constructed upon this

principle, and are distinguished as REFLECTING MICROSCOPES ;

those in which the image is produced by a lens being called

REFRACTING MICROSCOPES.

The principle of a reflecting microscope will be understood by
reference to fig. 3, where L L is the concave reflector, of which c

is the centre ; the object o is placed towards the reflector, at a,

5
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distance from c greater than half the radius, and an inverted

image of it is formed at o o, which, as in the case of the refracting

microscope, is looked at with an eye-glass E E.

The great improvements which have taken place within the last

twenty years in the formation of the ohject-glasses of refracting

microscopes, have rendered these so very superior to reflecting

Fig. 3.

microscopes, that the latter class of instruments having fallen so

completely into disuse, it will not be necessary here to notice

them further.

In what has been explained, the general principle only of the

microscope has been developed ; many important circumstances of

detail upon which its efficiency mainly depends must now be

noticed.

8. The conditions which render the vision of an object with the

microscope clear and distinct are essentially the same as those

which determine the clearness and distinctness of our perception
of an object with the naked eye. It will be found, by reference

to our Tract upon
" the Eye," that these conditions are three :

1. That the visual angle should be sufficiently large;

2. That the outlines and lineaments of the object should be

sufficiently distinct ; and
3. That the object should be sufficiently illuminated.

It is evident that if any one of these conditions fail to be ful-

filled, our visual perception of the object will be defective. If

the object, for example, be exceedingly minute, though it be

perfectly delineated and strongly illuminated, it will be either

altogether invisible, or will appear as a mere speck.
If its outlines and lineaments be ill-defined, as when a tree or

other object is seen through a mist, our perception of it will also

be defective ; and in fine, though it have sufficient magnitude and
be perfectly delineated, we may fail to see it distinctly for want
of sufficient light upon it, as when we look at objects towards the

close of twilight.
6
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The object which is submitted to our sense of vision with the

microscope, being the optical image produced by the object-glass,

our perception of it can only be clear and distinct, provided the

three conditions above stated are fulfilled, that is, provided it be

viewed under a sufficient visual angle, that its outline and

lineaments be shown with perfect distinctness, and that it be

sufficiently illuminated.

The conditions, therefore, upon which the efficiency of the

microscope must depend will necessarily be those which will

confer upon the image, submitted to the observer, the qualities
above stated.

The optical conditions which determine the visual angle or

apparent magnitude of the image, as viewed with the eye-glass,
have been already explained ; and it is evident that these con-

ditions can always be fulfilled, provided object-glasses and eye-

glasses of sufficiently short focus can be produced. Speaking

generally, the magnifying power of the object-glass will be limited

by the proportion which the length of the microscope will bear to

its focal length ; and the magnifying power of the eye-glass will

be limited only by its power of approaching sufficiently close to

the image, without too much contracting the field of view.

If the purpose of the observer were merely to see the object as

a whole, so as to obtain a perfectly accurate notion of its outlines,

a moderate magnifying power would, in general, suffice. But in

most microscopic researches it is desired to ascertain, not merely
the general outlines of the object, but the far more minute linea-

ments of its structure ; and to render these visible in the minuter

class of objects, amplifying powers of a very high order are

indispensable.
9. The powers, indeed, which exhibit to the observer the

general outline of an object, are rarely sufficient to show the

minute lineaments of its structure. To perceive the general

outline, it is necessary that the entire object should be included

at once within the field of view, and this could not be the case,

if the magnifying power exceeded a moderate limit. The power,
on the other hand, which is sufficiently great to show the most
minute parts of the structure, would necessarily be so great that

a very small part only of the entire object would be comprised in

the field of view.

From these circumstances it will be readily understood, that

each class of powers have their peculiar uses, neither superseding
the other ; when we desire to observe the general form of a micro-

scopic object, we must view it with a low power. When we
desire, on the other hand, to examine its parts, and if, for example,
it be an animalcule, to observe it member by member, and organ

7
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by organ, we must call to our aid the higher class of power. In

fine, a complete microscopic analysis of an individual object will

require that it should be viewed successively with a series of

gradually increasing powers.
10. But magnifying powers, to whatever extent they may be

carried, will be of no avail if the image produced by the object-glass

be not perfectly distinct and well defined ;
and it will be evident

upon the slightest consideration, that any minute imperfections
which may exist in its delineation, will be rendered more and

more glaring and intolerable, the higher the magnifying power
under which it is viewed.

With a common magnifying glass, or simple microscope, we
view the object itself, and are subject to no other optical imper-
fections in our perception of it, than such as may arise from the

imperfection of the lenses through which we view it ; and since

with such instruments the magnifying power can never be con-

siderable, small defects of delineation are never perceptible. It is

quite otherwise, however, with the class of instruments now under

consideration, where magnifying powers, from 1000 to 2000 of the

linear dimensions, are often brought into play.
These circumstances render it indispensable that the image of

the object produced by the object-glass, and viewed through the

eye-glass, should have the utmost attainable distinctness of de-

lineation ; not only as regards its outline, but also as respects the

most minute details of its structure and colouring.

11. Now the solution of this problem, presented to scientific and

practical men the most enormous difficulties ; difficulties so great
as to have been regarded, by some of the highest scientific autho-

rities of the last half-century, as absolutely insurmountable.

Happily, nevertheless, the problem has been solved ;
and without

disparagement to the great lights of science, we must admit that

its solution has been mainly the work of practical opticians. It

is true that the general principles upon which the form and

material of the lenses depend, were the result of profound mathe-

matical research, but these principles were established and well

understood at the moment when the practical solution of the pro-

blem was, by scientific authorities themselves, pronounced to be

all but impossible. Opticians, stimulated by microscopists and

amateurs, then applied themselves to the work, and by a long
series of laborious and costly trials, attended with many and

most discouraging failures, at length arrived at the production
of optical combinations, which have rendered the microscope one

of the most perfect instruments of philosophic research, and one,

to the increasing powers of which, we can scarcely see how any
limit can be assigned.



ABERRATIONS EFFACED.

To appreciate the circumstances in which these great difficulties

have consisted, it will he necessary that the reader should revert

to our Tract upon
"
Optical Images," 39 et seq. It is there shown,

that when an ohject is placed before a convex lens, the image of it

which is produced, is not in any case a faithful copy of the ohject.

In the first place, each portion of the lens, proceeding from its

centre to its borders, produces a separate image; this series of

images, being ranged at different distances from the lens : when

these images are looked at, as they would be, for example, with

the eye-glass of the microscope, they are seen projected one upon

another, and being slightly different in their magnitudes, a con-

fusion of outline and lineaments ensues, so that the object appears

as though it were viewed through a mist.

This sort of indistinctness, called spherical aberration, has been

fully explained in our Tract upon
"
Optical Images," and the

general principles, by which its effects may be more or less miti-

gated, have been there explained.
It has been in the diminution, if not entire extinction, of this

cause of indistinctness, by the happy adaptation of the curvatures

of the lenticular surfaces entering into the optical combinations

which form the microscope, that the address and genius of the

practical opticians has been chiefly manifested ; and if it cannot

be stated, with strict truth, that all the effects of spherical aber-

ration have been effaced in the best instruments now placed at

the disposition of the observer, it may, at all events, be safely

affirmed, that they exist in so small a degree as to offer no serious

impediment to his researches.

But independently of this source of indistinctness, there is

another which has also been fully explained in our Tract upon
"
Optical Images," 39.

Light is a compound principle, consisting of several elements,

differing in colour and also in refrangibility, the consequence of

which is, that when an object is placed before a convex lens, it

is not one image which is formed of it, but a series of images,

varying in colour, from a violet or blue, through all the tints of

the rainbow, to a red ; these images are placed at slightly dif-

ferent distances from the lens, and when viewed through the eye-

glass, would be projected one upon the other, and being of slightly

different magnitudes, the consequence of such projection would

be, that their outlines, and those of all their parts, would be

more or less fringed with iridescent colours, an effect which,
it is needless to say, would destroy the distinctness of the

lineaments.

12. The principle upon which this chromatic aberration is

counteracted, has been fully explained in our Tract upon
"
Optical
9
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Fig. 4.

Images." It follows from what is there stated, that all confusion

produced by this cause, can he removed hy substituting for simple
convex lenses, compound ones, consisting of a

double convex lens of crown-glass c c', fig. 4,

cemented to a plano-concave lens of flint glass.

The image produced by such a combination,
will be distinct and free from colour, provided
that certain conditions be observed in the curva-

tures given to its component lenses.

13. Assuming then, that by such combinations

the image presented to the eye-glass is a faith-

ful reproduction of the object, in its proper colours,

perfectly distinct in all its lineaments, and suf-

ficiently amplified, there is still one remaining
condition for distinct vision, which is, that this

image should be sufficiently bright. It will,

therefore, be necessary here, to examine the con-

ditions on which its brightness, or illumination,

depends.
In the first place it is very evident that, other things being the

same, the illumination of the image will be proportionate to that

of the object, and in the inverse proportion of its superficial

amplification ; for the light which is transmitted from the object,

being diffused over the surface of the image, will be necessarily
more feeble as the superficial magnitude of the image is greater.
The higher the magnifying power used, therefore, the greater is

the necessity that the object should be intensely illuminated.

But the brightness of the image depends not only on the in-

tensity of the illumination of the object, but also on the proportion
of the light emanating from each point of the object, which arrives

at the corresponding point of the image ; and this, as we shall now

show, will depend conjointly on the linear opening, or available

diameter of the object-glass, and the distance of the object from it.

To make this more plain, let o o', fig. 5, be the object, and L L'

the object-glass. "We are to consider that each point of the object
is a centre, from which rays emanate towards

the object-glass ; thus, for example, rays

issuing from the point c, form a cone, of which

the object-glass is the base, and of which c is

the vertex ; supposing all these rays to pass

through the object-glass, and to be refracted

by it, they will converge to the point of the

image which corresponds to c.

In the same manner, the rays which diverge
from any other point, such as o, likewise form a cone, of which

10
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ANGULAR APERTURE.

that point is the vertex, and the object-glass the base, and after

passing through the lens, they will converge to the corresponding

point of the object.
Thus it appears that each point of the image is illuminated by

as many rays as are included within such a cone as we have here

described ; that is to say, one whose base is the object-glass, and
whose vertex is on the object. But it is evident that the number
of rays included in such a cone, depends exclusively upon the

magnitude of its angle, that is the angle L c L', formed by lines

drawn from a point, c, upon the object.

14. This angle, which forms, therefore, an element of capital

Fig. 6.
Fig. 7.

importance in the estimation of the efficiency of the microscope, is

called the ANGULAR APERTURE of the object-glass.
The effect produced by the variation of the angular aperture of

the object-glass, other things being the same, will be rendered

11
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still more clearly intelligible by reference to figs. 6 and 7, where
two lenses, L L and L' L', having equal focal lengths, are repre-

sented ; the same object, o ando', is placed
at the same distances from them, and equal

images of it, 1 1 and i' I', are produced at

equal distances from the lenses. The

angular aperture of L L, being L o L, is

greater than that of I/ L', which is I/ o' L' ;

and it is evident that a greater number of

rays issuing from the object, will fall upon
the lens L L, than upon L' L', in the

proportion of the square of the angular

aperture of the former to that of the latter ;

thus, if the angular aperture of L L be

twice that of i/ L', the number of rays
which fall on L L will be four times the

number which fall on I/ L'.

Supposing, then, that all the rays which
fall upon each of the lenses, pass through
them, and are made to converge upon corre-

sponding points of the images 1 1 and i' i',

it is clear that each point of the image 1 1

will be more intensely illuminated than the

corresponding point of I' i', in the propor-
tion of the square of the angular aperture
of L L to that of L' L' ; and if these apertures
be in the proportion above supposed of two
to one, the several points of the image 1 1

will be four times more intensely illumi-

nated than those of i' i'.

15. As a practical example of the effect

of the angular aperture upon the image,
we here give seven drawings made by the

late Dr. Goring, of the appearance of a

particle of dust, or a scale, as it is called,

of a butterfly's wing, viewed with the same

magnifying power, the angular aperture of

the lens being successively augmented.
When the aperture was reduced to the

smallest limit, the object appeared as re-

presented at A, fig. 8 ; when the aperture
was increased in the proportion of 2 to 3,

the object assumed the appearance repre-
sented at B, and, in short, by successively increasing the aperture,
it assumed the appearances shown in c, D, E, F, and G. It will be

12
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evident, therefore, that by the mere effect of this increased illumi-

nation, the lineaments showing the structure of the object, which

were altogether imperceptible in c and D, began to be developed

but very imperfectly in E, were more visible in F, and became

quite distinct in G.

The great and manifest importance, therefore, of the angle of

aperture to the efficiency of the microscope, renders it indispen-

sable that easy and practicable means should always be attainable

for determining it. If the distance of the object from the object-

glass, and the virtual opening or diameter of the object-glass

could be always exactly measured
;
and if all the rays which

fall on the object-glass could be assumed to pass through it, and

to converge upon the image, then the angular aperture would be

an element of very easy calculation. But it is not practicable to

obtain these data, and it cannot be assumed that all the rays
which are incident upon the object-glass will pass through it,

and be made to converge upon the image.
16. Instead, therefore, of calculating the angular aperture in

this manner, it is determined by immediate experiment.
The greatest angle of aperture of which a given lens is capable,

will be found by determining the greatest obliquity with which

it is possible for rays to fall upon the object-glass, so as to be

refracted by it to the eye-glass. The following method of ascer-

taining this, for any given object-glass, was contrived and

practised by Mr. Pritchard, at an early epoch in the pro-

gress of the improvement of the microscope, when the importance
of the angular aperture was demonstrated by that eminent artist

and Dr. Goring. The same method, with but little modification,

is that still practised by opticians.

Let m m, fig. 9, be the microscope, the object end being fixed

upon a pivot, so that the eye end can be moved over a graduated
semicircle. Let a small luminous object, such as the flame

of a candle, be placed in the direction r r, at the distance of 6 or

8 feet, so that the rays proceeding from it to the object-glass may
be considered as parallel. If the microscope be directed towards

the candle, all the rays will fall perpendicularly on the object-

glass, and will evidently pass through it to the eye-glass. If the

microscope be then turned on the pivot to the left, the rays will

fall more and more obliquely on the object-glass, and a less and

less number of them will pass to the eye-glass.

When such a position as m m is given to the microscope, those

rays only which fall upon the border of the object-glass upon the

right of the observer, will arrive at the eye-glass, and the field of

view will then appear, as shown at /, half illuminated and half

dark. If the microscope be moved beyond this position, the field

13
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will be entirely dark, no rays being transmitted to the eye-

glass.

, If the microscope, on the contrary, be moved to the other side

of the graduated semicircle, the same appearances will be pro-

duced, and when it assumes the position rri m', the field will be

again half illuminated, and beyond that point it will be dark.

Fig. 9.

The arc of the graduated semicircle, included between the two

positions m m and m' m', will then be the measure of the angular

aperture of the object-glass, since that arc will correspond with
the greatest obliquity, at which rays diverging from the object to

14
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the object-glass, can pass through the latter, so as to arrive at the

eye-glass.
Such are then, generally, the means by which the three con-

ditions of distinct vision with the microscope will be fulfilled. The

second of these conditions, that which involves the complete cor-

rection of the chromatic aberration, will, however, require here

some further development, since it involves circumstances which

have demanded the greatest artistic skill on the part of the

makers.

17. It has been shown in our Tract upon
* *

Optical Images," 53 et

seq., that the chromatic aberration of lenses i*> corrected by combin-

ing together two lenses, one of Hint and one of crown glass, which

have different effects upon the separation of the coloured images,
the curvatures of their surfaces being so related, the one to the

other, that the separation which would be produced by either is

exactly counteracted by an equal separation in a contrary direc-

tion by the other. If the curvatures, however, of the two lenses

be not so related as to produce this exact compensation, they may
either give a predominance to the effect of the one or the other, so

as to produce chromatic aberrations of opposite kinds ; the coloured

images thus produced being ranged in a contrary order.

When a single convex lens is used, the most refrangible rays
are brought to a focus, nearer to the lens than the least refran-

gible ; and consequently the violet and blue images are formed

nearer to the lens than the red and orange. This is called

POSITIVE CHROMATIC ABERRATION.

If by combining two lenses of flint and crown glass this aberra-

tion be more than compensated, that is, if the blue and violet

images are not merely brought to coincide with the red and orange

ones, so as to render the lens achromatic, but made to interchange

place with them, so that the red and orange shall be nearest to,

and the blue and violet farthest from the lens, the chromatic

aberration will be NEGATIVE.

The importance of this in the practical construction of the

microscope will presently appear.
It must be remembered that the microscope consists of the

object-glass, the field-glass, and the eye-glass, and that its

efficiency depends not merely upon the fidelity of the image pro-

duced by the object-glass, but upon that which is seen by the

observer looking through the eye-glass. This last must be an

exact reproduction of the object in form and colour.

Now it is easy to show that if the object-glass be absolutely

achromatic, the image seen by the observer through the eye-glass
will not be so ; for, in that case, the rays forming the image pro-
duced by the object-glass passing successively through the field-

15
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glass and the eye-glass, neither of which are achromatic, the

image viewed by the observer through the eye-glass must be

affected by as much positive aberration as is due to the combination

of the field-glass and the eye-glass.

This defect might, it is true, be remedied by making both

the field-glass and eye-glass achromatic ; but independently of

other objections to such an expedient, it would be needlessly

expensive ;
and the same purpose is attained in a much more

simple manner, upon the principles of positive and negative
chromatic aberrations, which have just been explained.
The method practised for this purpose may be briefly and gene-

rally explained thus : The field-glass and the eye-glass being

simple convex lenses, produce positive chromatic aberration. The

object-glass, on the other hand, being a compound lens, may be

so constructed, according to what has been just explained, as to

produce negative chromatic aberration.

16
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CHAPTEE II.

Mutual chromatic and spherical correction of the lenses (Continued).
18. Centering. 19. Compound object-pieces. 20. The eye-piece.

21. Various magnifying powers adapted to the same microscope.
22. Actual dimensions of the field of view. 23. Means of moving

and illuminating the object. 24. Focussing. 25. Preparation of the

object. 26. General description of the structure of a microscope.
27. The stage. 28. The illuminators. 29. The diaphragms.

Now let us suppose that the entire combination of lenses is so

formed, that the negative chromatic aberration produced by the

object-glass shall be exactly equal to the positive chromatic

aberration, produced by the field-glass and the eye-glass. In

that case, it is evident that the one aberration will extinguish the

other, and that the image viewed by the observer through the eye-

glass will be an exact reproduction of the object, being exempt
from all aberration whatever.

To make this more evident, Let LL, fig. 10, be the compound
object-glass, consisting of a double convex lens of crown glass,

and a plano-concave lens of flint-glass, formed so as to produce

negative chromatic aberration ; let r 3? be the field-glass, E E the

eye-glass, and o the object.

Let v v K E, be the coloured images of the objects, which would
be produced by L L, if F r were not interposed ; these images will

be slightly concave towards L L, according to what has been

explained in our Tract upon
' '

Optical Images," 47 et seq. ; and since

L L is supposed to have negative aberration, the red images E E.

will be nearest to it, and the violet ones, v v, most remote from it.

But the rays which would converge upon the various points of

these images being intercepted by the field-glass F F, are rendered

more convergent by it, and the images are accordingly formed

nearer to it. This lens, F F, also increases the convergence of the

violet rays which are most refrangible, more than it increases that of

the red rays which are least refrangible. The consequence of this

is, that the violet and red images are brought closer together than

they were, as shown in the figure ; but still the violet images are

more distant from F F than the red, so that the chromatic aberra-

tion of L L and F F conjointly is still negative, though less than

the aberration of L L alone.

There is another effect produced by the lens F F which it is

important to notice. The images produced by L L, which were

slightly concave towards F F, are changed in their form, so as to

be slightly concave towards E E. The cause of this change has

been already explained in our Tract upon
"
Optical Images," 46.

18
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In fine, then, the rays diverging from the images R' R' v' V,
after passing through the eye-glass E E, have their divergence

diminished, so as to diverge from more distant points, n. The

divergence of the violet rays,v' V, heing most refrangible, is most

diminished, and that of the red rays, R' R', being least refrangible,
is least diminished. If their divergence were equally diminished,
a series of coloured images would be formed at 1 I, the violet being
nearer to, and the red farther from E E

; but the divergence of the

violet, which is already greater than the red, is just so mueh

greater than the latter, that the difference of the effects of E E

upon it is such as to bring the images together at 1 1.

Thus it appears, that the positive aberration of the eye-glass
E E is exactly equal to the negative aberration of L L and r F taken

conjointly, so that the one exactly neutralises the other, all the

coloured images coalescing at 1 1, and producing an image alto-

gether exempt from chromatic aberration.

There is another important effect produced by the eye-glass ;

the images R' R' v' v', which are slightly concave towards E E,

are rendered straight and flat at 1 1
; the principle upon which

this change depends has been also explained in our Tract upon
"
Optical Images," 46.

Thus, it appears that, by this masterly combination, a multi-

plicity of defects, chromatic, spherical, and distortive, are made,
so to speak, to extinguish each other, and to give a result,

practically speaking, exempt from all optical imperfection.
18. There is still another source of inaccuracy which, though it

is more mechanical than optical, demands a passing notice. All

the lenses composing the microscope require to be set in their

respective tubes, so that their several axes shall be directed in

the same straight line with the greatest mathematical precision.

This is what is called CENTERING the lenses, and it is a process,

in the case of microscopes, which demands the most masterly skill

on the part of the workman. The slightest deviation from true

centering would cause the images produced by the different lenses

to be laterally displaced, one being thrown more or less to the

right and the other to the left, or one upwards and the other

downwards ; and even though the aberrations should be perfectly

effaced, the superposition of such displaced images would effec-

tually destroy the efficiency of the instrument.

19. In what precedes, we have, to simplify the explanation,

supposed the object-glass to consist of a single achromatic lens, a

circumstance which never takes place except when very low

powers are sufficient. A single lens, having a very high magni-

fying power, would have so short a focus and such great curvature,
that it would be attended with great spherical aberration, inde-
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pendently of other objections ; great powers, therefore, have been

obtained by combining several

achromatic lenses in the same

object-piece, so that the rays

proceeding from the object are

successively refracted by each

of them, and the image sub-

mitted to the eye-glass is the

result of the whole.

The optical effect of such a

combination will be more

clearly understood by refer-

ence to fig. 11, where L L, L' i/,

and L" L", represent a com-

bination of three achromatic

object-glasses. Let o o be

the object, placed a little

within the focus f of the lens

L L. The image of o o, pro-
duced by L L, would then be

an imaginary one in the posi-
tion 1 1 ; (see Tract on

* *

Optical

Images," 35, et seq.). After

passing through L L, the rays,

therefore, fall upon if I/, as if

they diverged from the several

points of the image 1 1, which

may, therefore, be considered

as an object placed before the

lens L' if. Letf be the focus

of L' if
; the image of 1 1 pro-

duced by if if will therefore be

imaginary, and will be at i' i' ;

the rays after passing through
if L' will fall upon L" L", as if

they diverged from the several

points of i' i'. This image i' i',

therefore, may be considered

as an object placed before the

lens L" L". Let/
ff be the focus

of this lens ; the image of i' i'

produced by L" L" will then be

i" i", and will be real ;
this will

then, in fact, be the image
transmitted to the eye-piece.
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To render the diagram more easy of comprehension, we have
not here attempted to represent the several distances in their

proper proportions.
The compound lenses, of which object-pieces consist, are

generally, as represented in the figure, plane on the sides presented
towards the object. This is attended, among other advantages,
with that of allowing a larger angle of aperture than could be

obtained if the surface presented to the rays diverging from the

object were convex.

The extreme rays diverging from each point of the object/ fall

upon the surface of the object-glass with a greater and greater

obliquity as they approach its borders, and since there is an

obliquity so extreme that the chief part of the rays would not

enter the glass at all, but would be reflected from it, the angle of

aperture must necessarily be confined within such limits, that the

rays falling from the borders of the lens will not be so oblique as to

come under this condition. If the surface of the object-glass pre-
sented to the object were convex, it is evident that the rays diverging
from an object at a given distance from it would fall upon its borders

with greater obliquity than if it were plane, and, consequently,
such an object-glass would allow of a less angle of aperture than

a plano-convex one with its plane side towards the object.

Improvements have recently been made in object-glasses, by
which angles of aperture have been obtained so great, as not to

admit even of a plane surface being presented to the diverging

pencil, and it has accordingly been found necessary, in such cases,

to give the object-glasses the meniscus form (Optical Images, 25),

the concave side being presented to the object. By this expedient

angles of aperture have been obtained so great as 170. If the

surface of the object-glass presented to the object were plane, the

extreme rays of the central pencils, with such an angle of aper-

ture, would fall upon the surface of the lens with obliquities of

not more than 5, and the obliquities of the extreme rays of

the lateral pencils would be even less. Under sttch circum-^

stances, the chief part of the rays near the borders of the

lens would be reflected, and, consequently, its virtual would be

less than its apparent angle of aperture. It is questioned by some

microscopists that even with the expedient of a concave external

surface, a practically available angle of aperture so great as 170

can be obtained.

The three achromatic lenses here described being mounted, so

that their axes shall be precisely in the same straight line, con-

stitute what is generally called an OBJECT-GLASS, but which,

perhaps, might with more convenience and propriety be denomi-
nated an OBJECT -PIECE.
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The power of the object-pieces is usually indicated by the

makers, by assigning their focal lengths; but as these object-

pieces are composed of several lenses, haying different focal

lengths, it is necessary to explain what is meant by the focal

length of the combination.

Let L be a single convex lens, and o the compound object-piece ;

suppose then, the same object placed successively at the same

distance from L and o, and let L have such a convexity that it

will produce an image, I, of the object equal to the image i', which

the object-piece, o, produces, and that the distance of this image,

i, from the single lens L, is equal to the distance of the image i'

from the object-piece o. In that case, the single convex lens L,

being, in fact, the optical equivalent of the compound object-piece

o, its focal length is taken to be that of the object-piece o. Thus,

for example, if the lens L, having a focal length of one inch,

produce the same image of the same object similarly placed before

it, as would the object-piece o, then the focal length of the object-

piece o is said to be one inch.

In short, the single lens L, and its equivalent compound object-

piece o, differ only in this, that the images produced by L are

defaced more or less by aberration, from which the images pro-

duced by o are altogether exempt.
*

These object-pieces are sold by some makers so fixed that their

component lenses are inseparable, the observer being unable to use

any one of them as an object-glass without the others; other

makers, however, mount them in such a manner that the first and

second lenses, L L and I/ I/, may be unscrewed or drawn off, and

the lens L" L" alone used as the object-glass ; or L' L' may be

screwed on, the two lenses L' L' and L" L" then making an object-

piece of greater power ; by this arrangement the observer obtains,

without increased expense, three object-pieces of different powers.

After what has been said, however, of the exact manner in

which the aberrations of the field and eye glasses are corrected

and balanced by the contrary aberration of the object-piece, it will

be easily understood, that the economy by which three powers are

thus obtained, is gained at the expense of the efficiency of the

instrument ; for if the aberrations of the triple object-piece are so

adjusted as exactly to balance those of the other lenses, that balance

will no longer be maintained when the lens L L, and still less

when the lens i/ L', is removed. It is on this account that some

makers, who are the most scrupulous as to the character of their

instruments, refuse to supply separable object-pieces.

The imperfection, however, produced in this case by disturbing
the balance of the aberrations is of less importance, inasmuch as

by removing the lens L L, and still more by removing L' L', the
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magnifying power is so considerably diminished, that the defects

of the image produced by the unbalanced aberrations are very
inconsiderable, and the observer is generally content to tolerate

them on account of the great economy gained by the separation of

the lenses, which supplies, without additional expense, three

independent object-pieces.
Some of the foreign makers, less scrupulous in the exact ad-

justment of their optical combinations, make all the three lenses

composing each triple object-piece exactly similar, unscrewing
one from another, so as to enable the observer to use one, two, or

three at pleasure. It is evident that, with such combinations, the

aberrations can never be so exactly balanced as they are in the

object-pieces above described ; but in the instruments to which

they are applied, powers exceeding 700 or 800 are almost never

attempted, and the aberrations, though imperfectly compensated,
are sufficiently so to prevent much injurious confusion in the

images.
In the superior class of instruments, where magnifying power

is pushed to so extreme a limit as 1500 or 2000, the most extreme

precision in the balance of the aberrations must necessarily be

realised, since the slightest imperfection so prodigiously magnified
would become injuriously apparent.
The extreme degree of perfection, which has been attained in

the best class of microscopes, may be imagined, when it is stated,

that an object which is distinctly visible under a power of 1500

or 2000, when it is exposed to the object-glass uncovered, will be

sensibly affected by aberration if a piece of glass, no more than

the 100th of an inch in thickness, be laid upon it. Infinitesimally
small as is the aberration produced by such a glass film, it is

sufficient, when magnified by such a power, to be perceptible, and
to impair in a very sensible manner the distinctness of the image.
As it has been found necessary, for the preservation of micro-

scopic objects, to cover them with such thin films of glass, through

which, consequently, they are viewed, adjustments are provided
in microscopes with which the highest class of powers are supplied,

by which even the small aberration due to these thin plates of

glass thus covering the objects can be corrected. This is effected

by mounting the lenses, which compose the triple object-piece,

in such a manner that their mutual distances, one from another,

can be varied within certain small limits, by motions imparted to

them by fine screws. This change of mutual distance produces a

small effect upon the aberrations, rendering their total results

negative to an extent equal to the small amount of positive

aberration produced by the thin glass which covers the object.

20. The eye-glass and the field-glass are both plano-convex
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lenses, having their plane sides turned towards the eye ; they are

set in opposite ends of a brass tube, varying in length from two

inches downwards, according to their focal lengths, the distance

between them and, consequently, the length of the tube being

always equal to half the sum of their focal lengths.

The higher the power of the eye-piece, and consequently the

shorter the focal length of the eye-glass, the less will be the length

of the tube in which they are set.

This tube is called the EYE-PIECE.

It will be apparent from what has been explained, that the

magnifying power of the instrument will depend conjointly on

those of the object-piece and eye-piece.
21. In the prosecution of microscopic researches, the use of

very various magnifying powers is indispensable ;
the higher

powers would be as useless for the larger class of objects, as the

lower ones for the smaller. But even for the same object, a

complete analysis cannot be accomplished without the successive

application of low and high powers : by low powers the observer

is presented with a comprehensive view of the entire form and

outline of the object under examination, just as an aeronaut who

ascends to a certain altitude in the atmosphere obtains a general

view of the country, which would be altogether unattainable

upon the level of the ground. By applying successively higher

powers, as has been already explained, the smaller parts and

minuter features of the object are gradually disclosed to view,

just as the aeronaut, in gradually descending from his greatest

altitude, obtains a view of objects which were first lost in the

distance, but at the same time loses, by too great proximity, the

general outline.

The microscope-makers, therefore, supply in all cases an

assortment of powers, varying from 30 or 40 upwards ; observa-

tions requiring powers under 40, being more conveniently made
with simple microscopes. For this purpose it is usual, with the

best instruments, to furnish six or eight object-pieces and three

or four eye-pieces, each eye-piece being capable of being combined

with each object-piece. The number of powers thus supplied will

be equal to the product of the number of object-pieces, multiplied

by the number of eye-pieces.
The powers, however, may still be further varied, by provi-

sions for changing the distance between the object and eye-pieces,

within certain limits. For this purpose, the tube of the instru-

ment is sometimes divided into two, one of which moves within

the other, like the tube of a telescope, the motion being produced

by a fine rack and pinion : in this case the eye-piece is inserted in

one of the tubes, and the object-piece in the other. By combining
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Fig. 12.

this provision with a proper assortment of object-pieces and eye-

pieces, all possible gradations of power between the highest

attainable, and the lowest which is applicable, can be obtained.

The actual magnitude of the space which can be presented at

once to the view of the observer, will vary with the magnifying
power ; but in all cases it is extremely minute. Thus, with the

lowest class of powers, where it is largest, it is a circular space,
the diameter of which does not exceed the 8th or 10th of an inch ;

it follows, therefore, that no object, the extreme limits of whose
linear magnitude exceed this,, can be presented at once to the

view of the observer. Such objects can only be seen in their

ensemble, by means of less powerful magnifying glasses, or with

the naked eye.

22. The field of view, with powers from 100 to 300, varies in

diameter from the loth to the 40th of an inch
;
from 300 to 500

it varies from the 40th to the 70th of an inch ; and from 500 to

700 from the 70th to the 100th of an inch.

It will thus be understood, that even with the moderate power
of 700, an object to be included wholly within the field of view,

must have a magnitude such as may be

included within a circle whose diameter

does not exceed the 100th of an inch.

These observations will be more clearly

appreciated by reference to the annexed

diagram, fig. 12, where A is a circle

whose diameter is the 6th of an inch ;

B one whose diameter is the 12th of an

inch ; c the 25th, D the 50th, and E the

100th.

But when still higher powers are used,

the actual dimensions of the entire space

comprised within the field of view will be

so very minute, that an object which

would fill it, and still more, smaller

objects included within it, would not only
be altogether invisible to the naked eye,

but would require considerable micro-

scopic power to enable the observer to see them at all.

The actual dimensions of the field of view, which correspond to

each magnifying power, vary more or less in different instru-

ments. Those which I have given above, are taken from a

microscope made by Charles Chevalier, which is in my possession.

The difference however in this respect, between one instrument

and another, is not considerable, and the above will serve as a fair

illustration of the limits of the field of instruments in general.
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The entire dimensions of the field of view therefore being so

exceedingly minute, it will be easily understood that some diffi-

culty will attend the process by which a small object, or any
particular part of an object, can be brought within it : thus, with

a moderate power of 500, the entire diameter of the field being no

more than the 70th of an inch, a displacement of the object to

that extent, or more, would throw it altogether out of view. If

therefore the object, or whatever supports it, be moved by the

fingers, the sensibility of the touch must be such as to be capable
of producing a displacement thus minute.

If the object be greater in its entire dimensions than the field

of view, a circumstance which most frequently happens, a part

only of it can be exhibited at once to the observer ; and to enable

him to take a survey of it, it would be necessary to impart to it,

or to whatever supports it, such a motion as would make it pass
across the field of view, as a diorama passes before the spectators,

disclosing in slow succession all its parts, and leaving it to the

power of the observer to arrest its progress at any desired moment,
so as to retain any particular part under observation.

The impracticability of imparting a motion so slow and regular

by the immediate application of the hand to the object, or its

support, will be very apparent, when it is considered that while

the entire object may not exceed a small fraction, say, for exam-

ple, the 20th of an inch in diameter, the entire diameter of the

field of view may be as much as 20 times less, so that only a 20th

part of the diameter of the object would be in any given position

comprised within it.

23. These and similar circumstances have rendered it necessary
that the want of sufficient sensibility and delicacy of the touch in

imparting motion to the object, shall be supplied by a special

mechanism, by means of which the fingers are enabled to impart
to the object an infinitely slower and more regular motion, than

they could give it without such an expedient. The means by which
this is accomplished will be presently explained.
We have seen that the intensity with which the microscopic

image is illuminated depends on the angle of aperture, other-

things being the same ; but however large that angle may be,

when considerable magnifying power is used, it is necessary that

the object itself should be much more intensely illuminated than

it would be by merely exposing it to the light of day, or that of

the most brilliant lamp. It is therefore necessary to provide

expedients, by which a far more intense light can be thrown

upon it.

24. The instrument is said to be in FOCUS when the observer i&

enabled to see with the eye-glass the magnified image of the
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object with perfect distinctness ; this will take place provided the

mutual distances between the eye-piece, the object-piece, and the

object are suitably adjusted ; and this adjustment may be accom-

plished by moving any one of these three towards or from the

other two, while these last remain fixed : thus, for example, if the

object and the object-piece remain unmoved, the instrument may
be brought into focus by moving the eye-piece to or from the

object-piece. The rack and pinion, already described, which
moves the tube in which the eye-piece is inserted, can accomplish
this. This provision, however, is not made in all microscopes.

If the eye-piece and the object be fixed, the instrument may be

brought into focus by moving the object-piece to or from the

object. To effect this, it would be necessary that the object-piece
should be inserted in a tube, moved by a rack and pinion, like

that of the eye-piece.
In fine, if the object-piece and eye-piece be both fixed, the

instrument may be brought into focus by moving the object, or

whatever supports it, to or from the object-glass.

All these methods are resorted to in the different forms in

which microscopes are mounted by different makers.

25. Since nearly all material substances, when reduced to an

extreme degree of tenuity, are more or less translucent, and since

almost all microscopic objects have that degree of tenuity by
reason of their minuteness, it happens that nearly all of them are

more or less translucent ; and where in exceptional cases a

certain degree of opacity is found, it is removed without inter-

fering with its structure, by saturating the object with certain

liquids, which increase its translucency, just as oil renders paper

semi-transparent. The liquid which has been found most useful

for this purpose, is one called CANADA BALSAM. When the object
is saturated with this liquid, it is laid upon a slip of glass, about

two inches long and half an inch wide, and is covered with a

small piece of very thin glass, made expressly for this purpose,

the thickness in some cases not exceeding the 100th of an inch.

It is usual to envelope the oblong slip of glass, in the middle of

which the object is thus mounted with paper gummed round it, a

small circular hole being left uncovered on both sides of thft

glass, in the centre of which the object lies.

The slips of glass thus prepared, with the objects mounted

upon them, are called slides or sliders ;
\
and the objects thus

mounted are so placed, that the axis of the object-piece shall be

directed upon that part of them which is submitted to observa-

tion, provisions being made to shift the position of the slider, so

as to bring all parts of the object successively under observation.

Further provisions are also made t@ throw a light upon the
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object, by which it will be seen as an object is on painted

glass.

Since, however, there are some few objects which cannot be

rendered translucent, expedients must be provided, by which

they can be illuminated upon that side of them which is presented
to the microscope. It is often necessary, also, even in the case of

translucent objects, that they should be viewed by means of light

thrown upon that side of them which is turned to the object-

glass.

26. These general observations being premised, we shall pro-
ceed to explain the method by which the optical part of the

instrument is mounted, and the several accessories by which the

object is supported, moved, and illuminated.

Let us suppose, for the present, that the eye-piece E F, fig. 13,

and the object-piece o, are mounted in a vertical tube, with

whose axis A A A, the several axes of the lenses, accurately co-

incide. Let d d be a diaphragm, or blackened circular plate, with a

hole in its centre, placed in the focus of the eye-glass, by which
all rays of light not necessary to form the image shall be inter-

cepted. Let D be a milled head, by turning which the tube

wrhich carries the eye-piece can be moved within certain limits to

and from the object-piece, and let D' be another milled head, by
which the tube which carries the object-piece can be moved
within certain limits to and from the object, or by which the

entire body B u of the microscope, carrying the object-piece and

eye-piece, can be moved to and from the object.

27. Let s s be a flat stage of blackened metal or wood, having
a circular hole in its centre, as shown in plan at s' s', and let it

be fixed by proper arrangements, so that the axis A A A of the

microscope shall pass through the centre of the circular aperture,
and so that its plane shall be at right angle to that axis. Let a

slider, such as we have described above, upon which an object is

mounted, be laid upon this stage, so that the object shall be in

the centre of the hole, and therefore in the axis A A A of the

microscope.
28. Let M M be a concave reflector, receiving light either from

a lamp or a window, and reflecting it upwards towards the open-

ing in the slider, in converging rays, so as to condense the light
with more or less intensity upon the under side of the object ; if

the convergence produced by M 31 be insufficient, it may be

augmented by the interposition of a convex lens c c. This may
or may not be interposed, according as the object is smaller or

greater, and requires a more or less intense illumination.

The light being thus thrown upon the lower side of the object,
the latter, being sufficiently translucent, is rendered visible by it.
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Fig. 13.

A
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If the object be opaque, it may be illuminated from above by
several expedients ; being placed upon, a blackened plate resting

on the stage s s, light proceeding from a window or a lamp may
be condensed upon it by a concave reflector M' M', or by a convex

lens L L. These arrangements, however, are only applicable

when the object is at such a distance from the object-piece that the

light proceeding from M' M' or L L shall not be wholly or partially

intercepted by the object-piece. This would always be the case,

however, when very high powers are used, and when, conse-

quently, the object must be brought very close to the object-

piece. In that case, the object is supported upon a small piece

of blackened cork, or in a dark cell of the form represented at

w w
;
this support is placed in the centre of the opening of the

stage, so as not to intercept any but the central rays reflected

from :M M
; upon the end of the object-piece a concave reflector,

having a hole in its centre, through which the object-piece passes,

is fixed ; the light proceeding from M :M, and falling upon this

reflector, is reflected by it, so as to converge upon the object, and

thus to illuminate it.

A concave illuminator thus mounted is called, from its inventor,
a lieberkuhn.

29. In the illumination of objects it is frequently necessary to

limit, to a greater or less extent, the diameter of the pencil of

light thrown from the reflector, M if, upon the object. Although
this may partly be accomplished by varying the distance of the

reflector from the object, or by the interposition of a convex lens,

such expedients are not always the most convenient, and a much
more ready and effectual method of attaining this end is supplied

by providing below the stage, s s, a circular blackened disc,

capable of being turned upon its centre in its own plane. This

disc is pierced with a number of

holes of different diameters, as shown Fi - 14 -

in fig. 14, and it is so mounted, that

the openings in it, by turning it

round its centre, may be brought

successively under the object. This

is easily done by fixing the centre

of this disc at a distance from the

centre of the stage, equal to the

distance between the centre of the

disc and the centres of the holes

made in it.

This appendage is called the disc

of diaphragms, and is of great use in the illumination of objects,
as will appear hereafter.
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As the effect of the illuminators varies not only with their

distance from the object, but also with the direction in which the

light directed from them falls upon the object, provisions are

made in mounting the microscope, by which various positions may
be given to them, so that the light may fall upon the object in any
desired manner.

In the frame in which the illuminator, M M, is mounted, it is

customary to place two reflectors, one at each side, one concave

and the other plane. By the former a converging, and by the

latter a parallel pencil of light is reflected towards the object.

In this general illustration we have supposed the axis of the

instrument to be vertical ; it may, however, have any direction

whatever; but whatever be its direction, the stage, s s, must

always be at right angles and concentric with it. The eye-piece
and object-piece are also supposed to be set in the same straight

tube, with their axes set in the same straight line. This arrange-

ment, though most commonly adopted, is neither necessarily nor

always so. The tube which carries the eye-piece may, on the

contrary, be inclined, at any desired angle, with that which

carries the object-piece ; for this purpose it is only necessary to

place in the angle formed by the two tubes a reflector, so inclined

that the rays coming from the object-piece shall be reflected along
the axis of the tube which carries the eye-piece.
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30. THUS, for example, if the tube which, carries the object-

piece be vertical, a plane reflector, 31 M, fig. 1 5, receiving the rays

Fig. 1C.

coming in a vertical direction from the object-piece, will reflect

them horizontally to the eye-piece E E.

The same object would be attained with more advantage, and

less loss of light, by means of a rectangular prism, ABC, fig. 16,

rig. ir.

.IT

Fig. 18.

the vertical ray, B K' being reflected by the back, A c, of the prism
in the horizontal direction n' K".

Since a single reflection thus made produces an inverted imager
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it is sometimes preferable to accomplish the object by two suc-

cessive reflections, as shown in fig. 17, where the ray, A B, is

successively reflected at B and c to the eye at D. And the same

object may be attained more advantageously by means of a

quadrangular prism, as shown in fig. IS.

This application of the prism and reflector has been already

explained in our Tract upon Optical Images.
Much practical convenience often arises from the adoption of

this expedient ; thus, while the object-tube is directed vertically

downwards, to an object supported on a horizontal stage, or

floating on or swimming in a liquid, the eye-tube may be hori-

zontal, so that the observer may look in the level direction. IH

this case the two tubes are fixed at right angles, the reflecting

surface being placed at an angle of 45 with their axes. "We

shall see hereafter a case in which, by the adoption of an oblique

tube, several observers may at the same time, looking through
different eye-pieces, see the same object through one and the

same object-glass.

THE SUPPORT AKD MOVEMENT OF THE OBJECT.

31. The appendage of the microscope, adapted for the support
of the object is called THE STAGE.

Since every motion or disturbance by which the stage may be

affected will necessarily be increased, when seen through the

microscope, in the exact proportion of the magnifying power, it

is of the utmost importance that it should be exempt from all

tremor, and that it should have strength sufficient to bear, with-

out flexure, the pressure of the hands in the manipulation of the

object. "When a high power is used, the focal adjustment of

the instrument requires to be so exact, that a displacement of

the object, which would be produced by the slightest pressure
of the fingers upon a stage not very firmly supported, would
throw it out of focus.

If the instrument be used for dissection, or any other purpose
in which steady manipulation of the object is needed, it will b^
found convenient that the stage have sufficient magnitude to

support both wrists, while the operation is performed with the

fingers. Supports for the elbows ought also to be arranged, so as

to place the operator completely at ease.

32. The instrument is focussed, as already explained, either by
moving the stage to and from the body, or by moving the body
to and from the stage. The motion is imparted to the one or the

other by means of a milled head placed on the right of the

observer, which leaves a pinion working in a rack to which the
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part to be moved is attached. By turning this milled head one

way and the other alternately, the observer finds by trial the

position which gives greatest distinctness.

33. This, which is called the COARSE ADJUSTMENT, answers

well enough when high powers are not used; but it must be

remembered that as the teeth of the pinion successively pass those

of the rack, the motion produced is not strictly an even and
uniform one, but a sort of starting or intermitting motion, so that

the instrument cannot be' easily and steadily brought to rest at

any intermediate point between the beginning and the end of the

passage of a tooth. When high powers are used, and conse-

quently an extremely nice adjustment of the focus required, this

arrangement is therefore insufficient, and serves at best only for a

first approximation to the exact focus.

34. A supplemental expedient is therefore provided in the

best instruments, called the FINE ADJUSTMENT, which usually
consists of a screw having an extremely fine thread, which

being connected with the part to be moved, gives it a per-

fectly smooth, uniform, and slow motion, entirely free from starts

or jerks.
In some of the best instruments these screws have as many as

150 threads to the inch, so that one complete turn of the milled

head moves the stage or body through only the 150th part of an

inch, and as the head is divided into ten equal parts and moves
under an index, a tenth of a revolution can be observed, which

corresponds to the 1500th part of an inch.

When the form of the object is not actually flat, and conse-

quently all points upon it are not equally distant from the object-

glass, they will not be all in focus together. When the distance

of the object is such as to bring the more salient, and conse-

quently the nearest, parts into focus, the more depressed parts
will be too distant and consequently out of focus ; and when the

object is moved nearer to the object-glass by a space equal to the

heights of the salient above the depressed parts, the latter will be

in, and the former out of focus, and consequently the latter will

be distinct, and the former confused.

When the powers used are so low that the distance of the

object from the object-piece shall bear a considerable proportion
to the difference of level of the salient and depressed parts of the

object, this difference of level will not sensibly affect the focal

adjustment ; but when high powers are used, that difference of

level bearing a very sensible proportion to the distance of the

object from the object-glass, the adjustment which renders either

distinct will render the other indistinct.

35. This optical fact has been converted with admirable address

36



COARSE AKD FINE ADJUSTMENTS.

into an expedient, by which the inequalities of the surface of a

microscopic object are gauged, and its accidents analysed. Thus,
for example, let the milled head of the tine adjustment be first

turned so as to render the salient parts distinct, and let the

position of the index be marked. Let it be then turned so as to

render the depressed parts distinct, and let the new position of

the index be marked. If one division of the head represent the

1500th part of an inch, the differences of level, of the salient

and oppressed parts, will be just so many 1500ths of an inch as

there are divisions of the milled head which have passed the

index.

36. One of the first difficulties which the microscopic debutant

encounters, is that which will attend his attempts to bring the

object into the centre of the field of view when it is minute, and
when the magnifying power is considerable. If he is only pro-
vided with a simple stage, without any mechanical expedient for

moving the object, he will soon be oppressed with the fatigue

arising from a succession of abortive attempts at accomplishing
his purpose.

37. The entire diameter of the field of view will often be less

than the 100th of an inch, so that a displacement of the slide so

inconsiderable as to be utterly insensible to his fingers, will cause

the object to jerk through a space greatly exceeding the entire

extent of the field. In this way the object will start from side

to side, the motion imparted to it by the touch to bring it back
to the field being always in excess, however carefully and deli-

cately the manipulation may be made. Some professional

observers, by intense and long-continued practice, surmount this

difficulty and succeed in adjusting the slides, even with the

highest powers, without mechanical aid; but this is not to be

hoped for by debutants or amateurs, except with very low magni-
fying powers. Such persons, if they would avoid the risk of

throwing up the instrument with disgust, had therefore better in

all cases be provided with a stage having some such expedients as

we shall now describe.

Upon the fixed stage, such as it has been described, a second

stage similar in form and equal in size is placed, and is moveable

through a certain limited space right and left, by a fine screw

with a milled head. Another similar stage is placed upon this,

which partakes of any motion imparted to the latter, but which
is also moveable upon the latter backwards and forwards by means
of another fine screw. Upon this last stage the slide with the

object is placed, and held down by springs so as to retain its

place, whatever be the position of the stage.

By turning one of these screws (fig. 19), the object may be
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Fig. 19.

slowly moved right and left, and by turning the other it may be

moved backwards and forwards,

and, in fine, by turning both
at the same time it may be

moved diagonally in any inter-

mediate direction, according to

the relative rate at which the

one and the other milled head
is turned. Sometimes the two
milled heads are on the right
side of the stage, so that they

can be turned either separately or together by the right hand,
and sometimes they are placed at opposite sides, so as to engage
both hands.

38. It is generally found convenient to have an easy means of

turning the object round its centre, so as to present it to the light
in all possible positions, without displacing it from the centre of

the field. This is accomplished by inserting in the upper plate
of the stage a metallic disc of somewhat greater diameter than

the central aperture of the stage, which is so fixed as to be turned

smoothly round its centre. It is upon this disc that the slide is

placed and held by the springs which are attached to the disc so

as to turn with it. This disc is sometimes graduated in 360, so

that the observer can turn the object through any desired angle,
a power which will be found very convenient in certain classes

of observations.

The arrangement consisting of a fixed with two moveable

stages superposed is

Fie- 20 - drawn in fig. 20,

where a a a a is the

fixed stage, and b b

b by c c c c the two

stages which move
in the grooves n n
and m m, the one

b b b b directed right
and left, and the

other c c c c back-

wards and for-

wards. The grooves
in which the upper

stage c c c c moves
are formed in the lower stage bbbb, and those in which the

latter moves are formed in the fixed stage a a a a. The one

stage is moved by turning the milled heads s s fixed upon the
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Fig. 21.

rod 1 1, and the other by turning the head r r fixed upon the

hollow rod v, through which 1 1 passes.

Another and more simple form of moveable stage is shown in

fig. 21, where a a a represents a circular brass disc, having a

circular aperture in its

centre. Upon this a

second disc b b b is

placed, which is moved
within certain limits in

two directions, at right

angles to each other,

by the screws v v',

againstwhich the spring
n I P L reacts. The
entire stage is in this

case moveable round its

own centre.

By these expedients
the observer has com-

plete command over the

object, so as to be able

to move it at pleasure
in any direction, with a motion which will be smooth, slow, and

free from jerks and starts, even when magnified with the highest

powers.
To centre the object, that is, to place it on the stage so that its

centre shall be in the centre of the field, is not so easy as it

might appear to the unpractised in microscopic manipulation.
To accomplish this, let the slide be first laid across the aperture

of the stage, the object being as nearly as possible concentric with

the aperture. Let the stage and object-glass be brought nearly,

but not actually, into contact by the coarse adjustment. Let the

slide be then again centred, so as to render the object concentric

with the object-glass. Let the stage be then moved from the

object-glass until the instrument is focussed as nearly as it can

be by the coarse adjustment. Let the object be then more

exactly centred by the stage-screws, and more exactly focussed

by the fine adjustment.
It must not, however, be supposed that this elaborate process is

necessary in the case of every class of objects. The larger sort

can be easily enough centred by the hand, and focussed by the

coarse adjustment ;
and in the cheaper description of microscopes

no other means are provided. For a smaller sort, the centring

may be effected by proximity with the object-glass, and rendered

more exact with the fingers when no stage-screws are provided.
39



THE MICROSCOPE.

But much trouble will be produced when objects of the smallest

class requiring the higher powers are examined with instru-

ments in which the stage-screws and fine adjustments are not

supplied.

39. In all cases it will be found advantageous to submit the

object successively to a series of increasing powers. When once

centred it will maintain its place while the object-lenses are

changed, so that upon each change of power no new adjustment is

necessary except focussing. The low powers will show the

general form and contour, the entire object being at one and the

same moment within the field. The next powers will show the

larger parts, and the highest will display the texture of the sur-

face and the structure of the smaller parts. By working the

stage-screws the object is moved like a panorama across the field

from right to left ; and this motion is repeated for various posi-
tions given to it by the screws, which move it backward and
forward until every part of it has been submitted to examination.

When high powers are used the object will be very close to

the object-glass, so as almost to touch it when the instrument is

focussed. In this case, care should be taken to prevent all

contact or friction of the object or the slide with the object-glass,
the latter being subject from that cause to injury or fracture.

When it is desired therefore to change an object thus viewed with
a high power, it is always advisable to separate the object-glass
and stage by the coarse adjustment, before removing the one

object and replacing it with the other, which must then be

focussed.

40. The greatest care should be taken to clean the slides before

placing them on the stage, since the least particle of grease or

dust or any other foreign matter would, when magnified, injure
the observation and might lead to errors.

When the object observed is in a drop of water or other liquid,
or when it is itself a liquid, it will be included between the

slide and a thin glass placed upon it, in which case it is of the

greatest importance to exclude or remove all bubbles of air, since

they would present appearances under the microscope, such as

would deface those of the proper object of observation.

41. When it is required to submit a minute object to inspec-

tion, it is sometimes desirable to submit it to pressure, either to

retain it in one position, if it be living, or to ascertain the effect

of compression upon it, exercised in a greater or less degree for

other purposes. It is often necessary also to roll it over, so as to

present all sides of it in succession to the observer.

An instrument called a compressor has been contrived for this

purpose, which has been constructed in a great variety of forms
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by different makers, according to the demands of different

observers.

One of the most common and useful forms of compressor is

shown in fig. 22.

A small and very thin disc of glass is set in a brass ring i, and

supported at two points L L, diametrically opposite, by the ends of

a fork L P, attached to

a lever P G, the latter

being supported upon
two upright pieces F,

attached to an hori-

zontal piece F D. This

piece F D turns hori-

zontally round a pivot,
fixed near the end E
of a strong slip of brass A B, having the form and magnitude of a

slide used for the support of objects. At the middle c, of A B, is

a circular hole, in which another disc of glass is set, correspond-

ing in magnitude to the disc i. A screw, with a milled head K,

works in the end G of the lever, by turning which in one way or

the other, the end G, and consequently the disc i, is raised or

depressed.
To place the object for observation, by moving the piece D

round the pivot the ring I is removed from the lower disc c,

upon which the object is then deposited. The screw K being

turned, so as to raise the disc i sufficiently to prevent it from

touching the object, the piece D is then turned on the pivot
until the disc i is brought over the object. The observer

then viewing the object in the microscope, and placing
his hand upon the screw K, slowly turns it, so as gradually to

compress the object, and continues this process or suspends it, or

turns the disc i horizontally, so as to roll the object between the

glasses, according as his course of observation may require.
The compression may be so increased as to flatten the object,

which in some cases is desired, so as to render it more transparent,
while nevertheless its form becomes more or less distorted.

42. It is sometimes required to ascertain the effects of an
electric spark or voltaic current, transmitted through a liquid or

solid, or through a body animate or inanimate. An apparatus

adapted for this purpose is shown in fig. 23, where D c is a disc

of glass set in the middle of a slip of brass A B. The two brass

tubes G G play upon the hinges F F, which are supported on short

glass pillars E E. Two glass tubes, through the bores of which
fine platinum wires a a pass, are inserted tightly into the tubes
G G, so that they can be pushed to, or drawn from the disc D,
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where the object] is placed. The positive and negative ends of

the conductor of the electric machine, or the poles of a voltaic

battery, being put in connection with the handles b b of the

Fig. 23.

platinum wire, the spark or current will pass from the point of

one of the wires a a to that of the other, being transmitted through
the object placed between them.

THE ILLrMINATION OF OBJECTS.

43. Among the accessories of the microscope, there is none the

right use of which is more important than the illuminators. By
the proper application of these, an infinite variety of beautiful

effects are produced, and an infinite number of interesting con-

sequences developed, while by their abuse, and by the misconcep-
tion and misinterpretation of their indications, the most fatal

errors and illusions may arise.

Let any one, however inexperienced in the manipulations of a

microscope, applying one hand to the mirror and the other to the

disc of diaphragms, vary at pleasure the position of the former,
;and turn the latter slowly round its centre, thus shifting the

direction, and varying the quantity of the light which falls upon
the object, and he will witness, in looking at the object through
the instrument, a series of appearances which will soon demon-
strate to him how curious, complicated, and important a part the

illuminators play in microscopical phenomena.
44. Objects may be rendered visible in two ways, either by

light reflected from those parts of their surfaces which are pre-
sented towards the observer, or by light falling on the posterior

surface, and partially transmitted through them. Opaque bodies

can be seen only in the former way, but translucent objects may
be seen in either of these ways.
A translucent object presents a different appearance, according

as it is seen by a front or back light. The leaf of a tree or plant,
seen by reflected light, appears to have some particular tint of
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green, showing faint traces of a certain reticulated skeleton of

vegetable fibre. If it be held up before the sun, all light being
excluded from the side presented to the eye, it will appear with a

much paler tint of green, and the skeleton will become much
more visible, the finer parts before invisible being distinctly
seen.

A stained glass-window viewed from the outside appears to

have dark and dull colours, and might be taken to be opaque,

showing no form or design. Viewed from the inside, forms of

great beauty, and colours of remarkable splendour, are seen.

When we say, therefore, that objects viewed in a microscope

present very different appearances, according as they are illu-

minated by a front or a back light, we only state a general fact

common to all visible objects.
No body can be said to be either opaque or transparent in an

absolute sense. Bodies considered to be the most opaque, such

as the metals, are found to be translucent when reduced to thin

leaves. Even gold and platinum, the most dense of the metals,
are rendered translucent under the hammer of the gold-beater,
while glass, diamond, air, water, and similar bodies, commonly
considered to be transparent, are proved to absorb a portion of the

light transmitted through them, this absorption increasing with

the thickness of the medium. There is in fine no body which
will not become opaque if sufficiently thick, and none that will

not become more or less translucent if sufficiently thin.

45. Since microscopic objects are generally of extremely
minute dimensions, they are all, with some few exceptions, suf-

ficiently translucent to be rendered visible by a back light.

It is well known that many bodies, which are opaque or nearly

so, may be rendered translucent by saturating them with certain

liquids. Thus, as every one knows, paper, linen, and other

porous bodies, which when dry are imperfectly translucent,
become much more so when wetted or oiled, or saturated with
white wax.

This general physical fact has special and important application
in the preparation of microscopic objects, which are saturated

with various liquids, proper for each of them, by which they are

rendered translucent.

When a translucent object is rendered visible by a back light,
the intensity of the light must be regulated according to its

translucency. The more translucent it is, the less intense must
be the light. A strong back light thrown upon a very trans-

lucent object drowns it, and renders it altogether invisible. The

light must therefore be reduced in intensity by varying the incli-

nation of the reflector, the distance of the lamp from it, and by
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the interposition of smaller diaphragms, until the best effect is

produced. The observer will acquire by practice a facility in

making these adjustments, so as to produce the desired result.

On the other hand, if the object be very imperfectly trans-

lucent, the light thrown upon it must be rendered as intense as

possible by the contrary arrangements.
46. Different parts of the same object will generally have

different degrees of translucency, and it will often happen that a

light which would drown the more transparent parts will be no

more than sufficient to display the more opaque parts. In such

cases the observer will have to vary the light according as his

attention is directed to one part or the other.

It must not be inferred that the darker parts are in this case

really darker than those which are more transparent. The

lesser degree of translucency more frequently arises from the

different thickness of different parts of the object, the thicker

parts absorbing more light, and therefore appearing of a darker

tint than the thinner. If the varying transparency arise from this

cause, the apparent lights and shadows or tints of colour must be

taken as mere indications of the inequalities of thickness of a

body of which the real colour is uniform.

The difficulty which an observer encounters in ascertaining the

real form of an object, and the accidents of its surface when seen

in a microscope by a back light, is partly owing to the fact that

the eye is habituated to view objects almost exclusively by front

lights, and the impressions produced of their forms are always
deductions of which we are rendered unconscious by habit, by
which the characters of these surfaces are inferred from the lights

and shadows which are impressed on the organ of vision. Not

having the same habit of seeing objects by a back light we cannot

so easily make similar deductions, and we are apt to judge of the

objects as if in fact they were illuminated with a front light.

The judgment is also more or less perplexed, and deceived by
the fact that microscopic objects are as it were placed before the

eye in an unnatural state of proximity, which give them a visual

character totally different from that which objects have, viewed

in the usual way with the naked eye.

It must be evident, therefore, how much attention and address

on the part of the observer are indispensable to enable him to

disentangle their physical causes from such complicated effects,

and to give their appearances a right interpretation.

47. If an object, of which the surface is marked by numerous

inequalities and asperities, be illuminated by a light which falls

perpendicularly upon it, or which is scattered indifferently in all

directions, an observer placed directly over it will be in general
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unable to perceive the elevations or depressions, all being pro-

jected upon the same ground-plan, and all being similarly illu-

minated. But if the light fall upon it with a certain and regular

obliquity, lights and shadows will be produced which will enable

him to infer the accidents of the surface and the real form of the

object.

The due consideration and application of this general optical

fact will enable the microscopic observer to submit the object of

his inquiry to such a visual analysis as will unfold at least a close

approximation to its real form.

48. If the object be viewed by a front light proceeding from

the concave mirror :M M, fig. 13, or reflected by the Lieberkuhn,

this effect will not be produced ;
for although the light reflected

from the Lieberkuhn is not perpendicular to the object, it is scat-

tered in all possible directions, so as utterly to remove all possi-

bility of lights and shadows. An expedient is sometimes adopted
in which light projected by a concave mirror or lens, properly

placed, is directed only on one side of the Lieberkuhn, which is

necessarily productive of lights and shadows.

But the purpose is much more simply and effectually attained

by removing the Lieberkuhn altogether, and directing the illu-

mination with the necessary obliquity upon the object by means

of a reflector or lens placed as shown at M' M' or L L.

Those methods are always practicable except when a magnifying

power is used so high as to render it necessary to bring the object

almost into contact with the object-glass, in which case the

mounting of the latter would intercept the light, whether pro-

ceeding from the Lieberkuhn, the lens, or mirror. In such cases

the object can only be illuminated by a back light.

If the object be illuminated by a back light thrown obliquely

upon it, the lights and shadows, strictly speaking, can only be

produced upon the posterior surface. Nevertheless, the light

passing obliquely through the anterior surface will produce dark

and light tints, according to the angle at which it strikes the

several superficial inequalities and accidents of that side of the

object. It will be evident, therefore, that very complicated effects,

in which the disentanglement of the forms which produce them

is extremely difficult, must ensue.

Nevertheless, the attentive and practised observer, by presenting
the illumination successively in various directions, by properly

varying its intensity, and examining the object as well by front

as by back illumination, when both are practicable, can generally
arrive at a pretty clear knowledge of its form and parts.

49. When the object is illuminated by a back light, optical

phenomena, called diffraction and interference, are produced,
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against which the observer must be on his guard. The effects of

these are to surround the outline of the object with coloured fringes.

By limiting the illumination as far as it is practicable to the object

itself, so as to avoid the transmission of any light through the

opening of the slide, except what may pass through the object,

this effect may be diminished or avoided.

Indeed, for many reasons, it is advantageous to prevent any

light from passing through the slide, or through the opening of

the stage, except what is employed in illuminating the object.

All such light is liable to fall in greater or less quantity upon the

object-glass, and, passing through it, has a tendency to render the

image obscure and confused. For this reason, all extraneous

light whatever should be as far as possible excluded from the

space around the microscope, for all objects on which such light

falls will reflect a part of it, some of which may fall upon the

object-glass.
50. "When the light of the sky or clouds is used, an aperture

may be made in a window-shutter for its admission, all the other

windows of the room being closed, and the light proceeding
from the aperture being received upon the mirror or lens, by
which it is directed and condensed upon the object. The light

of a white cloud, strongly illuminated by the sun, is generally
considered the best form of day-light which can be used, and

that of a blue serene sky the worst. Observers differ as to the

direct light of the sun, some maintaining that in no case what-

ever should it be used, while others give it a preference for

minute objects seen under high powers, and therefore requiring
intense illumination.

The light reflected from a white wall upon which the sun

shines is a good source of illumination.

51. If artificial light be used with low powers, a common sperm
candle will serve well enough, but means should be adopted to

prevent the flickering of the flame.

An argand lamp, however, is, in all cases, preferable, as giving
a steady invariable light. It will be improved if good olive oil

be used instead of the fish oil.

The flame produced by the liquid known as camphine is

especially pure and white, and well fitted for microscopic
researches.

Whatever be the artificial light used, it ought to be surrounded

with a shade, and so placed as to fall only upon the mirror or

lens by which it is directed to and condensed upon the object.

52. It is advantageous to protect the eyes of the observer from

extraneous light: the most simple and convenient method of

effecting which is by a circular blackened pasteboard screen
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about a foot in diameter, having a hole in its centre, through
which the tube of the eye-piece is passed. This screen is then

at right angles to the axis of the body of the instrument, the

eye-piece projecting about an inch from it. The observer looking
into the eye-glass with one eye, need not incur the exertion and

fatigue of closing the other, since the screen performs the office of

the eye -lid.

The mirrors are sometimes made with a concave glass at one

side, and a plane glass at the other, the latter being used when,

condensation is not required. A disc formed of plaster of Paris,,

reduced to an extremely even and smooth surface, either plane
or concave, is sometimes used with advantage when a soft and
mild light is required. Nearly the same effect may be produced

by placing a disc of white card upon the face of the mirror. The
illumination by a back light is attended with a peculiar advan-

tage, inasmuch as it displays the internal structure of objects,

and, in the case of organised bodies, supplies beautiful means of

exhibiting the circulation
; as, for example, the circulation of the-

blood in animals, and the sap in vegetables. In the case of certain

animalcules, it shows some living and moving within the bodies of
others.

53. The following observations of Mr. Pritchard are worthy of

attention: "We must consider that in all bodies viewed by
intercepted light, there is, properly speaking, neither light nor

shade, in the ordinary acceptation of these terms ; there are only-
dark and light parts, which again assume new aspects as the light
is more or less direct or oblique. Thus depressions on transparent

objects are almost sure, under the action of oblique light, to
assume the effect of prominences ; but prominences seldom or
never have the semblance of depression. As almost all diaphanous
bodies can be examined as opaque objects, a scrutiny of them in

this way will generally be found greatly to assist our judgment
concerning their nature, whether they- admit of being cut into

sections or not. It would be easy to write a volume on this

subject only, if we commenced an illustration of particulars which
could not be rendered clear and satisfactory without a vast number
of figures. Long practice must, after all, determine our opinions,
and scepticism should ever form a leading feature in them; we
should suspect rather than believe.

"
Opaque objects are not, upon the whole, so liable to produce

optical deceptions as transparent ones, because we are more in the
habit of viewing ordinary bodies by reflected or radiated light.
The most common illusion presented by them is that of showing a
basso-relievo as an alto-relievo ; the reverse deception sometimes
occurs also, but more rarely. This effect occurs in ordinary objects
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viewed by the naked eyes, as well as in microscopes, especially if

but one eye is employed. Thus, if we look intently for some
time at a basso-relievo (a die of a coin, for example), illuminated

with very oblique light, it at first appears in its true character
;

but, after a little while, some point on which we more particularly
direct our gaze will begin to appear in alt, the whole rapidly
follows ; in a little time the effect wears off, and we again see it

in bas-relief
;
then again in alt ;

and so on, by successive fits.

This deception arises from the simple circumstance that the lights

and shades in bas-relief are very nearly like those of an alto-

relievo of the same subject, illuminated from the opposite side ;

our understanding in this case instantly corrects the false testi-

mony of the eye, when we consider from ivhich side the light

comes. (If we observe with a microscope, we must remember that

its image is inverted, and that in consequence the light must be

considered as proceeding from the side of the field of view oppo-
site to that wrhere the source of illumination actually exists.) It

will also be highly advisable, when we are in doubt as to the

manner in which an instrument shows prominences and depres-

sions, to verify its vision by observing some known object with it,

of the real state of which, as to inequality of surface, we have

been previously informed by the sense of touch, to which it has

been well said there is no fellow."
*

* * * We usually see objects illuminated from above with the shadoivs beloiv

the prominences ; now, unless the light is below an opaque object, when
we view it in an engiscope, we shall see the shadoivs above, giving the

prominences the appearance of depressions, and producing a very unnatural

effect."
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"
ILLUMINATION, by cups or silver specula, does not produce these

illusions, because they create no shade the whole object is one
mass of intense light ; other false perceptions are, however, occa-

sioned by them. Thus, all globular bodies, having polished sur-

faces, reflect an image of the cups, and the spout, if there is one,

appears as a dark spot in the centre. The eyes of insects, illumi-

nated in this way, show the semblance of a pupil in the centre of

each lens, which deception may be verified by examining small

globules of mercury in the same manner. Spherical bodies, with

bright surfaces, will even, on some occasions, reflect an image of

the object-glass and its setting, on the same principle ; so that

we must perpetually consider the laws of the refraction and reflec-

tion of light, in all the conclusions we draw from the evidence

even of the very best instruments, used with every possible

precaution.
"
Lastly, it must be observed, that in using microscopes, we

must never attempt to verify an object concerning which we are

uncertain, by increasing the depth of the eye-glass immoderately,
so as in this way to obtain a very high power. A negative eye-

glass, of about one-fourth of an inch focus, is the deepest which

should ever be employed, even with a short body ; for a microscope

only shows a picture of an object, and the more it is amplified the

more its imperfections are developed. It is, on this account,

much safer to trust to moderate powers in these instruments, in

preference to high ones, unhss they are obtained through the

medium of the depth and power of their objective part. It is the

nature of deep eye-pieces to cause all luminous points to swell out

into discs, and to render the image soft, diluted, and nebulous,
at length all certain vision fades away, and the imagination is

left to its uncontrolled operation. Single and compound magni-

fiers, having to deal with the real object, may be made of any

power which can be used ; and if our eyes are strong, and habi-

tuated to their use, we may place great reliance on their testi-

mony ; but we must never allow them to persuade us to believe

marvels which are manifestly impossible, or contrary to the known
laws of nature and right reason."

MEASUREMENT OF OBJECTS.

54. The determination of the real magnitude of microscopic

objects, and that of the magnifying power of the instrument, are

problems closely connected but not identical. Either may be

solved independently of the other.

55. If two objects be placed at the same time within the field

of view, the real magnitude of one of which is known, that of the

.other may be at least approximately estimated by comparison.
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Since they are equally magnified, their real will be in the propor-
tion of their apparent magnitudes. If, therefore, they appear

equal, they will be equal, and if that which we desire to measure

appear to be twice or half the size of that whose magnitude we

know, its real magnitude will be twice or half that of the latter.

Such was the micrometric method used by the earlier observers.

Thus Lewenhoeck procured a number of minute grains of sand,

sensibly equal in magnitude, and placing as many of them in a

line, and in contact, as extended over the length of an inch, he

ascertained the fraction of an inch, which expressed the diameter

of each. "When he desired to ascertain the actual magnitude of an

object seen with his microscope, he placed one of these grains
beside it, and estimated by comparison the magnitude of the

former.

Various natural objects, whose magnitudes are known, and
which are subject to no perceptible variations, such as the sporules
of Lycoperdon bovista or puff-ball, whose diameter is the 8500th.

of an inch, those of the lycopodium, which measures the 940th.

of an inch, and others such as hair, the filaments of silk, flax,

and cotton, and the globules of blood, have been suggested as

standard measures to be similarly used.

More modern observers, adhering to the same method, have

substituted artificial for natural standards. Thus extremely fine

wire, called micrometric wire, has been used. This wire can be

drawn with an astonishing degree of fineness. Dr. "Wollaston

invented a process by which platinum wire was produced, whose

thickness was only the 30000th part of an inch.*

56. Such measurements are now more generally made by means
of a minute scale engraved on glass, with a diamond point. Let

us suppose, for example, a line, the 20th of an inch in length,
traced across the centre of a glass disc, set in a thin brass plate
of the size and form of the sliders on which objects are mounted.

Let this line be divided into 100 equal parts, every fifth division

being distinguished by a longer line, and every tenth by a still

longer one. Each of these divisions will be the 2000th part,
the intervals between the fifth divisions will be 400th, and that

between the tenth divisions the 200th part of an inch. This

microscopic scale will be seen magnified with the microscope, and

any microscopic object laid upon it will be seen equally magnified,
so that its dimensions can be ascertained by merely counting the

divisions of the scale included between those which mark its

limits when placed in different positions on the scale.

It may perhaps be thought impracticable to make divisions so

* Handbook of Natural Philosophy, 2d edition, Mechanics, 38.
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minute upon the glass, with the necessary precision, especially
when it is remembered that any error or inequality will necessarily
be augmented in the exact proportion of the magnifying power
with which such a scale is seen. Nevertheless this difficulty has

been most successfully overcome, and combinations of screws and

Fig. 24.

wheels have been contrived, by which the diamond point is moved

by self-acting mechanism, so as to trace the successive divisions

of scales of astonishing minuteness. Scales are thus produced,
the divisions of which are no greater than the 25000th part of

an inch.

This extreme minuteness is, however, rarely necessary or desira-

ble in microscopic researches, and the divisions of the scales in

more common use vary from the 1000th to the 2000th of an inch.

In the scales delivered with moderately good French instruments, a

millimetre is divided into one hundred parts. A millimetre being
about the 25th of an inch, these divisions would therefore be the

2500th of an inch. (See Tract on Microscopic Drawing and En-

graving, Museum, vol. vi.)

The process described above, in which the object is measured

by superposition upon the micrometric scale, is attended with

several practical difficulties and objections. The object, when
thus placed, is always nearer to the object-glass than the scale,

and when it is in focus, the scale is out of focus and invisible ;

and, on the other hand, when the scale is in focus, the object is

out of focus and indistinct. "When low powers only are used,

this difference between the focus of the object and that of the

scale being inconsiderable, will not prevent the success of the

operation ; but when the powers are high, it can never be satis-

factorily, and sometimes not at all effected.

There is still another objection to the process. The placing and

displacing of objects frequently on a surface so delicatety engraved,

subjects it to friction, which soon spoils and effaces the divisions.

If the divided surface be protected, as it may be, by a plate of

glass laid upon it, the difference between the distances of the

object and the scale from the object-glass is augmented by the
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thickness of the glass which covers the scale ; and however thin

this glass may he, where high powers are used, it will render the

difference of the foci of the scale and the ohject so sensible, that

they can never be both seen with sufficient distinctness at the

same time.

57. We know no greater example of the inexhaustible resources

of art, and the untiring zeal with which its cultivators minister to

the wants of science, than the wonderful perfection to which the

mechanical division of a material so fragile as glass has been

carried. For the reasons we have here stated, as well as because

in the application of the highest magnifying powers the object-

glass of a microscope requires to be almost in contact with the

object, without actually touching it, microscopists required

extremely thin plates of glass to cover delicate objects mounted
on their slides. Messrs. Chance of Birmingham responded to this

demand by the production of plates of glass so thin, that three

hundred of them piled one upon the other are no higher than

an inch.

For examples still more striking of the minuteness with which

lines may be traced upon glass by mere mechanical processes, we

may refer the reader to that part of our Tract upon Microscopic

Drawing and Engraving, in which the test plates of Mr. Nobert

are described.

58. One of the most evident expedients for the measurement of

microscopic objects would seem to be the micrometer screw, which

is applied with so much success, and with results of such extreme

precision, in astronomical instruments. Various methods of apply-

ing it to the microscope will suggest themselves to every one who is

familiar with its uses in the observatory. Let two filaments of

spider's web, or micrometric wire, be extended at right angles
across the field in the focus of the Fig. 25.

eye-piece. These will divide the field

horizontally and vertically at right

angles, intersecting at its centre, as

shown in fig. 25. Now suppose
the stage supporting the object is

capable of being moved by a micro-

meter screw, having for example
one hundred threads to the inch.

Let the object be placed first so that

its length shall be horizontal, and

let the slip be adjusted so that

the vertical micrometric wire b V
shall coincide with one of its extremities. Let the micrometer

screw be now turned so that the object shall move horizon -
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tally. It will appear to pass gradually under the vertical wire

until its other extremity shall coincide with that wire. If then

the number of complete turns, and parts of a turn of the screw

be counted, the length of the object then will be known. Thus,
if at the end of every complete turn, the screw produce an

audible sound like the tick of a clock, the observer can count

the complete turns, and if the circumference of the head be

divided into 100 parts, and that an index be fixed upon the

stage to indicate the position of the head at the commence-

ment, the decimal parts of a turn can be ascertained, each division

of the head corresponding to the 100th part of a complete turn,

and therefore to the 10000th of an inch.

By turning the stage so that the screw will cause the object

to move across the field in the direction of the vertical wire, its

dimensions in the other direction can be ascertained.

59. A simple and ingenious micrometer for ascertaining the

dimensions of such objects as would bear a slight pressure without

change of form, was invented by M. Le Baillif. A plan and

vertical section or side view of this are shown in fig. 26.

Two upright pieces, c c, are fixed in a slip of copper, formed

like one of the slides, having a circular hole in its centre, in

Fig. 26.

which is set a plate of glass, on which a scale o is engraved.

Upon this is placed a moveable piece, e e, having a similar hole

and plate of glass, with a fine line engraved upon it at right angles

to the scale, so that when it is moved from left to right this fine

line will coincide necessarily with all the divisions of the scale.

From this piece, two rods proceed, which pass through holes in the

upright pieces c c, and one of them is reacted upon by a piece of

watch-spring, /, while the other abuts against the end of a fine

screw, 7, which moves in a nut, d.

"When an object is to be measured, the index line upon the

upper glass disc is brought to coincide with the first division or
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zero of the scale by turning the head I so as to cause the screw to

retire from the piece e e, the spring / then pressing this piece to-

wards the screw. The object to be measured is then inserted

between the end of the rod projecting from e and the screw, and

consequently the piece e e and the index line engraved upon it

will be pushed from left to right through a space equal to the

thickness of the object. This thickness may then be ascertained

by observing with the microscope the division of the scale to

which the indicating line has been advanced.

60. A micrometer, having some resemblance to this, but made
more applicable to the general purposes of microscopic measure-

ment, has lately been contrived by Mr. Jackson, a description of

which is published in the "Transactions of the Microscopical

Society."
A disc of glass, upon which a micrometric scale is engraved, is

set in a thin plate of brass, which moves with a sliding motion on
another plate, in which a corresponding hole is made. The former

is like that of M. Le Baillif, urged by a fine screw in one direc -

tion, and driven back by a spring in the other, as shown in fig. 24.

Fig. 28.

This micrometer slide is inserted in the tube of the eye-piece by
openings in the sides of the tube, as shown at m in fig. 27, which

openings can be closed when the micrometer is not used by sliding

covers, as shown at a, fig. 28.

It is easy to see how this contrivance is applied. The scales

magnified by the eye-glass are projected upon the optical image of

the object produced by the object-glass, and this image may be
made to move so as to bring its extremity to coincide with the first

division of the scales. The scale will then show not only the dimen-
sions of the entire object, but those of its parts. The object may
be turned in any direction relatively to the scale that may bo

desired, by means either of the hand or the stage adjustments.
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It is necessary, however, before applying this micrometer to

the measurement of objects, to ascertain the value of the divi-

sions of the scale relatively to the object, since the immediate

subject of its measurement is, not the object itself, but the optical

image of the object produced in the focus of the eye-piece by the

object-glass ;
and this preliminary valuation is the more necessary,

inasmuch as the relative magnitude of the image, compared with

that of the object, will vary with the power of the object-piece.
To ascertain, then, the value of the divisions of the scale, let

another micrometric scale, the divisions of which are known, be

placed upon the stage. An image of this scale, magnified as that

of an object would be, will then be formed in the focus of the

eye-piece, and the other scale will be seen projected upon it. Let

the position of the two scales be so adjusted by the stage arrange-
ments that the first division of the one shall be projected on the

first division of the other. By observing then the next divisions

of the two which coincide, the relative value of the scales will be

known. Thus if ten divisions of the eye-piece scale exactly cover

100 divisions of the other, and if each division of the latter be the

1000th of an inch, one division of the eye-piece scale will corre-

spond to the 10000th part of an inch in the dimensions of an object.
It is evident that the value of the divisions of the scale should

be determined for each object-piece which the observer uses.

61. The combination of the camera lucida with the micro-

metric scale has supplied a very simple and convenient method of

measuring microscopic objects.
It has been shown in our Tract upon The Camera Lucida,

that by that instrument the image of an object magnified in any
desired proportion can be thrown upon a sheet of paper upon
which its outline can be traced. The micrometric scale is first

thus projected, and its divisions, or as many of them as are con-

sidered necessary, are traced upon the paper. Another similar

series of divisions being traced at right angles to the former, the

part of the paper corresponding to the field of view is divided into

a system of squares, like those into which a map is divided by the

lines of latitude and longitude. The micrometric slide being
removed from the stage, the slide with the object is substituted

for it, and the observer sees the image of the object similarly

magnified projected upon the paper, already spaced out by the

squares. He can therefore count the number of squares occupied

by its length and breadth, and by the length and breadth of its

several parts, or, better still, he can trace its outline upon the

paper, so that its dimensions and those of all its parts can be

exactly ascertained. Thus, if each division of the scale is the

1000th of an inch, the side of each square will represent the
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1000th of an inch, and these sides may themselves be easily sub-

divided into ten or 100 parts, so as to carry the measurement to

lOOOOths or lOOOOOths of an inch.

In fig. 29 the field of view is represented spaced out in this

manner, with the outlines of objects traced upon it.

Such a scale once drawn upon the paper, will serve for the

measurement of any objects which may be submitted to the

microscope ; but it is most essential that in all such measurements

the paper be kept at exactly the same distance from the camera,

and that neither the object-glass, the eye-glass, nor the stage

shall suffer any change in their relative positions.

It has been shown that the magnitude of the image received on

the paper increases with the distance of the paper from the"

camera. If, therefore, the paper be placed at a greater or less

distance from the camera to receive the image of the object than

that at which it was placed to receive the image of the micro-

metric scale, the image of the object will be produced upon a scale

greater or less than that on which the image of the micrometric

scale was produced, and consequently the one cannot be taken as

a measure of the other.

If any change be made in the relative positions of the eye-
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piece, object-piece, and stage, a corresponding change would be
made in the magnifying power of the instrument, and a conse-

quent change in the dimensions of the picture of any object

projected by the camera on the paper, though no change be made
in the distance of the paper from the camera.

In fine, the method of measuring the actual dimensions of a

microscopic object by means of a scale drawn with the aid of the

camera, requires that the instrument and the paper shall be in

precisely the same state when the image of the object is projected
on the paper as they were when the scale was drawn upon the

paper.
If this condition be observed, measurements can be made by

the camera with all the necessary facility and precision.
62. In microscopic researches it is frequently necessary to

measure the angles at which the lines which form the contour of

objects are inclined to each other. Various forms of goniometers
*'

have been contrived for this purpose. One of the most simple
and convenient of these consists of a circular plate of brass c c,

fig. 30, having a central opening in which a disc of glass is set,.

on which a diameter d b is engraved with a diamond point.

Upon this, and concentric with it, another similar plate, toothed

at the edge, is placed, having also a disc of glass of the same

magnitude set in it, with a diameter a c in like manner engraved

upon it. Upon the plate c c an ear is cast, in which a pinion is

inserted, which, working in the teeth of the second disc, gives it

a motion round its centre, by which the diameter a c is made

successively to assume all possible angles with the diameter d b.

This piece is inserted in the eye-piece A B, a side view of which

Fig. so. Fig. si.
is shown

.

in *& 31 so as to be

concentric with the lenses, and

to coincide with the focus of

the eye-lens. The lines a c

and b d will then be seen pro-

jected on the image of the

object, and if the vertex ofthe

angle it is desired to measure

be brought, by means of the stage adjustments, to coincide

with the centre o of the disc a b c d, where the two engraved
diameters intersect, and so that one side of the angle to be

measured shall coincide with the fixed line d &, the line a c can

be turned by the pinion F, until it shall coincide with the other

side. A graduated circle which surrounds the disc will then

show the magnitude of the angle at which b d and a c are inclined.

* From the Greek word yovv (yonu), knee.
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THE MAGNIFYING POWEE.

. 63. It has been well said, that a question clearly put is half

resolved. There is no term in microscopic nomenclature sa

familiar to the ear, and so flippant on the tongue, as the "
magni-

fying power;" yet there is none respecting which there prevail
so much confusion and obscurity. The chief cause of this is the

neglect of a clear and distinct definition of the term.

It has been already shown, that the magnitudes observed with

the microscope are visual, not real. We can say that such or

such an object seen in the microscope has a magnitude of so many
degrees, but not at all one of so many inches. Strictly speaking,,
the same is true of all objects seen in the ordinary way ; but in

that case the mind is habituated to form an estimate of their real

magnitudes, by combining the consideration of their apparent

magnitudes with their distances. It is true that we are uncon-
scious of the mental operation from which such estimates result,,

but it is not the less real. Our unconsciousness of it arises from
the force of habit, and the great quickness of the acts of the-

mind. Every one who has been familiar with intellectual pheno-
mena knows that such unconsciousness is found to attend all such

acts as are thus habitual and rapid.
64. But when objects are looked at in a microscope, the mind

not only does not possess the necessary data to form such art

estimate, but the conditions under which the visual perceptions
are formed are so unusual, and, so to speak, unnatural, that it is

incapacitated to form an approximate estimate even of the visual,

to say nothing of the real, magnitude of the object of its-

perception.
The visual magnitude of an object, as seen in a microscope, is

the angle of divergence of lines supposed to be drawn from the

eye to the limits of the imaginary image formed by the eye-glass,
which is the immediate object of perception. When we say,

therefore, that the instrument has such or such a magnifying
power, every one will comprehend that it is meant that this visual

magnitude is so many times greater than the visual magnitude
which the object would have, if it were seen in the usual way
without the interposition of any optical expedient.

So far all is clear, and so far there can be no difference of

opinion on the point, provided only that the latter member of the

sentence be clearly denned. What is the " visual magnitude
seen in the usual way ?

" There are many ways of looking at an

object, and "the usual way'* depends much on the magnitude
of the object. We can see well enough the dome of St. Paul's

Cathedral at the distance of half a mile, while we cannot see a
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small insect at the distance of a yard. The same object may be

viewed at different distances, and will have different visual mag-
nitudes, these magnitudes being greater as the distance is less.

The visual diameter of a small object, seen from the distance of a

yard, is three times less than when seen from the distance of a

foot. It appears, therefore, that the " visual magnitude of an

object seen in the usual way with the naked eye," is a term of

comparison which, without some further condition to limit it, has

no fixed meaning, and consequently leaves the "
magnifying

power" of which it is made the standard, altogether vague and
indefinite.

65. The visual magnitude therefore which is made the standard

of magnifying power, must be the visual magnitude at some

arbitrary distance conventionally assumed. As we have already

stated, it has been generally agreed, since micrography has taken

the rank of a special branch of science, to adopt ten inches as the

standard distance. This distance is recommended not merely on

account of the arithmetical facility which arises out of its decimal

character, but because it agrees sufficiently for all practical

purposes with the standard derived from the measures of other

countries. In France, for example, the standard usually adopted
is twenty-five centimetres, which is equal to 9*427 inches, being
less than ten inches by only about the sixth of an inch.

According to this convention, then, the magnifying power of a

microscope would be the number of times the visual diameter of

the object viewed with the microscope is greater than its visual

diameter viewed by an eye placed at ten inches from it. Thus,
if the visual diameter of an object seen at the distance of ten

inches be fifteen minutes of a degree, and the visual magnitude of

the same object seen with a microscope be two and a half degrees,
or 150 minutes, the magnifying power will be ten.

But an objection will even still be raised. The object may be

so small that at the distance of ten inches it would not be visible

at all with the naked eye. Nay, it may be, and in the case of

microscopic objects often is, so minute that it would not be per-

ceptible to the naked eye at any distance, however small. In

that case it may be asked, What is to be understood by
"

its visual

magnitude at the distance of 10 inches ?"

This point will require some explanation. There is a certain

limit of magnitude within which an object will cease to make any
sensible impression of its magnitude or form upon the eye. This

minor limit of magnitude varies with different individuals, and,

in the case of the same individual, with different objects according
to their colour, illumination, the ground on which they are pro-

jected, and many other conditions which it is not here necessary to
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discuss. It will suffice to say that there is such a limit. If the

visual angle formed by lines diverging from the eye to the extre-

mities of the object be within this limit, the object will not be per-
ceived ; or, to speak with more rigour, its magnitude and form

will not be perceived.*
In such cases, therefore, the visual magnitude of an object,

without the intervention of the microscope, must be understood

to mean the angular divergence of the rays which would be drawn
from a point placed at ten inches from the object to its extremities.

This would be the visual magnitude of the object
"
if it could be

seen
"

at that distance.

In fine, therefore, the definition of the magnifying power of a

microscope will be clear, distinct, and adequate, if it be stated

thus : It is the quotient which would be obtained by dividing
the visual magnitude of the object, as seen in the microscope, by
the visual magnitude which the object would have to a naked eye

placed at ten inches distance from it, supposing the eye to have

sufficient sensibility to perceive it at that distance.

Every one is more or less familiar with real magnitude, so that

when an object of ordinary dimensions is placed before them they
can give at least a rough estimate of its actual dimensions. The
same facility of estimating visual magnitude does not exist,

although, in fact, we receive the impressions of visual much more

frequently than those of real magnitude. The estimate of visual

magnitude, however, enters into all microscopic inquiries as an
element and condition of such importance, that all those who use

the instrument, whether for the purposes of serious research or

rational amusement and instruction, would do well to familiarise

themselves with it. Some observations illustrative of such sen-

sible impressions will therefore, we presume, be not unacceptable
to our readers.

66. Our great familiarity with real magnitude arises from our
intimate knowledge of certain standard units by which it is

counted. There is no one, however little educated, that has not
a pretty clear notion of the length expressed by an inch, a foot,

and a yard. Let us see whether we may not enable any one with
common attention to acquire an equally clear notion of the

standard units of visual magnitude.

Every one is familiar with the apparent magnitude of the disc

of the full moon. It is visible to the whole world, and seen for

several nights in each month during the entire life of every indi-

vidual. Now it happens that the visual magnitude of its diameter

* The fixed stars are visible as mere luminous points, but their forms
and magnitudes are not perceivable, owing to the extreme smallness of
their visual angle produced by their enormous distances.
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Fig. 32.

is just half a degree, which means, that the angular divergence of

lines drawn from the eye to the extremities of the diameter is the

same as that of two lines drawn from the centre of a circle to the

extremities of an arc, which is the 720th part of the entire circle.

Every one, therefore, who is familiar with the appearance of the

full moon, will he as familiar with the meaning of a visual angle
of half a degree, and, consequently, of a degree as they are with

the real magnitude of an inch or a foot.

The distance of the moon has been ascertained to he 120 times

its own diameter, and it is evident that any circular disc whatever,
whose distance from the eye is 120 times its own diameter, will

have a visual angle equal to the diameter of the moon, and there-

fore to half a degree ; and, consequently, one whose distance is sixty
*

times its own diameter, would have a visual angle of a degree.

Thus, in fig. 32, there are five white discs shown upon a black

.ground : the diameter of the first is the 6th of an inch ; that of

the second, the 12th
;
that of the third,

the 25th ; the fourth, the 50th ; and
the fifth, the 100th. If these be held at

ten inches from the eye, the first disc,

A
,
will have a visual angle of 1 ; the

second, B, one of 30'
;

the third, c,

about 15'
; the fourth, D, 7J' ; and, in

fine, the fifth, E, 3f'.

It follows, therefore, that an object

which when viewed with a magnifying

power of 1000, appears with the same

visual diameter as the moon, or as the

disc B, fig. 32, placed at 10 inches from

the eye, must have a real diameter no

greater than the 12000th part of an

inch.

Having familiarised himself with

some such standards of visual magnitude
as these, and once knowing the magnifying power of his instru-

ment, an observer can easily make a rough estimate of the real

magnitudes of the objects under view.

67. But for this, as well as many other purposes of microscopic

research, it is necessary that the actual magnifying power of the

instrument be ascertained.

The most simple and direct means of accomplishing this are

supplied by the camera lucida.

* More strictly 57'3 times
;
but the round number will be sufficient for

the above illustration.
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Let a micrometric scale, such as we have already described, be

placed on the stage, the instrument focussed, the camera attached,

and a sheet of paper placed at 10 inches from it. An image of

the scale being seen on the paper, let any two contiguous divisions

of it be marked with the pencil. Let the distance between these

marks be then exactly measured, and let it be divided by the

.actual length of the divisions of the scale. The quotient will be

the magnifying power.

Thus, for example, let us suppose that the micrometric scale is

the 25th part of an inch, and that this length is divided into 100

parts, each of these parts will be the 2500th part of an inch. Now
suppose that it is found that the distance between the images of

two contiguous divisions on the paper, is four-tenths of an inch.

It will follow that the visual magnitude of a division of the scale

is magnified in the proportion of ^ to
,
that is, as 1 to 1000.

The magnifying power would therefore be a thousand.

There are other methods of ascertaining the magnifying power,
but this is so simple, so easily produced, and so precise, that we
shall not detain the reader by any notice of others.

Microscopes being generally supplied with several object-

glasses, and eye-pieces, the observer and amateur would do

well once for all to ascertain the magnifying powers of all the

possible combinations of them, and to tabulate it and keep it for

reference.

68. It is often asked, What are the dimensions of the most
minute object which a microscope, having a given magnifying
power, is capable of rendering distinctly visible ?

The answer to this question will depend on the answer to

another ; What are the least dimensions of the same object, with

which it would be distinctly visible, at ten inches distance, with

the naked eye ?

Whatever be the latter dimensions, the former will be just so

many times less as there are units in the number which expresses
the magnifying power.

Thus, for example, if the smallest linear dimensions with
which the object could be distinctly seen without a glass at 10

inches distance were the 300th part of an inch, a microscope

having a magnifying power of 500 would render such an object

equally visible if its linear dimensions were only the 300 X 500
=150000th part of an inch.

It is generally considered that the smallest disc of which tha

form can be distinguished by the naked eye, being properly con-

trasted with the ground upon which it is seen, is one which would
have a visual angle of one minute ; and since a line measuring
the 360th part of an inch, placed at ten inches distance, would
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heave that visual angle, it would follow that the smallest ohject
of which the form could be rendered distinctly visible by a

microscope of a given magnifying power, would be one whose
linear dimensions are as many times less than the 360th part of

an inch as there are units in the number expressing the magnify-
ing power.

It must not be forgotten, however, in considering such points,

that the smallest object whose form can be distinctly seen at a

given distance without a glass, depends on many conditions, some

connected with the object, and some with the observer, as has been

already stated.

Many persons fall into the error of supposing that the excel-

lence of a microscope is to be determined by the greatness of its

magnifying power. On the contrary, that instrument must be

considered the most efficient which renders the details of an object

perceptible with the lowest power. Distinctness of definition,

by which is meant, the power of rendering all the minute linea-

ments clearly seen, is a quality of greater importance than mere

magnifying power. Indeed, without this quality, mere magnify-

ing power ceases to have any value, since the object would appear

merely as a huge misty silhouette.

Sufficiency of illumination is another condition which it is

difficult to combine with great magnifying power, but which is

absolutely necessary for distinct vision.

If two instruments show the same object with equal distinct-

ness of definition and with sufficiency of illumination, one

having a higher magnifying power than the other, then it must
be admitted that the one which bears, with such conditions, the

higher power is the more efficient instrument.

The mere magnifying power depends on the focal length of

the lenses, the illumination on the angle of aperture, and the

distinctness of definition on the extent to which those condi-

tions have been fulfilled which confer upon the combination of

lenses composing the instrument, the qualities of aplanatism and
achromatism.
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THE MICRO-POLARISCOPE.

69. WHEN a ray of light has been reflected from the surface of

a body under certain special conditions, or transmitted through
certain transparent crystals, it undergoes a remarkable change in

its properties, so that it will no longer be subject to the same
effects of reflection and refraction as before. The effect thus

produced upon it, has been called POLARISATION, and the ray or

rays of light thus affected are said to be POLARISED.
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The name POLES is given in physics in general to the sides or

ends of any body which enjoy or have acquired any contrary pro-

perties. Thus, the opposite ends or sides of a magnet, have con-

trary properties, inasmuch as each attracts what the other repels.

The opposite ends of an electric or galvanic arrangement are, for

like reasons, denominated poles.

70. Following the common rule of analogy in nomenclature, a

ray of light which has been submitted to reflection or transmission

under the special conditions referred to, has been called polarised

light ;
inasmuch as it is found that the sides of the ray which

lie at right angles to each other, possess contrary physical pro-

perties, while those of a ray of common or unpolarised light possess
the same physical properties.
To illustrate the relative physical condition of common light

and polarised light, we may compare a ray of common light to a

round rod or wire of uniform polish and uniformly white, while

a ray of polarised light may be compared to a similar wire, two

of whose opposite sides are rough and black, while the other

opposite sides at right angles to these are polished and white.

Thus, if A B c D, fig. 33, be a section of the former, the entire

circumference A B c D is white and polished, and if A' B' c' D'

be a section of the latter, A' B' and c' D' will be white and polished,

while B' c' and D' A' will be black and rough.
A group of physical properties, very numerous and complicated,

characterise the polarised state of light, the discussion and exposi-
tion of which, constitute the subject of an extensive and important
section of optics. It would be obviously impossible here to convey
to the reader any general idea of these ; nevertheless, as an illus-

tration of them, one of the most frequent occurrence may be

mentioned. If a ray of common light fall upon a smooth and

polished surface, it is always reflected according to the well-

known laws of reflection, no matter what side of it may be pre-
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sented to the reflecting surface. If a polarised ray, however, fall

at a certain inclination upon the same surface, it will be reflected

or absorbed according to the side of it which is turned towards
the reflecting surface. Thus, if the side A' B' or c' D' be pre-
sented towards the reflecting surface, the ray will be reflected as

if it were common light, but if the side B' c' or A' D' be turned

towards the reflecting surface, it will not be reflected at all, but
will be, as it were, smothered or extinguished.
The sides A' B' and c' D', which are opposite to each other,

have, therefore, a property contrary to that of the sides B' c' and
A' D', so that they are respectively called the poles of the ray,

just as the ends of a voltaic circuit having contrary electric pro-

perties are called the positive and negative poles of the voltaic

battery, and the ends of a magnet are called its boreal and austral,
or south and north poles.

The effects which polarised light produces when it falls upon,
or is transmitted through, various substances, more especially
such as are in the state of crystallisation, are of the highest

physical importance, being in most cases the indication of mole-
cular and other properties, by which optics has been placed in

relation with, and has become the handmaid of, almost every
other branch of physical science.

71. There are various expedients by which a ray of common
light can be polarised. It will be polarised if it be reflected at

a certain inclination, called from that circumstance the angle of

polarisation, from certain surfaces. Each substance has its own

angle of polarisation. That of glass, for example, is 3o^. It

is also polarised if it pass through certain transparent crystals.
Some of these, while they polarise the ray, split it into two, both

being polarised, but in planes at right angles to each other ; that

is, for example, the sides A' B' and c' n f

being white in one, and
black in the other.

The well-known mineral called Iceland spar is an example of

this class of crystals.
Such crystals are called double-refracting crystals, because the

two rays into which the ray of common light is split are refracted

by the crystal in different directions, and according to different

laws.

"When a polarised ray is transmitted through such a crystal,

according to certain conditions, it will either pass through it, as

it would through any ordinary transparent medium, or will be

extinguished by it, according to the side of the ray to which
certain faces of the crystal are presented. Such crystal is related

to the poles of the ray, therefore, in the same manner as the

reflecting surface already described.
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72. If either the reflecting surface or the crystal, placed under
the necessary conditions, be carried round a polarised ray, A' B' c' D',

so as to be successively presented to all sides of it, the ray will

be completely reflected or transmitted when it is presented to a',

the middle of the side A' B'. As it is moved from a' towards >',

the quantity of light reflected or transmitted will be less and less,

until it comes to b', when none will be reflected or transmitted, the

ray being wholly extinguished. As it is moved from b' to c',

the light reflected or transmitted, small in quantity at first, will

be continually greater and greater until it comes to c' the middle

of c' D', when the ray will be wholly reflected or transmitted.

As it is moved from c' towards d', the quantity of light reflected or

transmitted is less and less, until arriving at d' the ray is alto-

gether extinguished. After passing from d' towards ', the light

reflected, at first small, is more and more in quantity until it

comes in fine to a', when the ray is, as at first, wholly reflected or

transmitted.

73. An instrument adapted to show the effects of polarised light

upon bodies on which it is incident or through which it is trans-

mitted, is called a POLARISCOPE, fig. 35, p. 65, and a polarising

microscope or MICRO-POLAKISCOPE, is a microscope by which the

observer is enabled to project polarised light upon the objects, and

to observe its effects when transmitted or reflected by them.

Micro-polariscopes have been constructed in various forms,

some depending on polarisation by reflection, and some on polari-

sation by transmission.

One of the most simple and most generally useful, consists of

two prisms of Iceland-spar, one of which, P, is placed under the

stage, so that the light by which the object is illuminated must

previously pass through it, and the other P' is placed in the body
of the instrument between the object-glass and the eye-glass, so

that before producing the image, the rays must pass through it.

The light proceeding from P, and projected upon the object,

being polarised, and received, after passing through the object-

glass, by P', will be wholly or partially transmitted, or altogether

extinguished, according to the sides or poles of the ray to which

certain faces of the prism are presented. If, therefore, the instru-

ment be so mounted that the prism P' can be turned round its

axis, its faces can be presented successively to all sides of the

rays, so that the light will be in a certain position wholly trans-

mitted, and the image will be seen strongly illuminated. When
the prism is gradually turned round, the light transmitted will

be less and less, until the prism has been turned through a

quarter of a revolution, when the light will be wholly

extinguished, and the image will disappear. Continuing to turn
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the prism, the image will gradually re-appear, at first faintly,
and by degrees brighter, until the prism is moved through
another quarter of a revolution, when the image will be again
seen fully illuminated. Like changes will take place during the

other two quarters of a revolution.

Similar effects will be produced if the prism p' be fixed, and
P be turned round its axis. In this case, by moving the polar-

ising prism P round its axis, the polarised ray is made to revolve,
because the position of its poles a' b' c

r

d' has always a fixed rela-

tion to the faces of the prism p. Since, therefore, the polarised

ray revolves, it presents successively all its sides to the prism p',

by which it is accordingly alternately transmitted, and absorbed

wholly or partially in the same manner, exactly as if the ray were

fixed, and the prism p' carried round it.

By the appearance and disappearance of the image correspond-

ing with the position of the prism p', the position or direction of

the planes of polarisation A' c' and B' D' of the polarised ray is

known.
These effects will be produced if the objects through which the

light is transmitted or by which it is reflected have themselves

no polarising influence. But if they h^re, various other pheno-
mena will ensue, depending on the character and degree of that

influence ; but whatever it be, the state of the light, which pro-

ceeding from the object-glass forms the image, will be ascertained

by the prism P', which is consequently called the analysing prism,
the other P being denominated the polarising prism.

Yarious physical characters are thus discovered in the objects
submitted to the microscope by determining the optical effects

they produce on polarised light, and many striking and beautiful

phenomena are developed.

THE MOUNTING OP MICROSCOPES.

74. The methods of mounting microscopes, so as to adapt them
to the convenience and the ease of observers, are very various,

depending on the purposes to which they are applied, their price,
the exigencies of the purchaser, and the skill, taste, and address

of the maker.

The qualities which it is desirable to confer upon the stand and

mounting of the instrument are simplicity of construction, easy

portability, smoothness and precision in the action of all the

moving parts, and such combinations as may cause any tremor

imparted to the stand to be distributed equally over every part of

the mounting. These capital objects are attained very com-

pletely in all the mountings of the best makers, British and

Foreign.
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The most simple, and consequently the cheapest description of

mounting, is that in which fewest parts are moveahle. The only

parts of a compound microscope which are necessarily moveable

are those hy which the instrument is focussed, and the object
illuminated. The most simple mechanical expedient for effecting

the former is a rack and pinion attached either to the body or the

stage, and for the latter the suspension of the reflector upon an

horizontal axis, so that it can be inclined at any desired angle to-

the axis of the body and the stage.

Whatever be the form or disposition of the stand, it is-

essential that the axis of the object-piece should pass through
the centre of the stage, and that the reflector should be so set as

to be capable of reflecting light in the direction of this axis. The

body is generally a straight tube, the axis of the eye-piece and

object-piece being in the same straight line. In the case of

instruments mounted after the model of Professor Amici, however,,
the body consists of a tube having two parts with their axes at

right angles, the axis of the object-piece being vertical, while

that of the eye-piece is horizontal. In this case, a prism is fixed

in the angle of the tube, at an angle of 45 with the axes by
which the rays proceeding vertically from the object-piece are

reflected horizontally to the eye-piece, on the principle already

explained (30).

75. One of the most simple models for the mounting of a com-

pound microscope was contrived by Frauenhoffer so early as

1816, long before achromatic lenses were produced. This model,

owing to its great simplicity, convenience, and cheapness, is still

extensively used for the lower priced instruments, especially by
the continental makers.

The body of the instrument is attached to a vertical pillar, fig.

36, p. 49, and its axis is permanently vertical. It is focussed by
a rack and pinion, worked by a milled head on the right of the

observer. The stage is fixed in its position, and placed on the

top of a short tube, in the lower part of which the reflector is-

suspended on an horizontal axis, so that it can be placed at any
desired obliquity to the axis of the instrument, and thus can

always throw a beam of light upwards to the object. One side

of this mirror is concave, and the other plane.
For the illumination of opaque objects, a lens is attached by

a jointed arm to the upper part of the pillar, on which the

instrument is supported.
M. Lerebours, of Paris, makes excellent microscopes on this

model, with a triple achromatic object-piece and other accessories,,

which he sells at the very moderate price of 90 francs (31. 12s.).

Several thousands of these have been sold.
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76. The attitude of an observer stooping the head to view an

object in a microscope, whose eye-piece is vertical, is found to be

attended with much inconvenience, especially if the observation

be long continued. This has constituted the ground of a very
general objection to vertical microscopes. Nevertheless there are

many cases in which it would be inconvenient to place the stage
in an inclined or vertical position, as, for example, when observa-

tions are made on liquids. In all such cases the model of

Amici's stand presents obvious advantages, the observer looking

horizontally, while the axis of the object-piece is vertical, and

consequently the stage horizontal.

Most of the better class of instruments, however, are so

mounted that any direction whatever can be given to the axis of

the body. Various mechanical expedients are used for accom-

plishing this, most of which are analogous to the methods of

mounting telescopes. In some, the instrument with its appendages
is supported upon two uprights of equal height by means of

trunnions, which pass through its centre of gravity, so that it

turns upon its supports like a transit instrument, the axis of the

body being capable of assuming any inclination to the vertical.

The observer, therefore, may at pleasure look obliquely or verti-

cally downwards, or obliquely upwards, as may suit his purpose.
Similar motions are also produced by mounting the instrument

upon a single pillar by means either of a cradle-joint, such as is

generally used for telescope-stands, or a ball and socket. Stands

of this form are attended with the advantages of offering greater

facility for moving the instrument horizontally round its axis.

In the attainment of all these objects, as well as in the produc-
tion of eye-pieces and object-pieces of capital excellence, the

leading makers of London, Paris, Berlin, and Yienna, have

honourably rivalled each other, and it may be most truly said, to

their credit, that if some have excelled others in particular parts
of the instrument, there is not one who has not in some way or

other contributed by invention or contrivance to the perfection
either of the optical or mechanical parts.
Much however is also due to the eminent philosophers and

professors who have more especially devoted their attention to

those parts of science in which the microscope is a necessary
means of observation, and foremost among these is the patriarch
of optical science, Sir David Brewster. It would be difficult to

name the part of the instrument, or of its accessories or append-
ages, for the improvement of which we are not deeply indebted
to this eminent man. Among the more recent philosophers who
have contributed to the advancement of micrography, and by
whose researches and suggestions the makers have been guided,
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may be mentioned Messrs. Goring, Lister, Coddington, Quecket,
Mandl, Dujardiu, Le Baillif, Seguier, De la Rue, and numerous
others.

The eminent makers of the British and Continental capitals are

well known. Good instruments of the low-priced sort are made

by nearly all the opticians ; but those who have more especially
devoted their labours to the microscope, are Messrs. Ross, Smith
and Beck, Powell and Lealand, Pritchard, Yarley, and Pillisdier,
in London ; Messrs. Nachet, Charles Chevalier and George
Oberhauser, of Paris

; MM. Ploessel and Schieck, of Yienna ; and
M. Pistor, of Berlin.

Without the intention of assigning any relative precedence to

these artists, we shall now present a brief description of some of

the instruments, according as they are severally mounted by
them.

CHEVALIER'S UNIVERSAL MICROSCOPE.

77. The mounting of this instrument has always appeared to

me to offer as many conveniences and advantages to the observer

as can be combined in such an apparatus.
A mahogany case A, fig. 37, p. 1, containing a drawer B, in which

the instrument and its appendages are packed when out of use,

serves as its support. A strong brass pillar, c c, is firmly screwed

into the top of the case, and upon this pillar the entire instrument

is supported.
The pillar c c sometimes is made in two lengths, which are

screwed one upon the other, by which means the height of the

instrument may be varied at pleasure, either one or both lengths

being used.

An arm E c is attached by a joint at E to the summit of the

pillar c c, so that it can be moved on the joint E with a hinge

motion, and may thus be placed at any angle with the pillar c c.

In the figure it is represented at right angles with c c.

To the middle D of the arm E c, a square brass bar I) F G is

attached at right angles to E c, so that when E c is at right angles
to c c, the bar D r a is parallel to c c. In the face of the bar

D F G, which is presented to c c, a rack is cut.

Two square pieces P and M are fitted to the bar D F a, and are

moved at pleasure upwards and downwards upon it by means of

pinions, having milled heads o and N.

To the square piece r is attached the stage z, upon which the

object is placed, and maintained in its position by two springs,

one of which is shown in the figure. This stage is provided with

several adjustments, which have been already explained (31

et seq.). It will be sufficient for the present to observe that it

is capable of being moved upwards and downwards with the

72



CHEVALIER S MOUNTING.

square piece r, to which it is attached by turning the milled

head o, and that a slower motion, to give more exact adjust-

ment, is imparted to it by a fine screw having a milled head

at Q.

To the square piece M is attached the illuminator H, on one side,

K, of which is a concave reflector, and on the other, I, a smaller

plane reflector. This illuminator has two motions, a horizontal

or lateral one upon a joint at M, by which it can be placed at

pleasure either vertically under the centre of the stage z, or at a

limited distance on one side or other of the vertical through the

centre of the stage. The circular illuminator is suspended at two

points diametrically opposite in a semicircular piece, and may be

placed at any desired inclination to the vertical, and with either

reflector upwards by means of the milled head i.

From the lowest part of the pillar c c a piece projects, having a

cavity corresponding with the size and form of the bar D F a,

into which that bar enters when it is vertical as represented in the

figure, and in which it is held by the pin at G.

The body of the microscope, as shown in the figure, is rect-

angular. The eye-tube T is moved backwards and forwards in the

body E by a pinion u working in a rack. The eye-piece s is

inserted in this tube, and the eye is protected from the light by a

circular blackened screen, seen edgeways in the figure. The

rectangular tube v x is inserted by a bayonet-joint in the remote

end of the body R, in which it is capable of being turned, so

that the object-tube x shall be horizontal, to enable the observer

with greater facility to screw on or to change the object-glasses
at Y.

The body is attached to the bar E c by a joint at c, upon which
it can be turned, by which means other positions can be given to

the instrument, as will presently be explained.
An assortment of object-glasses is supplied, which may be

screwed at pleasure upon Y. They are adapted to each other in

sets of three, so that one, two, or three may be attached to Y

according to the power required.
In the angle b of the body, a rectangular prism is fixed, by

which the rays proceeding upwards from Y are reflected horizontally

along the axis of B, to the eye-piece, on the principle explained
in 30.

Several eye-pieces of different powers are supplied with the

instrument.

The magnifying power may be varied within certain narrow

limits by moving the eye-tube in or out by the pinion u, and at

the same time adjusting the focus by the pinions o and Q, which

move the stage z. When it is desired to augment the power, the
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tube T is drawn out so as to lengthen the body, and the stage z

is brought nearer to the object-glass T. The effect of this is to

increase the dimensions of the optical image produced in the eye-

piece by the object and field glasses, as explained in 6.

If a greater increase of magnifying power be desired, the eye-

piece may be withdrawn, and a snorter one substituted for it.

But these expedients are only useful when the increase of power
required is confined within comparatively narrow limits. All

greater amplification must be produced by the object-glasses.

These, as has been explained, are made in sets of three, having
different powers. The lowest power will be obtained by screwing
the first lens only of the lowest set upon Y

; the next by screwing
on the second ; and the next by screwing on the third

; by which
the powers of all the three will be combined.

If it be desired to obtain a still higher power, these lenses

being taken off, the first lens of the set next in order is screwed

on, then the second, and in fine the third, by which another

series of three increasing powers is obtained.

In this manner, by a suitable assortment of object-glasses and

eye-pieces, any desired degree of amplification can be obtained.

The height of the case A and the length of the pillar c c are

so arranged, that when the case is placed upon a table of the

usual height, the eye of an observer of average height when seated

will be on a level with the eye-piece s.

When the observer is about to submit an object to examination,

having mounted the instrument, placed it firmly upon a table

with an even surface so as to prevent any rocking or instability,

and regulated the height of his seat so that his eye shall be at the

level of the eye -piece, he selects an eye-piece and object-glasses

having a suitable magnifying power, and in doing this it is most

important to commence with a low power, to be gradually
increased. For this purpose, one object-glass of a set is first

screwed on, after which two, and in fine three, are used.

In this manner a survey is taken of the general outline and

larger parts in the first instance, and the more minute parts

afterwards.

78. The most generally convenient position for the instrument

is that which is shown in fig. 37. If a vertical position be

desired, it may however be easily obtained. For this pur-

pose the rectangular piece v is drawn out of the bayonet-joint,

and the object-tube is directly inserted in the body, so that its

axis shall be horizontal and coincident with that of the body E.

and the eye-tube T. The body is then turned upon the joint c

until it is raised into the vertical position. The relative position

which the parts then assume is that which is shown in fig. 38.
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Fig.

79. When chemical phenomena are submitted to microscopic

examination, and in general when liquids are observed which are

liable to evaporation, it isfound

inconvenient to place the stage
under the object-glass, inas-

much as the vapour proceed-

ing from the liquid being
more or less condensed upon
it, destroys the clearness of

the image.
Acid vapours sometimes rise

from the substances under ex-

periment, which often tarnish

the object-glasses, and almost

always corrode the metal of

the instrument.

In such cases, therefore, it

is necessary to provide means
to place the liquid under ob-

servation in a glass capsule

(a watch-glass, for example)
above the object-glass, which
must consequently be directed

upwards, the stage supporting
the capsule being over it.

To accomplish this, the rect-

angular piece v x is turned

within the body upon its bay-

onet-joint through half a cir-

cumference, so that the object-
tube x is presented vertically

upwards, as shown in fig. 39. The arm e f carrying the stage I,

the diaphragm h to limit the illumination, and the illuminating
reflector or lens g, is then fixed upon the tube x ; these pieces

being severally moveable on the bar e f in the manner already
described.

This arrangement is also useful when it is required to observe

minute bodies which sink to the bottom of liquids, or animalcules-

which rarely come near the surface.

In certain cases, also, the circulation of the
'

blood can only be

observed with the instrument in this position.

80. It is sometimes desirable to direct the instrument hori-

zontally towards the stage placed vertically. To accomplish

this, it is only necessary, after arranging the instrument as

shown in fig. 40, to turn the arm E c round through an angle of
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90, the pin G being withdrawn, so as to leave the bar D F G

with the stage and its appendages free to turn on the joint E with

the arm E c. The body R and the bar B F G will then be brought

Fig. 39.

into the horizontal position. The stage will then be vertical, and

the object will be held in its position by the springs.
The illumination of the object may be produced either by the

reflector or lens in the manner already described ; or, if they are

removed from the bar D F G, the stage may be presented directly

to the light of the sun, the clouds, or a candle or lamp.
In some cases, however, when it is necessary to obtain a more

intense illumination, an apparatus represented at s s' is employed,

consisting of two convex lenses placed in the ends of a conical

tube which slides upon the bar, by means of a square piece at the

end of the arm t.
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Besides the several motions above described, the body of the

instrument has motion in an horizontal plane round the piece ,

Fig. 40.

fig. 37, as a centre. This motion is very convenient when the

instrument is used in the positions shown in figs. 37, 38, and 39,
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for the purpose of changing the angles. In general, and more

especially when high powers are used, the object-glasses are so

close to the stage, that they cannot be conveniently unscrewed

and changed without either removing the object-tube from the

stage, or the latter from the former. If, however, the body be

turned horizontally upon the centre a through a few degrees, the

object-tube will be removed from over the stage, and the lenses

can easily be changed.
This method may also be practised in the positions shown in

figs. 38 and 40, but it is more convenient to turn the rectangular

piece YX upon the bayonet-joint, as directed above.

Another advantage which attends this horizontal motion of the

body round the centre <?, is, that it enables the observer to direct

the object-glass successively on different points of an object, the

whole of which is not included in the field of view. This, how-

ever, can only be practised where low magnifiers are used.

To place this microscope in any desired inclined position, it is

only necessary to place the body, as represented in fig. 38, and
then taking out the pin a, fig. 37, to turn the bar D F a together
with the body R into the desired inclination.

ROSS'S IMPROVED MICROSCOPE.

81. Mr. Ross holds a place in the foremost rank of philosophical

artists, and deservedly enjoys an European celebrity.
To his labours, perseverance, and genius, much of the perfection

attained in the construction of object-lenses is due. The

adjusting object-piece, already described, is one of his recent

inventions (19).
In the progressive improvement which the microscope has

undergone in his hands, the stand and the mounting, with the

provisions for the arrangement of the accessories, have of course

been more or less modified from time to time, and are at present
varied according to the price of the instrument, and the purposes
of the observer.

82. "We shall here give a short description of the most recent

form given by him to his best instruments.

Upon a tripod, 1, 1, fig. 41, are erected two upright pieces, 2, 2,

strengthened by inside buttresses, 3. These uprights support an

horizontal axis, 4, which passes nearly through the centre ofgravity
of the instrument, and upon which it turns, so that the axis of the

body may be placed in any direction, vertical, horizontal, or

oblique. The rectangular bar, o, having a rack at the back, is

moved in the box, 6, by the pinion, 7. The body, 8, is inserted

in a ring at the end of the arm, 9, which latter is fixed upon a

pin at the end of the rod, o, upon which it turns, so as to remove
78
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at pleasure the object-piece from over the stage, to change or clean

the lenses. The arm, 9, can be fixed in its position by the pin,
whose milled head is 10.

The instrument is ibcussed first by moving the body to and from

the stage by means of the pinion, 7, and rack, 5, the adjustment

being completed by a much slower motion imparted to the body

by the milled head, 1 1
,
which is connected with a screw and lever,

by one revolution of which the body is moved through the

300th part of an inch. An elastic play is allowed to the body, so

as to guard against injury by the accidental contact of the object-

piece with the slide.

The usual rectangular motions are imparted to the stage, 12,

through the extent of an inch, by the milled heads, 13, which
act on pinions, by which the racks are driven which carry the

stage right and left, and backward and forward. The illumi-

nating mirror, 14, is supported in the usual way, so as to be placed
at any desired angle with the axis of the instrument. Below the

stage is fixed an arm, 15, capable of being moved up and down

by rack and pinion. This arm supports a tube, 16, intended to

receive apparatus to modify the light transmitted by 14 to the

object. Various apparatus for condensing and otherwise modify-

ing the illumination are provided, which fit into this tube, 16.

A motion of revolution round its axis is given to this tube by the

milled head, 17. By these means, the eftect of oblique light can

be shown on all parts of the object. A condenser, 18, invented

by Mr. Gillet, of a peculiar construction, provided with a series

of diaphragms formed in a conical ring, is inserted beneath the

stage.

Polarising apparatus, and other appendages, can also be attached

to the secondary stage.
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THE MICROSCOPE.

CHAPTEE VI.

83. His object-glasses. MESSRS. SMITH AND BBCK'S MICROSCOPE : 84. Their

largest and most efficient instrument. 85. Their smaller microscope.
86. Their object-glasses. 87. Varley's microscope. M. NACIIET'S

MICROSCOPE : 88. Their adaptation to medical and chemical purposes.
89. Multiple microscopes. 90. Double microscope. 91. Binocular

microscope. 92. Triple and quadruple microscopes.

83. WITH his largest and best instruments, Mr. Ross supplies

four eye-glasses and eight object-glasses, by which thirty-two
varieties of power and illumination may be obtained. The object-

glasses vary from two inches to a 12th of an inch in focal

length, and from 12 to 170 in angular aperture. The foliowing
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is a tabulated statement of the powers resulting from these com-

binations, the four eye-glasses being designated in the order of

their powers, by the letters A, B, c, and D. The prices of the

object-glasses severally are given in the last column of the table,

and the slightest reference to them will explain the general desire

of microscopists to diminish expense, by varying their powers, by
the expedient of separating the lenses which enter into the com-

position of the object-pieces.

Achromatic Object-glasses for Microscopes.

Object-glasses.
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the entire body is moved to and from the stage. The object-

piece is set in a tube, which moves within the principal tube of

the body, the motion being imparted to it by a fine screw with a

milled head, which constitutes the fine adjustment. Two dif-

ferent kinds of stage are supplied, one called the lever stage,

consisting of three plates of brass, the lowest of which is fixed,

and the other two provided with guides and slides, and a lever by
which they may be moved, together or separately, in directions at

right angles to each other ; the other form of stage also has two

motions at right angles to each other, one produced by rack and

pinion, and the other by a screw whose axis is carried across the

stage, and is turned by the *left hand, while the rack and pinion
is turned by the right hand.

85. Messrs. Smith and Beck also construct other forms of

microscope, which, though perfectly efficient, are cheaper and more

simple ; one of these is represented in fig. 42, p. 17. It is mounted

upon a vertical pillar, supported on a tripod T ; the body of the

microscope plays upon a cradle joint, to which the bent arm
IT u is attached ;

the body of the instrument is moved by a rack

and pinion in a triangular groove formed in the upper part of

this arm; the coarse adjustment is made by the milled heads

which move the entire body to and from the stage. In the

lower end of the body, a tube is inserted, from which an arm

projects, in which a fine screw plays, which is connected with

another arm attached to the body of the instrument : by turning
the milled head, a slow motion is therefore imparted to the

tube thus inserted in the lower extremity of the body. In the

end of this tube the object-piece is set, so that the fine adjust-
ment is made by this screw.

To the lower end of the bent arm TJ u, the stage and its

appendages are attached; two motions at right angles to each

other are imparted to the stage, by milled heads ; the reflector

is mounted in the usual way, and provisions are made under the

stage, by which achromatic condensers, polarisers, and other

apparatus can be applied ; the disc of diaphragms is shown at L
;

it is mounted on a short piece of tube, in which polarising and

other apparatus may be inserted.

86. Messrs. Smith and Beck supply with their best microscopes
three eye-pieces and five object-pieces, the powers of which, as

well as their angles of aperture, are indicated with their prices in

the annexed table.
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Achromatic Object-glasses for the Microscope.

J

Linear Magnifying
Focal

length.
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these tables are made with, a plate-glass top, and surrounded by
drawers, in which the apparatus can be conveniently assorted.

MB. VARLEY'S MICROSCOPE.

87. This artist has constructed instruments with provisions

similar to those already described ; they are somewhat different in

their form and details. He has, however, recently introduced a

microscope, which claims the advantage of enabling the observer to

examine living objects, such as animalcules, notwithstanding the

inconvenience arising from their restless mobility, causing them

continually to escape from the field of view. The stage motion

with its appendages, contrived by Mr. Yarley, enables the

observer, without difficulty, to pursue the object.

He has also contrived a phial-microscope, by which aquatic

plants and animals can be conveniently observed.

M. NACHET'S MICROSCOPES.

88. M. Nachet, of Paris, has acquired an European celebrity for

the excellence of his instruments, and for the various inventions

and improvements in their construction, by which he has extended

their utility. He has constructed instruments in various forms,

according to the uses to which they are to be applied and their

price. For medical and chemical purposes, the body of the

microscope slides in a vertical tube, the coarse adjustment being
made by a rack and pinion, and the fine by a screw. The stage
is firmly fixed under the object-piece, at the top of a hollow

cylinder, within which the illuminating apparatus and other

appendages are included.

89. One of the most recent novelties due to this eminent artist,

is a form of microscope by which two or more observers may, at

the same time, view the same object, thus conferring upon the

common microscope a part of the advantages which attend the

solar microscope. This is accomplished by connecting two or

more tubes, each containing its own eye-piece, with a single tube

containing an object-piece ; it has been already shown that the

axis of the tube containing the eye-piece may be placed at any
desired inclination, with that which contains the object-piece, by
placing in the angle formed by the two tubes, a reflector, or

reflecting prism, in such a position, that the pencils of rays pro-

ceeding from the object-piece shall be reflected to the eye-piece,
without otherwise deranging them. It is evident, therefore, that

if the rays proceeding from the object-piece could be at the

same time received by two or more reflectors, so placed as to

reflect them in two or more directions, they might be transmitted

along two or more tubes in these directions to two or more eye-

pieces, through which the same object might thus be viewed at
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the same time, and through the same object-piece by two or more
different observers.

Such is the principle upon which the multocular microscope
of M. Nachet is based.

90. A double instrument of this description is shown in fig
1

. 43,
where A is the object-piece directed vertically downwards on the

stage ; above it is a case, containing a triangular prism which is

so formed that the light reflected from its left side shall pass

along the axis of the right-hand tube, and that reflected from

its right side along the axis of the left-hand tube. Observers

looking into eye-glasses set in these tubes, would therefore both

see the same object in precisely the same manner.

It may perhaps be objected, that the focus which would suit the

eye of one observer, would not suit the other; the difference,

however, between the focal adjustments of different eyes is always
so inconsiderable, that it can be equalised by a small motion

given to the tubes carrying the eye-pieces.

Microscopes, as they are usually mounted, reverse the objects,

the top appearing at the bottom, the right at the left, and vice

versa. This being found inconvenient in instruments used for

dissection, where the motion of the hand and tne scalpel of the

operator would be reversed, expedients are provided by which the

image is redressed, and the object viewed in its natural position.

This is accomplished in the microscope represented in fig. 43, by
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Fig. 44.

two prisms fixed at B B' in the tubes, which are placed at right

angles to the lower prism A ; by this

second reflection, the reversed image of

the first reflection, being again reversed,

is made to correspond with the natural

position of the object.

91. An interesting variety of this form

of instrument, which may be called a

BINOCULAR MICROSCOPE, is shown in

fig. 44. In this case the two tubes, B c

and B' c', containing the two eye-pieces,
are placed parallel to each other, the

distance between them being regulated

by the screws v v
;

if this distance be

so adjusted as to correspond with the

distance between the eyes of the same

individual, the microscope may be used

with both eyes, in the same manner as

a double opera-glass. This has the

advantage of giving a stronger ap-

pearance of relief to the objects viewed,
which is especially desirable for a certain class of objects, such as

crystals.
92. A triple microscope, upon the principle above described," is

shown in fig. 45, p. 81, where A is the object-piece, B the multiple

prism, and c, c' and c" the three eye-tubes,
A similar instrument, with four eye-tubes, including figures to

illustrate the mode of observing with it, is shown in fig. 46, p. 33.

One of the advantages of this class of instruments is, that a

professor and one or more of his pupils may view the process of a

microscopic dissection which with a common microscope would be

impossible, and to which the solar microscope would be inap-

plicable. Microscopic dissections, in general, can only be exhibited

to those who do not execute them, by their ultimate results. Any
phenomena which are developed in their progress, can only be

made known to others by description ;
and it is not necessary to

say, how imperfect such a mode of communication must be, com-

pared with direct observation.



real

Fig. 5. MAGNIFIED VIEW OF THE LURCO OR GLUTTON.

MICROSCOPIC OBJECTS.

1. Microscopic objects. 2. The dragon-fly and its larvae. 3. The satyr.

4. The linceus sphericus. 5. The lurco, or glutton. 6. The

water-fly.

1. HATING in the preceding Tract explained the structure,

application, and use of the microscope in the various forms which

have been given to that instrument, we shall here briefly notice a

few remarkable microscopic objects, selected chiefly from the

Microscopic Cabinet of Mr. Pritchard, illustrated with magnified

drawings by the late Dr. Goring.
2. The family Libellulidae includes an extensive and beautiful

group of large insects not sensibly differing in their external form

from the ant-lion, already noticed.*

*
Instinct and Intelligence, p. 119.
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DRAGON-FLIES AND THEIR LARVAE.

These are popularly known by the names of horse-stingers
and dragon-flies. The former name is founded on a vulgar

error, since the animal has no sting. The illusion implied by the

latter is, however, more correct, since the insects, both in their

appearance and voracious habits, are certainly more entitled to the

name of dragons than that of demoiselles, or lady-flies, by which

they are commonly known in France.

Fig. 1.

The beautiful appearance of these insects on the wing, their

varied colours, the gauze-like structure of their wings, and the

rapidity of their flight, must have attracted general attention.

In hot summer days, they may be seen darting backwards and

forwards in the air over standing pools, which supply them

abundantly with the insects on which they feed. Their colours

are subject to much diversity, the males having an abdomen of

leadish blue, while that of the females is a yellowish brown. In

some species, the males have a rich bright blue colour, with black

wings, while the females are distinguished by a fine green, with

colourless wings.
After impregnation, the female hovers over the surface of the

water until she selects a place for the deposition of her eggs,
which she deposits one by one in the water, beating the surface

with her tail while she lays them, until at length they are col-

lected into a mass resembling a bunch of grapes.
The larvae on issuing from the egg are so minute as to be

scarcely perceptible to the naked eye. In some days, however,

they attain the length of the tenth of an inch, and cast their skin

for the first time. To the naked eye they appear in this state

like black spots, to which a tail is attached. When well fed they

grow rapidly ;
and when they have attained the length of about

a quarter of an inch, they begin to display their characteristic

courage and ferocity, attacking, with open mouth, creatures ten

times their own bulk ; and, when pressed by hunger, devouring
each other.
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The magnified drawing of this larva, from which fig. 2 was

taken, was made by Dr. Goring, and published with a description

90



SATYK.

by Mr. Pritchard in the Microscopic Cabinet. The real length of

the creature, measured from the extremity of the antennae to

that of the tail, was eight-tenths of an inch. It is repre-
sented in the figure, as seen in profile, the breadth of the head
and other parts being necessarily foreshortened.

A system of trachea?, with numerous ramifications, passes along
each side of the body from the head to the tail, one of which is

seen in the figure. These respiratory apparatus ramify in a

beautiful manner in the triple branches of the tail, each of which

receives a branch from each trachea.

During its growth the larva casts its skin several times, and

the skin which it thus throws oft', being translucent, is an inter-

esting and beautiful microscopic object.
The eyes as well in the larva as in the perfect insect are very

salient, and from their magnitude and structure form interesting-

microscopic objects. Like those of some other insects described

in a former Tract,* they consist of a multitude of distinct organs
of vision, each of which is an hexagonal lens. It was observed

by Latreille, that their number increased in proportion to the

voracity of the insect. Leuwenhoeck counted 12000 in a single
insect. Each hexagon is a convergent lens, which may be

converted into a microscope. Each of these lenses is found

to produce an inverted image of an object to which it is

presented.
3. The object shown in fig. 3, engraved from a drawing by Dr.

Goring, and described in the
Fig> 3 .

Microscopic Cabinet by Mr.

Pritchard, belongs to the class

of animalcules denominated

by Miiller monoculi, from the

circumstance of their having
a single organ of vision, ,

placed in the centre of the

front of the head. This

specimen is called the satyr,
and is the amymone satyr of

Miiller. The figure represents
a magnified view of the full-

grown insect, seen at the in-

ferior surface of its body as

it presents itself to the observer, attached to the inner surface of a

vase of water in which it moves. The real length of the animalcule

here represented was the 120th of an inch. When they are

*
"Microscopic Drawing and Engraving," p. 50.
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young they are much, smaller, and being then perfectly translucent,

are highly interesting microscopic objects. They are found in

abundance in the months of March and April, at the surface of

shallow pools of clear water which contain aquatic plants.

The back of this animalcule is protected by a tender and

transparent shell, the belly being naked and membranous. Seen

in profile it resembles a tortoise, but, as shown in the figure, it has

the form of a horse-shoe. It has four feet, and two antennae

attached to the inferior part of the body, and radiating from a

common centre. Placed in the middle of the head, between the

two antennae, 6, are the mouth and the single eye, a, the latter

being black, and set in a square orbit of a deep crimson colour.

Each of the antennse has four articulations, and is furnished with

bristles at its extremity. The feet, c c, are divided at the second

joint, and terminate in strong pincers. The peristaltic motion of

the alimentary canal can be distinctly perceived with the micro-

scope, by observing the dark lines which run along the body of

the animalcule. On each side of this canal are placed the

ovaries, d, which, when they are fully developed, are distin-

guished by their dark colour. The satyr swims by sudden

impulses, moving the feet rapidly, and sometimes appears to

slide along the internal surface of the vase.

4. The animalcule represented in fig. 4, and reproduced from a

Fig 4> drawing by Dr. Goring,
is the linceus sphericus
of Miiller, miscalled mon-
oculus minutus by Lin-

na3us, since it has two

eyes sufficiently apparent.
The figure is reproduced
from the Microscopic
Cabinet of Mr. Pritchard,

where the animalcule is

described.

The shell or cuirass,

which is quite trans-

lucent, consists of a single

piece, without any per-

ceptible articulation. It

possesses, however, suf-

ficient elasticity to allow the animal to open it at will, after

the manner of a common mussel. The two edges of the

opening are seen in the figure at #, the figure being understood

to present a profile of the object. The two eyes, a, have

different magnitudes, and their black colour presents a striking
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contrast with the surrounding parts. They are encased in the

shell by which they are protected. The beak, ft, is pointed, and

participates in the general convexity of the shell. Under it is

placed a second beak-like projection, somewhat shorter, and

having three coarse hairs at its extremity, which probably serve

the purpose of palpi or feelers. Below this are placed the

two antennae, c, each of which is terminated by similar but

longer hairs. The false feet or branchiae, which are four in

number and ranged along the edge of the shell, are covered

with hairs, and terminate like the antennae ; by their action a

rotatory motion is imparted to the animalcule, which is accele-

rated by the action of the projecting part, d, against the water.

This part is ciliated on its posterior edge, and armed at its

extremity with strong claws. The ovaries, which appear at e,

have a greenish-blue colour, and the form of a mulberry. The

convolutions of the alimentary canal with the food contained in

it are visible with the microscope from one extremity to the

other.

But the most remarkable organ is a small oval body placed
behind the head and shown in the upper part of the figure. This

body has a rapid motion of pulsation.

5. These creatures feed upon animalcules, and in their turn

become themselves the prey of aquatic larvae and coleoptera, such as

the water-beetles. They are the especial food of the lurco, or

glutton (the larva of the naid), a magnified view of which is shown
in fig. 5, with several lincei, c, visible within it. The young ones are

seen playing around the mother, and on the approach of an enemy
they rush for protection under her cuirass, which she immediately
closes upon them.

6. The crustaceous animalcule represented in B, fig. 1, in its

natural size, and in A, fig. 2, magnified, is the four-horned cyclops,
or little water-fly ; the cyclops quadricornis of Miiller, the mon-
oculus quadricornis of Linnaeus, and the pediculus aquaticus, or

water-louse, of Baker. The figure was drawn by Dr. Goring, and
described by Mr. Pritchard in the Microscopic Cabinet.

This little animal is found at all seasons in water, but more

especially in the months of July and August, when it may be

easily taken by a net at the depth of about an inch below the

surface.

The body is covered with scales, which have a vertical and
lateral motion. Their edges do not meet under the insect, but

leave a space for the insertion of the organs of respiration, a.

The beak is short and pointed, and is a mere prolongation of the

first segment of the body. A little above it is inserted in the

cuirass a single eye of a crimson colour, so dark as to approach
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nearly to black. On each, side of the eye are inserted the antenna},

of which there are two pair, the superior being longer than the

inferior. They are composed of numerous articulations, from each

of which issue two or several hairs. In some species the sexes are

distinguished by the form of these appendages, being straight and

thicker, with an enlargement towards the middle of their length,

in the male, as shown in fig. 4.

These insects move by sudden jumps or plunges, but sometimes

creep along the twigs of plants, in which movements they are

aided by their feet or branchia3. These members are in almost

incessant motion, a circumstance which renders the observation of

their precise form in the living animal difficult. One of them is

represented as seen under a higher magnifying power in A, fig. 3
;

they are generally transparent, but sometimes have a greenish-

blue colour.
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The ovaries consist of two sacs, which have the appearance of

bunches of grapes attached to either side of the posterior extremity
of the body, as shown in A, fig. 2. The eggs are globular, and are

enclosed in a transparent membrane. The centre of each egg has

an opaque colour, some being green and others red. Their number
increases with the age of the female, and when they have attained

a sufficient maturity the embryo of the future animal may be

seen within them with a magnifier. Mr. Pritchard has distinctly

seen these with a single lens with a focal length of about the 25th

of an inch. At the extremity of the alimentary canal the tail

divides into two portions, whose extremities are fringed with

bristles, which present the appearance of splendid plumes.
The alimentary canal and its peristaltic movements are dis-

tinctly visible in specimens which are only slightly coloured.

Above this canal two others can be observed, through which the

eggs are projected to the ovaries at each side of the tail.
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The colours of the coat of these insects vary in different indivi-

duals, as well as the colours of their ovaries, some being of a

greenish-blue, and others red with green ovaries.

Another variety of this, called by Miiller the cyclops minutus,
or little cyclops, and popularly the jumper, is shown in B, fig. 5,

as drawn by Dr. Goring, the animalcule being in a bent position,
one of its characteristic attitudes. The real length of this

specimen was about the 250th of an inch.

The structure of the coat, or cuirass, is similar to that of the

animalcule represented in A, fig. 2, but it has a greater number of

segments and a more graceful outline. The single eye is encrusted

in the shell. The antenna) have not as many articulations as

those of fig. 2, and the inferior pair of palpi is more plumed at

the extremities. The most remarkable distinction between the

two species is, that the latter is much smaller and supplied with

only a single gill or respiratory organ under its beak. It has ten

feet, and the female carries only a single bunch of eggs under the

abdomen. In some individuals the respiratory organ observed by
Mr. Pritchard has the form represented in B, fig. 6.
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THE SOLAR MICROSCOPE.

1. As an instrument for popular and general instruction, the

solar microscope holds a high place. Until recently, its use has

been restricted in these climates, by the circumstance of bright

sunshine, and a room having a suitable aspect, being conditions

indispensable for its performance. But by the substitution of the

oxy-hydrogen light, and more recently still, ot the electric light,

the utility and pleasure derivable from this instrument of popular
illustration have been immensely extended.

2. The principle of the solar microscope is the same as that of

the magic lantern, and we must, therefore, refer the reader to our

Tract upon that subject, for many details, to save the necessity of

their repetition. The instrument consists of two parts, essentially

distinct one from the other: the first, the illuminating; and the

second, the magnifjdng part. Since it is desired to exhibit a very

enlarged optical image of a very minute object, and since the light
which is spread over the image can only be that which falls on the

object, it,is evident, that the brightness of the image will be more
faint than that of the object, in the exact proportion in which the

surface of the former is greater than that of the latter. To illus-

trate this, let us suppose that the object exhibited is an insect, a

quarter of an inch in length, and that it is magnified 40 times in

its linear dimensions, the length of the optical image will then be

10 inches, and its surface will be 1600 times greater than that of

the object. The light, therefore, which illuminates the object,

supposing the whole of it to be transmitted to the optical image,

being diffused over a surface 1600 times greater, will be 1600

times more faint. But, in fact, the whole of the light never is

transmitted, a considerable part of it .being lost in various ways in

passing from the object to the screen. The necessity, there-

fore, for very intense illumination in this instrument must be

evident.

3. If these conditions were not borne in mind, it might appear
that a magic lantern might be converted into such a microscope,

by merely increasing the magnifying power of the lenses ; but the

light of the lamp, which is sufficient to illuminate a picture mag-
nified 10 or 12 times in its linear, and, therefore, from 100 to 144

times in its superficial dimensions, would be utterly insufficient,

if it were rendered 1600 times more feeble.

4. The illuminating apparatus of the solar microscope consists

of a large convex lens, upon which a cylindrical sunbeam of equal
diameter is projected. This lens causes the rays of such a sunbeam

to converge to a point, and they are received upon the object to be

exhibited before their convergence to a focus, and at such & dis-

tance from the focus, that the entire object shall be illuminated by
them. In fact, the rays may be considered as forming a cone
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which is cut at right angles to its axis by the slider upon which
the object is fixed.

Let c c, fig. 1, be the condensing lens; let F be the focus to

which the rays would be made to converge, but being intercepted

by the slider s s, they are collected upon the small circular opening
o o in the slider, and in this circular opening the small microscopic

object to be exhibited is mounted between two thin plates of glass.

Now, it is evident, that the intensity of the light thus projected

upon the object will be greater than that with which it would be

illuminated without the interposition of the lens c c, in the exact

proportion of the surface of the lens c c to the surface of the cir-

cular opening o o. Thus, for example, if the diameter of the lens

c c be 5 inches, and the diameter of the opening o o half an inch,

the diameter of the lens will be 10 times, and, therefore, its sur-

face 100 times greater than that of the opening o o. In that case

the object would be illuminated with a light just 100 times more
brilliant than if the sun's light fell directly upon it, without

passing through the lens c c.

It is found convenient in some cases to condense the light by
means of two lenses. The cone of rays proceeding from c c might
be received upon another condensing lens, by which its con-

vergence might be increased. The advantage of this arrangement
is that the distance of the object from c c, and therefore the length
of the microscope, is rendered less than it otherwise would be.

5. There is, however, one practical inconvenience to be guarded
against in this arrangement. The lens c c, which condenses the

sun's light upon the object, also condenses its heat, and if the

same object be exposed in the instrument for any considerable

time, it would thus be injured or destroyed. This inconvenience

may be obviated by the interposition of certain media, which,
while they are pervious to the sun's light, are impervious to its

heat; such media are said to be athermanous.*

* From the Greek negative a (a) and Qepw (thSrme) heat.
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By the interposition of such, a medium, the object may be pre-
vented from receiving any increased temperature whatever.

It happens that water, which is the most convenient medium
for this purpose, is very imperfectly pervious to heat, and is ren-

dered almost completely athermanous by dissolving in it as much
alum as it is capable of holding in solution. The object, therefore,
is perfectly protected from the effects of heat, by placing between
the slider and the condensing lens a cell, consisting of two parallel

plates of glass, fixed at about an inch asunder, and filled with such

a saturated solution of alum. The light intercepted by this is alto-

gether inconsiderable, while the whole of the heat is stopped by it.

6. The magnifying part of the solar microscope consists of an
achromatic lens, or combination of lenses, of very short focal

length ; this being brought before the object, at a distance from it

a little greater than its focal length, will produce a highly mag-
nified optical image of the object, upon a screen placed at a proper
distance before it.

In the case of the magic lantern, it is not indispensable to incur

the expense of achromatic lenses, and even the expedients to cor-

rect the spherical aberration are but little attended to. The

magnifying powers used in that instrument not being great, and
the objects exhibited not requiring extreme accuracy of delinea-

tion, the expense which would be incurred in producing large
lenses free from the aberrations is not necessary. But in the case

of microscopic objects, where great magnifying powers are applied,
lenses in which the aberrations are not corrected would produce

images so confused and indistinct as to be altogether useless.

Achromatic combinations, therefore, in which the spherical aber-

rations are also corrected, are in this case indispensable.
As in the magic lantern, the same lenses may be applied, so as

to produce different magnifying effects. If the distance of the

lenses from the object were so great as twice their focal length,

the image would be projected upon the screen at a distance in front

of the lens also equal to twice its focal length, and would in that

case be exactly equal to the object, and consequently there would

be no amplification at all. As the lenses, however, are moved
nearer to the object, the distance at which the image would be

formed and its magnitude would be increased, and this increase

would go on without practical limit, until the distance of the lens

from the object would become equal to its focal length, in which
case the image, having been enlarged beyond bounds, would alto-

gether disappear.
In practice, therefore, the focus of the lens is brought to such a

distance from the object, that the image upon the screen shall

have a magnitude sufficient for all the purposes of exhibition. It
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is not desirable, however, in any case, to push the amplifying

power of the instrument too far, because the illumination of the

image in that case becomes inconveniently faint
;
and if there be

any causes of aberration uncorrected in the lenses, whether sphe-
rical or chromatic, their effects will be rendered more apparent.

7. In the mounting of the instrument, provisions are necessary
for varying, within certain limits, the distance of the object, as

well from the illuminating as from the amplifying lenses. If the

object be very minute, it is necessary that it should be illuminated

with proportionate intensity; and, therefore, that it should be

moved very near to the focus of the illuminating lens, c c. If it be

larger, this position would, however, be unsuitable, inasmuch as

the light would be collected upon a small part of it, to the exclu-

sion of the remainder. In that case, therefore, the object must be

brought farther in advance of the focus, F, of the illuminating lens,

so as to intersect the cone at a point of greater section, and thus

to receive a light which, though less intense, will be diffused

over its entire surface.

The amplification required will be greater in proportion as the

object is smaller. For very minute objects, therefore, the ampli-

fying lens must be brought nearer to the object, and the screen

must be removed farther from it, while for larger objects, the

arrangement would be the reverse.

8. All that has been said on the subject of the screen in the

case of the magic lantern will be applicable to the solar micro-

scope, except that, in this case, the method of showing the object

througfi. a transparent screen is objectionable, because of the light
which is lost by it, and for. other reasons; and, besides, it is

useless, that method of exhibition being adapted only for phan-

tasmagoria, and other similar subjects of amusement.
9. In what has been explained above, it has been assumed that

a beam of solar light is thrown upon the condensing lens c c, in

the direction of its axis. Now it is evident that it could never

happen that the natural direction of the sun's rays would coincide

with that of the axis of the tube of the microscope ; for, that axis

being necessarily horizontal, or nearly so, the sun to throw its rays

parallel to it should be in the horizon. Some expedient, there-

fore, is necessary, by which the direction of a sunbeam can be

changed at will, and thrown along the axis of the tube.

The obvious method of accomplishing this is by means of a plate

of common looking-glass ; such a plate being conveniently mounted
in front of the condensing lens, may always have such a position

given to it that it will reflect the sunbeam which will fall upon it

in the direction of the axis of the tube.

But since, by reason of its diurnal motion, the sun changes its
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position in the heavens from minute to minute, the position of the

reflector, which at one time would throw the light in the proper
direction, would cease to do so after the lapse of a short interval.

A proper provision must be made, therefore, by which the position
ofthe reflector may be changed from time to time with the motion
of the sun in the firmament, so that it shall always reflect the

light in a proper direction.

10. A perspective view of the solar microscope, mounted in the

most efficient manner, is given in fig. 2 ; but the principle of its

performance will be more easily understood by reference to the

sectional diagram in fig. 3, where c c is the condensing lens, H H
the mirror which receives the sun's light, and reflects it in the

direction of the axis of the tube. This mirror turns on a hinge,

by which it may be inclined at any desired angle to the axis of

the tube
;
and a provision is also made by which it can be turned

round the axis, so that its plane may be presented in any desired

direction to the sun : a smaller condensing lens is interposed, upon
which the rays, converging from c c, are received, and by which,
with increased convergence, they are projected upon the opening
o in the slider s s, in which the object is mounted.

The tube in which the slider s s is inserted, and which carries

the smaller condenser, slides within another tube, in the end of

which the greater condenser c c is set. By this arrangement,
the section of the cone of light, which falls upon the opening o o,

may be varied, according to the magnitude of the object.

The amplifying lens, or lenses, L L, are conveniently mounted
in a tube, which can be moved within certain limits to or from the

object, so as to accommodate the focus to the position of tho

screen 1 1, upon which the image is projected.

After these explanations, the reader will have no difficulty in

comprehending the instrument, as shown in perspective in fig. 2.

A board, A A B B, is pierced by a large circular aperture, the

diameter of which is a little greater than that of the larger con-

densing lens ; a square brass plate, a a b 6, to which the micro-

scope is attached, is screwed upon this board in such a position,

that the condensing lens shall be concentric with the hole in it,

and, consequently, that the axis of the instrument shall be at right

angles to the board.

. The plane mirror M, by which the light of the sun is reflected

along the axis of the instrument, is mounted outside the board

A A B B, moving on a hinge, as already described ; and screws are

provided at c c', by means of which its inclination to the axis of

the microscope can be varied at pleasure, and also by which it can

be turned round the axis, the screw which governs its motion

moving on the circular opening s D. By these means, whatever
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be the position of the sun in the heavens, such a position can

always be given to the plane of the mirror, that the light may be

reflected along the axis of the microscope.

The great condensing lens is set in the larger end of the conical

tube T, and the lesser in the end of the cylindrical tube T'; the

latter tube being moved within the former by an adjusting screw,
which appears at its side. By the second condensing lens, the light

is collected upon the opening in the slide, which is held between

two plates N, pressed together by spiral springs.

The tube T' consists of two parts, one moving within the other,
like those of the telescope.

The amplifying lenses are mounted in a brass ring, K, carried by
the upright piece, I, so that its optical axis shall coincide with

that of the illuminating apparatus. This optical part can be

moved to and from the object, by means of a rack and pinion, F,

attached to the piece H, which slides in the box G.

The structure and principle of the instrument being understood,
it only remains to explain the method of using it.

11. The room in which the operations are conducted should

have sufficient depth to allow the space between the microscope
and the screen, which is necessary for the formation of an image
of the required magnitude. This space will vary with the mag-
nifying power required, but in general 10 or 12 feet beyond the

nozzle of the instrument is sufficient. The room should be rendered

as dark as possible, to give effect to the image, which, however well

illuminated, is always incomparably less bright than would be

objects receiving the light of day. The window-shutters should

therefore be carefully closed, and all the interstices between them

stopped. If the room be provided with window-curtains, they
should be let down and carefully drawn. In a word, every means
should be adopted to exclude all light, except that which may
enter through the microscope,
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An opening being provided in a convenient position in one of

the window-shutters, corresponding in magnitude with the aper-
ture in the board AA BB, the latter is screwed upon the window-

shutter, so that the two openings shall coincide. The mirror M
will then be outside the window-shutter, while the instrument

and its appendages will be inside. The window selected should,

ofcourse, be one having such an exposure that the sun's rays
can be reflected by the mirror in the direction of the axis of

the tube.

12. To adjust the instrument, remove the piece N, which sup-

ports the slider, so that the light may pass unobstructed to the

amplifying lens. By varying the position of the reflector M, by
means of the milled heads c c', a position will be found in which
a uniformly illuminated disc will appear on the screen ; this disc

may be rendered more clear and distinct by adjusting the in-

strument by means of the rack and pinion attached to the tube.

When these preliminary adjustments are made, the piece y is

replaced, and an object inserted in it ; the instrument being then

more exactly focussed, a distinct image of the object, upon a large

scale, will be seen on the screen.

The management of the instrument will vary with the nature of

the object. If it be a very transparent one, a strong light thrown

upon it would cause it almost to disappear. The light, therefore,

in such case, must be so regulated as to produce the image in the

most favourable manner, which may always easily be accomplished

by moving the tube T' in and out of the tube T, until the desired

result is obtained.

"When the experiments are continued for any considerable

interval, it will be necessary, from time to time, to accommodate

the reflector M to the shifting position of the sun, which may
always be done by the milled-heads c c'. This adjustment, how-

ever, might be superseded by mounting the mirror M upon an

apparatus called a Heliostat, the effect of which is, to make the

mirror move with the sun, by means of clock-work. Such an appa-

ratus, however, is expensive, and the adjustment above described

is attended with no great inconvenience or difficulty.

13. The substitution of the oxy-hydrogen, or electric light, for

the sun in this most instructive instrument, renders those who
use it, however, altogether independent of the sun, so that it can

be used for a night as well as a day exhibition. Since the method

of applying to it the electric light has been already described very

fully in our Tract upon the Magic Lantern, the explanation need

not be reproduced here.
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of Mr. Froment. 12. Rectangular scales. 13. Micro-metric threads.

14. Necessity for microscopic tests. 15. Test-objects. 16. Tele-

scopic tests ; double stars. 17. Nebulae and stellar-clusters. 18.

Effects of different telescopes upon them : telescopes of Herschel and
Lord Rosse. 19. Remarkable nebulae described by Herschel. 20.

Differently seen by Lord Rosse. 21. Microscopic tests. 22. Im-

proved powers of microscope. 23. The Lepisma-Saccharina. 24.

The Podura, or Spring-tail.

1. No person can witness without the highest degree of admi-

ration the spectacle presented by certain parts of the structure of

the more minute members of the animal kingdom, when viewed
with a powerful microscope. The absolute geometrical precision
and extreme beauty of design shown in such objects, are truly
remarkable. We will not say, that such perfection of workman-

ship discovered in these minute objects, which must have for ever

escaped the human eye without the intervention of scientific aid,

ought to excite surprise, because no result, however perfect, of

infinite power combined with infinite skill should raise that senti-

ment. Nevertheless, it must be admitted, as a matter of fact,

that the contemplation of such objects is generally attended with
a sense of wonder, approaching to awe, a striking proof how few

they are that have sufficiently familiarised their minds with the

ideas of omnipotence and omniscience.

2. Innumerable examples of the perfect precision of structure,

adaptation and design, combined with a minuteness, which not

only far surpasses the limits of the senses, but severely taxes the

imagination, are presented in the organisation of natural objects.

The membrane, which in the eyes of certain species of insects cor-

responds to the cornea of the human eye, presents an example of

this, A very exact notion of this membrane, as it exists in the

eye of the common house-fly, may be obtained by stretching a piece
of bobbin-net over the surface of a billiard-ball : the ball with its

reticulated hexagonal coating will then be a very precise model of

part of the eye of the insect, upon a prodigiously magnified
scale.

We have given in fig. 1 an engraving of this membrane, taken

from a microscopic drawing, magnified 100 times in its linear,

and therefore 10000 times in its superficial dimensions.

3. Each hexagon, as shown in the figure, is the cornea of a

separate eye, having behind it the proper optical apparatus to pro-

duce the sense of vision. But it is more particularly to the mi-

nuteness of these beautifully precise hexagonal eyes, that I desire

at present to direct attention. That minuteness will be most strik-

ingly manifested by stating the number of these eyes with which

different classes of insects are provided. According to the obser-

vations of various eminent naturalists, such as Swammerdam,
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Leuwenhoeck, Barter, lleaumur, Lyonnet, Paget, Miiller, Strauss,

s. 1.

Duges, Kirby, &c., tlie following are the number of eyes in certain

species :

Number of eyes. Number ofeyes.

The Ant and the Zenos 50 I The Cosus Ligniperda . 31300
The Sphinx
The common Fly
The Silkworm
The Cockchaffer

1300
4000
6236
8820

The Dragon Fly
The Butterfly
The Mordella

12544
17355
25088

4. But if the perfection found in the most minute workmanship
of nature excite our admiration, how much more must we admire

and wonder at the approaches which have been made to a similar

degree of precision and perfection by the comparatively feeble and

imperfect agency of the human hand. We propose in the present
article to call the attention of our readers to some striking exam-

ples of such skill and address, with which the general public is

not already familiar.

5. The improvements which have been made within the last

quarter of a century, in the construction of microscopes, has

created a demand for a class of drawings and engravings of a

degree of minuteness approaching to that of the objects to

which the researches of observers have been addressed. This
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demand of Science upon Art has been adequately and admirably

responded to.

6. Mechanism has been invented, by which minute tracings are

made by a diamond point on the surface of glass ; such tracings

being adapted to serve three distinct purposes : 1st. As standard

measures of microscopic objects by superposition on them, just as

ordinary lengths and breadths are determined by the application
of the standard measure of yards, feet, and inches ; 2ndly, To
serve as tests of the degree of excellence attained in the con-

truction of microscopes, and as means of comparing the relative

excellence of different microscopes, by observing the degrees of

distinctness with which they enable the observer to see such

minute tracings ; and, 3rdly, to serve for the production of micro-

scopic engravings on its proper scale of any desired design.
This last process cannot be said to have been applied hitherto

to any useful purpose other than the exhibition of an artistic

tour deforce, being, so far as relates to its means of execution, by
far more difficult and ingenious than either of the former.

7. Microscopic objects are measured by divided scales of known
dimensions ; their lengths and breadths being ascertained by the

number of divisions of the scales on which they are placed, in-

cluded between their limits or within their contour. Such scales,

like larger measures, vary with the magnitude of the objects to

which they are to be applied, but, even when largest in their divi-

sions, are still very minute. They are generally traced upon small

oblong slips of glass, the divisions being marked by fine parallel

lines, every fifth division being a little longer than the intermediate

ones, and every tenth still longer, as is shown on a greatly mag-
nified scale in fig. 2.

8. The slip of glass upon which the scale is engraved is usually
set in a brass framing, in which it is capable of sliding longitudi-

nally, being pressed forwards in one direction by a fine screw, and
in the other direction by the action of springs.

The diamond point by which the divisions are traced, is urged

upon the glass, with a regulated pressure, so as to make traces so
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even and uniform that no irregularity in their edges is discover

able by any microscopic power to which they are submitted. In

the process of tracing the divisions, the point is moved over the

glass, the latter being fixed, or the

glass moved under the point by means
of a very fine screw, called a micrometer

screw, the magnitude of the thread of

which is exactly known. The head
of this screw is a metallic disc, fig. 3 ;

the circumference of which is divided

into from 200 to 400 equal parts, or

even into a still greater number.
Let us suppose, then, the screw to be

so fine that there are 50 threads to an

inch, and the circumference of its head
is divided into 100 parts ; one revolu-

tion of the head will therefore move the

screw and the diamond point upon which it acts through the one-

fiftieth part of an inch. But if a fixed index be directed to the

circumference of the head, so that the motion of the head through
one division can be observed, such motion will move the diamond

point through the 1 -5000th of an inch.

The cutter, after tracing each division, is raised from the glass,

while the diamond point is pushed forward by the screw to the posi-
tion necessary to engrave the next division of the scale, and proper
mechanism limits the motion of the screw, so as to regulate the

relative lengths of the divisions of the scale in the manner already

explained.
9. A scale thus engraved, being viewed with a microscope whose

magnifying power is proportionate to its minuteness, the divisions

are rendered as distinctly visible as those of an ordinary rule are

to the naked eye, and if the object to be measured be laid upon the

glass its dimensions may be ascertained, as those of an object of

ordinary size would be by a common rule.

10. These scales vary in the magnitude of their divisions, ac-

cording to the magnitude of the objects which they are intended

to measure. On those which have the largest divisions, an inch

is divided into 500 parts ; scales, however, are furnished by the

opticians for microscopes in which an inch is divided into 2500 parts.

1 1 . However minute such scales may seem, they are by no means
the most minute that have been executed. Mr. Froment, whose

apparatus for the division of astronomical instruments is well

known, has supplied me with a scale in which a millimetre is di-

vided into 1000 equal parts. Each division of this scale is,

therefore, only the 1-25000th part of an inch.
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12. Scales are sopietim.es engraved so as to indicate at once the

dimensions of an object in length and breadth, by lines dividing

Fig. 4.

Fig. 5.

the glass in directions at right angles one to the other, as shown

in fig. 4, upon a greatly magnified scale.

13. The dimensions of a minute object are sometimes ascer-

tained by a somewhat different

expedient.
Let two lines, a a' and b &',

fig. 5, intersecting at right

angles, be engraved upon a slip

of glass, which can be inserted

into the tube of a microscope, as

shown in figures 6 and 7, through
an opening in the side, which

can be closed when such measure-

ment is not required. These

engraved lines, when the micro-

scope is properly adjusted, will

be seen like two fine threads pro-

jected on the object, as shown in fig. 5.

Arrangements are made by which, while the object is fixed,
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the glass upon which the lines a a' and b b' are engraved, can be
moved by a fine micrometer screw until the line b b' shall pass

Fig. 6. Fig. 7.

successively through the two extremities of the object, or the same

purpose will be served, if, while the glass remains at rest, the

stage which supports the object be similarly moved.

The number of threads of the screw to an inch being known, the

number of revolutions and parts of revolutions of the screw neces-

sary to make the line pass from one extremity to another, will

give the length of the object, and a like process will determine

its breadth.

In the application of such scales to microscopic measurements,
various practical precautions and expedients are necessary, which

will be fully explained in our Tract on the Microscope.
14. Independently of being provided with means such as have

been described above, for ascertaining the dimensions of objects,

the advanced state of science renders it indispensable that the

observer should possess means of testing the power of his instru-

ment; without such means, he can never be sure that the appear-
ance of the object, as presented by his microscope, corresponds
with its real structure, or that important details of that structure

may not escape his observation. A more striking example of

this cannot be presented than one which was given by the late

Dr. Goring, who showed that a particle of the dust taken from
the wing of a certain species of butterfly, called the Morpho
Menelaus, exhibited the seven different appearances shown in

fig. 8
; when viewed with the same microscope, the aperture of

the object-glass and, consequently, the brightness of the image

only being varied. It will be seen that details of structure are

rendered apparent in G, where the aperture is greatest, which are

very imperfectly shown in F, and not at all in those in which
the aperture was still more limited.
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If, tlieicforo, the observer were only supplied with a micro-

scope, such as would have shown the ohject as exhibited at D r ,

T,. c
he would evidently have formed a very
incorrect notion of its structure ; and it is-

accordingly found, that every improve-
ment which has taken: place has disclosed

to us a new order of natural facts.

In order, therefore, to put the observer

in a position to ascertain how far he can

rely upon the indications of his instrument,,

it is necessary to supply him with some

objects of known structure, whose details

the instrument 'ought to make visible if

it have the power which it claims.

15. Such objects, which have proved to

be eminently useful in microscopic re-

searches, and highly conducive to the

progress of science, are called TEST-

OBJECTS.

16. In the case of the telescope applied
to astronomical researches, similar tests of

efficiency are found in countless numbers in

the heavens. Double, triple, and multiple
stars are the most obvious examples of

these. Such objects, as is well known,

appear when viewed with the Euked eye,,

or even with ordinary telescopes, as single
stars ; but when instruments of superior

power are directed to them they are

HESOLVED, as it is called, and seen as what
in fact they are, two or more minute stellar

points in such close proximity, that the

space between them is too small to affect

the eye in a sensible manner, unless when

magnified by artificial means.

17. Nebulaa supply another order of

telescopic test-objects. These appear, even
when viewed with telescopes of consider-

able power, as small patches of whitish,

cloudy light, of gi eater or less magnitude,
a character from which they have received

their name.

Such an object is represented, for example, in fig. 9.

When, however, a telescope of higher power is directed upon
the same object, it will assume such an appearance as is shown
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Fig. 9.

in fig. 10, a faint and rather indistinct indication of minute stars

being perceptible; but when a still higher power is brought to

bear upon it, the object will be

seen as what it really is, a

dense mass consisting of countless

numbers of separate stars, as

shown in fig. 11.

18. Different nebulaa require

telescopes of different powers, and

many have never been yet re-

solved, even by the greatest

powers that scientific art has yet

produced. In proportion, how-

ever, as the telescopic power has

been increased, more and more

of these objects have been re-

solved. A remarkable illustration

of this state of progressive discovery is supplied in the case of a

well-known nebula, first observed and drawn by Sir John

Herschel, as seen in a twenty-foot reflector. Sir John

Fig. 10. Fig. 11.

describes it as. an object shaped like a dumb- bell, double-headed

shot, or hour-glass ; the elliptic outline being filled up by a more

feeble and nebulous light, as shown in fig. 12, copied from the

drawing of Sir John Herschel.

Such was the form and character assigned to this object until

Lord Rosse had constructed larger and more powerful instruments r

and when he directed upon it a twenty-seven foot reflector with

three feet aperture, it assumed the appearance shown in fig. 13 r

where a faint indication of stars can be seen ; subsequently,,
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however, when he examined the same object %\ith his great fifty-

three foot telescope, having six feet aperture, it assumed the

appearance shown in fig. 14.

19. Another very remarkable example of the change of appear-

Fig. 12.

ance produced in one of these wonderful objects, is presented in

the case of a nebula first observed by Sir Win. Herschel, and

Fig. 13.

^described by him as a bright round nebula, surrounded by a halo or

glory, and attended by a much smaller companion. Sir John
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Herschel observed the same object, and discovered in it a very
remarkable feature, which the telescope of his father had failed

to disclose. This object, as drawn by Sir John Herschel, is shown

in fig. 15. The separation in what Sir William Herschel called a

Fig. 14.

halo or glory, and what Sir John Herschel calls a ring, was

the remarkable character which Sir John discovered. Sir John

conjectured, from the general appearance of the object,

that the central round nebula is a globular mass of stars, too

distant to admit of being resolved by his telescope, and that

what his father called a glory, is an annular mass of stars

surrounding the former and split in the direction of its plane,

so as to produce the appearance shown in the upper part of the

figure.
Sir John conjectured that such stellar masses might have some

analogy to the mass of stars which forms the milky way, and of

which our sun is an individual unit.

20. How completely these speculations, ingenious as they were,

were scattered to the winds, by bringing to bear on the same

object a higher telescopic power, will be apparent by inspecting
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fig. 16, in which the same object is shown as it was afterwards

seen with the great telescope of Lord Rosse.

Lord Rosse thinks that the brilliant convolutions of the spiral
shown in his telescope, are identical with the split or divided part

of the ring as seen by Sir John Herschel, and he further observes,

that with each increase of optical power, the structure of this

object becomes more complicated and more unlike anything which

could be supposed to result from any form of dynamical law of

which we find a counter-part in our own system.
Before dismissing this very interesting subject of telescopic

tests, we shall indicate one other, scarcely less remarkable. In

fig. 17, is shown a small annular nebula, of a slightly oval form,

observed and drawn by Sir John Herschel ; the dark space in the

centre of the ring he described to be filled with nebulous light,

and that the edges were not sharply cut off, but were ill-defined,

and exhibited a curdled and confused appearance, like that of a

star seen with a telescope out of focus.
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The same object as seen with the more powerful telescope of

Lord Rosse, is shown in fig. 18.

It is evident from this that very little more increase of optical

Fig. 16.

power would resolve this extraordinary object into an annular

mass of stars.

21. Seeing then that the stupendous works of creation, existing

in regions of space at measureless dis-
F

. ^
tances from the earth, have supplied such

an unlimited variety of telescopic test-

objects, it was natural to seek in other

parts of creation where the more minute

workmanship of nature has play for a

corresponding series of microscopic test-

objects. At the moment when that great
and rapid improvement in microscopes
was commencing, which was so powerfully

promoted by the scientific and practical

skill of the late Dr. Goring and Mr.

Andrew Pritchard, it was found that

various minute parts of the structure of certain species of insects

could be rendered distinctly visible only by instruments possessing

certain degrees of optical efficiency.

Dr. Goring, accordingly, selected a certain number of these

objects, which he arranged in a graduated series, according to the

microscopic powers required to render distinctly visible the details

of their structure. These objects consisted chiefly of minute

scales, detached from the bodies and wings of certain species of
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insects ; the striae and dots upon which could be seen with more-

or less distinctness, according to the excellence of the instrument.

It was to these that the name test-
lg'

objects was first applied.

22. As the microscope has been

improved in its power from year to-

year, these test-objects have in-

creased in number ;
new details of

structure being developed by every
increase of power and efficiency in

the instrument. A certain list of

such objects has been agreed upon

by general consent, and prepared for

sale by the makers, consisting of

hairs, scales, and feathers of insects ;

as, however, it is not my present

purpose to enter into any
1

explana-
tion on the subject of microscopic

tests, except so far as may be neces-

sary to elucidate one of the uses of

microscopic engraving, it will be

sufficient here to give a few examples of these test-objects.

23. There is a little insect, vulgarly called the silver-fish, or the

silver-lady, of which the proper entomological name is the Lepisma-
Saccharina ;

it is usually found in damp and mouldy cupboards,
and in old wood-work, such as window-frames. The silvery lustre

from which it takes its vulgar name, proceeds from a coating of

scale-armour, with which its entire body is invested. These scales,

when detached from the insect, and examined with a microscope,

present a beautiful striated appearance ; their magnitude varies;

one, whose length is the 1 14th, and width the 170th part of an inch,

is shown in fig. 19, as it appears in a good microscope, magnified
400 times in its linear, and therefore 160000 times in its super-

ficial dimensions.

The scale, as here shown, is divided along the middle of its

breadth, by a sort of geometrical axis, on either side of which the

structure is perfectly similar. A regular series of striated lines

diverge from this axis, at an angle of about 45, intersected by
another series, very nearly parallel to the axis.

The divergent striae are very slightly curved; the concavity

being presented downwards, and the longitudinal ones ought to

appear with a microscope to stand out in bold relief, like the

ribs seen on certain shells ; they are more closely arranged as they

approach the lower part of the scale, and become more prominent
as they are more separated in proceeding upwards.
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Although the Lepisma is usually ranked among the test-objects

it must be observed that it is one of the lowest order, an instrument

Fig. 19.

tilm
mmmi

of the most moderate efficiency never failing to render the stria>

tolerably distinct.

24. The Podura, or common Spring -tail, is a little insect, gene-

rally found in great numbers in damp cellars, where they may be-

seen, running and skipping about upon the walls. Mr. Pritchard

recommends the following method of collecting them : Sprinkle a

little oat-meal or flour upon a piece of blackened paper, and place
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Fig. 20.

it near their haunts ; the meal serving the purpose of a bait, they
will soon collect upon it; the paper may then be removed, and

being placed in a basin, should be

brought into the light, when the in-

sects will immediately jump from the

paper into the basin : they should

then be cautiously handled, and

placed either in glass tubes or boxes

with camphor, to preserve them from

other insects.

These insects, like the Lepisma,
are covered with an armour of scales,

which, when submitted to the micro-

scope, are found to be beautifully
striated ; one of them is shown in

fig. 20, magnified 550 times in its

linear, and, consequently, 302500

times in its superficial dimensions.

The real length of this scale was
the 260th, and its extreme breadth

the 700th, part of an inch.

Smaller, and still more finely

marked, scales of the same insect

are shown in fig. 21
; the length

of the greater being the 250th, and
its breadth the 500th, of an inch

;
and the length of the lesser the

700th, and its breadth the 1375th, of an inch.

These objects require much greater microscopic power to render

visible their minute and beautiful tracery, than such as would suf-

fice for the scale of the Lepisma, when submitted to the highest

practicable magnifying powers ; they are found to be marked by
countless numbers of delicate cuneiform markings, which are seen

to stand out in manifest relief from the general ground of the

scale.
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CHAPTEE II.

25. Natural tests not invariable. 26. Natural tests imperfect standards.

27. Nobert's test-plates. 28. The degree of closeness of their lines.

29. Their use. 30. Apparent error respecting them. 31. Fro-

nient's microscopic engraving. 32. Method of executing it. 33.

Various methods of microscopic drawing. 34. Drawings by squares.
35. Dr. Gforing's drawings. 36. Structure and metamorphosis of

insects. 37. The day-fly. 38. The larva of this insect. 39. Its

organs of respiration. 40. Its general structure. 41. Its mobility.
42. State of chrysalis. 43. The perfect insect. 44. The production
and deposition of its eggs, and its death. 45. Death may be delayed

by postponing the laying of the eggs. 46. They take no food. 47.

Their countless numbers ; their bodies used as manure.
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Fig. 21.

25. ALTHOUGH these, and numerous other objects selected from

the minute parts of the animal kingdom, have been proposed, and

generally adopted, as microscopic tests
; they are subject to the

obvious objection, that, when considered as standards, they are

wanting in permanence and identity. Not only do the scales

taken from different individuals of the

same species differ in the fineness and

delicacy of their tracery, but striking-

differences are found between scale anct

scale, taken from the body of the same

individual insect. Thus, for example, the

scales shown in fig. 21, and that shown in

fig. 20, were taken from the same Podura,

yet fig. 21 requires a much more efficient

instrument to develop its tracery than

fig. 20.

In fig. 22 is exhibited a scale of the

same Lepisma from which that represented
in fig. 19 was taken ;

and which has been

drawn with the same magnifying power.
The tracings upon this are evidently much

^^^^^^^^^^^^ more minute than those on fig. 19, and

are consequently shown with much less distinctness. It appears,

Fig. 22.

therefore, that these two scales, taken from the same individual

insect constitute different microscopic standards.
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26. The erroneous estimates of the relative efficiency and power
of different microscopic instruments which would result from the

use of such test-objects, are obvious. A microscopist in London,

observing the tracery of the scale of a Podura, and another at

New York observing another scale of the same insect, the former

failing to see its striae, which would be visible to the latter, it

could not at all be safely inferred, that the instrument of the one

was inferior in efficiency and power to that of the other
;
and it

might even happen, that the instrument which failed to show the

striae in London, was, nevertheless, superior to that which ren-

dered them distinctly visible in New York. The result of such a

comparison would entirely depend upon the structure of the two

scales adopted as tests, which might differ within very wide limits.

Independently of this uncertainty attending the application of

such tests, there is another not less serious objection to them ;

they hold out a temptation to microscope makers who supply them
with the instruments they sell, to select such only as are most

easily rendered visible ;
and although it be true that this is an

expedient to which the most respectable class of makers would not

resort, it is nevertheless true that the inferior makers do so, and

thereby do injustice to those who are above such practices.

Natural objects, therefore, do not supply such permanent and

unalterable tests for the microscope as the double stars, stellar

clusters, and nebulae do for the telescope ;
and this circumstance

has directed the attention of the higher class of artists, to the pro-
duction of artificial test-objects which shall have determinate and

certain qualities, and which, like manufactured articles, may be

reproduced with such absolute identity as to supply standards of

comparison that can be applied in different places, and at different

times, to different instruments, so as to give results which will

admit of comparison.
27. The production of micrometer scales, by Mr. Froment, the

divisions of which are separated by intervals so small as the

25000th of an inch, has been already mentioned.

Now the lines marking such divisions being in closer proximity
than those of the tracings upon certain test-objects, it will be

evident that artificial test- objects might be made by means similar

to those by which such scales have been executed, and there can
be little doubt that the great artistic skill which has succeeded in

producing traces, separated by the small interval above named,
could be pushed further, so as to produce striated surfaces, which
would serve all the purposes of test-objects.

Mr. Nobert, of Griefswall, in Prussia, has taken up this problem
of test-objects, and, without attempting, as it would appear, to

engrave micrometric scales, which would require intervals of some
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exact aliquot part of a standard unit of length, has, nevertheless,

produced bands engraved by a diamond point on slips of glass,

consisting of a greater or less number of parallel lines, separated

by intervals of surprising minuteness.

Some remarkable specimens of the production of this eminent

artist were presented at the Great Exhibition in Hyde Park, in

1851. They consisted of ten bands, each composed of a certain

number of parallel lines ; those in each band being closer together
than those in the preceding one. In the following table, we have

given in the second column the number of lines which would fill

the breadth of an inch in each succeeding band in one of these

specimens.
I. . . 11265

II.

III.

IV.

V.

VI.

VII.

VIII.

IX.

X.

13142
15332
17873
20853
24309
28433
33153
38613
49910

Thus it appears that, in this specimen, the closeness of the ruled

bands varied from 11000 to 50000 to the inch.

These bands are ruled on glass in parallel directions, being sepa-

rated band from band, by comparatively wide intervals, so that,

if sufficiently magnified, they present such an appearance as is

shown in fig. 24. The highest band being that in which the lines

are most separated, and the lowest that in which they are closest.

It is very difficult to convey a correct idea of the real appearance
of this system of engraved bands before it is magnified ; let us

suppose, however, that fig. 23 represents the real magnitude of the

slip of glass upon which the engrav-

ing is made, and that the white

circle in the centre is the part of the

glass across which the series of ten

bands, shown in a magnified form

in fig. 24, are drawn. The entire

space occupied by all the ten bands

will then be less in width than the black line which is drawn

across the white circle in fig. 23. It must not be imagined that the

white circle in fig. 23 represents that shown in fig. 24, the latter cor-

responds with a minute circular space in the centre of fig. 23, not

much greater in diameter than the breadth of the black line.

28. Various other test-plates have been engraved, and put in

circulation by Mr. Robert; I subjoin the analysis of one consisting
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Fig. 24.

of 15 bands, which has been examined and calculated by Mr. Do

La Rue.

Series.
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I am informed by Mr. De La Rue, that bands engraved upon
other plates, were observed and computed by himself, Mr. Lister,

and Mr. Nobert, and the results now before me, are in such

accordance as to leave no doubt of their general accuracy, the

discrepancy being so trifling as to be explained by the small errors

inevitable in such observations.

It will be evident that microscopes, having different degrees
* of power and efficiency, would be necessary to render the lines

composing the successive bands of such a series distinctly visible ;

to determine what power would be required for each band, it is

not at all necessary to have recourse to any microscopic observa-

tions; the question simply is, what is the degree of closeness

of the lines, that the naked eye can barely distinguish as

separate ; this will, of course, be somewhat different for different

eyes.
29. The use of these 'test-plates in determining the power and

efficiency of microscopes, will be easily understood ;
instruments

of low powers, such, for example, as from 100 to 200, will only
make the wider bands, such as A B and c, fig. 24, distinctly

visible, the closer ones, E F G, will be barely visible as dark bands,

but the lines composing them will not be seen, and the closest of

the series, H I K, will not be seen at all. In proportion as the

power and efficiency of the microscope is increased, more and

more of the bands will be visible as distinct series of lines.

Mr. Nobert supplies test-plates, engraved with bands of diffe-

rent degrees of closeness, according to the power of the instruments

to which they are to be applied.

30. In the Report of the Juries of the Great Exhibition of 1851,

page 268, it is stated, that to see the bands of a test-plate of 10

bands, such as that described above, a linear magnifying power of

100 is necessary for the wider bands, such as I and n, but that to

distinguish those of the closest band, such as x, a magnifying

power of 2000 is necessary.
I think it is apparent that this statement is erroneous, being

evidently incompatible with the relative closeness of the lines of

the several bands. Thus, for example, while there are 11265

lines of the first band to an inch, there are 49910 lines of the

tenth band to an inch. Those of the latter are, therefore, only

4| times closer than those of the former
;
and it is evident, that

if these bands be viewed with two microscopes, one having a mag-

nifying power 41 times greater than that of the other, with

proportional defining and illuminating powers, the lines com-

posing them will appear equally separated ;
and since it is

admitted in the report, that a power of 100 will render the lines of

the first band visible, as it evidently will do, it will follow that
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a power of 450 will render the lines of the tenth band equally
visible ; indeed, it is not necessary at all to have recourse to the

microscope to ascertain the effect which a given magnifying power

ought to produce upon a band of a given degree of closeness, since

it is evident that the effect must be merely to make the lines com-

posing the bands more widely separated than they are in the exact

proportion of the magnifying power. Thus, if the lines composing
a band, separated by intervals of the 10000th part of an inch, be

viewed with the magnifying power of 100, they will appear as

those of a band separated by intervals of the 100th of an inch ; and

if it be viewed with a magnifying power of 1000, it will appear as

if the lines were separated by the 10th of an inch, and so on.

Now, let us apply this obvious principle to the case given in the

report of the Juries
;
a magnifying power of 100 directed upon the

first band, would make the lines appear as if they were separated

by intervals of the 112th part of an inch; those of the second

band would appear separated by intervals of the 131st part of an

inch, and those of the third by the 153rd part of an inch. Now,
all these would, as admitted in the report, be distinctly seen as

separate lines, by eyes of average power. But let us see what
effect a magnifying power of 2000 would produce upon the closest

of the bands.

Since it would render the apparent intervals between line and

line 2000 times greater than they are, those between the lines of

the tenth band, would be the 25th; those of the ninth, the 19th;
and those of the eighth, the 17th part of an inch.

Although it must be quite evident that such intervals are much

greater than is necessary to enable any eye whatever that can see

at all, to perceive the -lines distinctly separated, the reader will

be enabled better to appreciate the point by referring to the

numbers which we have placed on the right of fig. 24, which

express severally the number of lines to an inch in each of the

bands composing that figure ; thus, the lines of the bands B and c

are separated by intervals of the 48th part of an inch; and it

follows, therefore, that a magnifying power directed upon the band
x of the test-plate, mentioned in the report of the Juries, would,
if viewed by a power of 2000, show the lines separated by intervals

twice as great, or equal to those of every other line in the bands

B and c, fig. 24.

For these reasons, it appears to me that a mistake has been

committed in the report of the Juries in this point, and I have

thought it the more desirable to call attention to it, inasmuch

as the .statement has been reproduced in several recent works

upon the microscope.
It is easy to show what would be the degree of closeness of the
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lines composing a Land, which a power of 2000 would barely
render visible to average eyes. Assuming that such eyes could

see distinctly without microscopic aid the lines of a band consisting
of 150 to an inch, it is evident that a power of 2000 would render

equally visible those of a band, the lines of which would be 300000

to an inch. I am not aware that Mr. Nobert, or any other artist,

has ever produced such lines, and consequently doubt the existence

of any such artificial test for a power of 2000.

31. I now come to notice a sort of microscopic engraving, which,

though it is at once the most curious and difficult, has not, so far

as I am informed, had as yet any directly useful application.

Regarded, however, as an example of mechanical ingenuity and

skill, and as an artistic tour de force of the highest order, it is

full of interest.

However much we may admire the production of the micrometric

scales and microscopic test-plates described above, there is nothing
in them to excite surprise, save the precision which is combined

with such extreme minuteness. To draw a series of parallel lines

of regulated length and uniform intervals, is a problem, to the

solution of which it is easy to conceive that finely constructed

mechanism can be adapted ;
but when it is proposed to delineate

objects and characters, in which no such regularity prevails, and, in

tracing which, the point of the graving tool must pursue a course

determined by conditions, which obviously cannot be represented

by any kind of mechanism, and to accom-

plish which it must be guided, directly or

indirectly, by the hand, a problem of quite

another, and far more difficult order, is

presented: such, however, is the curious

and complicated problem for which Mr.

Froment, already named, has found a

solution.

This eminent artist has succeeded in

producing manuscripts and drawings, en-

graved upon glass, on a scale of minuteness

in no degree less surprising, though far

more difficult of execution than the test-

plates of Mr. Nobert.

To enable the reader more easily to

appreciate these wonderful productions, we
have given in fig. 25 the forms and magni-
tudes of five small circular spaces, A, B, c, D,

E, the diameters of which are severally the 6th, 12th, 30th, 70th,

and 160th of an inch.

Mr. Froment wrote for me, in less than five minutes, within a
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circle of glass, the 40th. of an inch in diameter, less, therefore, by
one third than the small white spot c, fig. 26

; the sentence which,
when magnified in its linear, 120, and in its superficial dimen-

sions, 14400 times, presented the appearance shown in fig. 26.

Fig. 26.

On the occasion of the Great Exhibition in 1851, the characters

and figures shown in fig. 27 were engraved by Mr. Froment,
within a circular space equal to that shown at c in fig. 25.

32. As the method by which these marvellous effects are pro-
duced is not yet patented or made public, we are not at liberty to

explain its details ;
but it may be stated generally to consist of a

mechanism by which the point of the graver or style is guided by
a system of levers, which are capable of imparting to it three

motions in right lines which are reciprocally perpendicular, two

of them being parallel, and the third at right angles to the surface

on which the characters or design are written or engraved. The
combination of the motions in the direction of the axis parallel

to the surface on which the characters are engraved or written,
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determines the form of the characters, and the motion in the direc-

tion of the axis at right angles to that surface determines the depth
of the incision, if it be engraving, or the thickness of the stroke, if

it he writing.
33. Having thus explained the principal results of the art of

microscopic engraving, it remains to ofier some notice of the not

APPEARANCE AS SEEN IN THE FIELD OF THE MICROSCOPE, THE OUTER CIRCLE BEING
ONLY THE 30TH OF AN INCH IN DIAMETER.

less interesting methods of delineating microscopic objects, or trans-

ferring to paper, metals, or wood fac-similes of the appearances

presented in the microscope The methods of accomplishing this

have varied with the varying resources presented to art, by the

progress of the sciences.

34. The first attempts at delineation of this kind were made by
dividing the field of the microscope into a system of squares, by

74



DAY FLY.

means of micrometer threads or wires extended transversely to

each other across the field of view, as shown in fig. 4. By this

means, the field of view was, as it were, mapped out in squares,

like lines of latitude and longitude, upon which the magnified

images of the objects to be delineated were seen projected. The

draftsman having previously prepared on paper a corresponding

system of lines, transversely intersecting each other at distances,

one from another, determined by the scale of the intended drawing,
he proceeded to trace the outlines of the objects, guided by the

correspondence between the system of squares upon his paper, and

the system of squares seen in the microscope. The outlines being
then obtained, which could always be most conveniently done with

a low magnifying power, which would include at once within the

field the entire object, or objects, to be drawn, the minute details-

of form and structure, were filled up within the outlines by

viewing the parts of the object successively with much higher

powers.
Neither this method, nor any other, depending on mere mecha-

nical experience, would admit of being applied to the delineation

of living objects, which are liable constantly to shift their positions

and change their attitudes. To delineate these, the microscopist
must also be an artist, and one of rather a high order ; happily,

the combination of the two qualities was not unfrequently found,

and many beautiful representations, on a magnified scale, of the

minuter members of the creation, have been supplied by the

researches and talents of microscopic observers.

35. We shall select from these one or two admirable examples

supplied by the late Dr. Goring ;
and it will not be unacceptable

to the reader, if we accompany them with a brief account of the

objects they represent.
36. For those who have not devoted attention to the history of

the insect world, it may be well here to premise, that these little

creatures are generally produced from eggs, and that, unlike all

other members of the animal kingdom, they pass during their life

through three stages of existence, in which their forms, habits,

nourishment, and dwellings, differ one from another, for the same

individual insect, as widely as do those of a crocodile and a

peacock.
37. There is a certain little insect of the class of flies, called a

day-fly, because the duration of its life, from the moment it

attains the third and perfect stage of its existence never exceeds

a day.
This insect deposits its eggs in water, well knowing, as it would

seem, that its young, when hatched, are destined to be aquatic

animals, although it is itself one of the gayest animals of the air.
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In due time, generally towards the decline of summer, the young,

breaking the shell, issues from the egg in the form proper to the

Fig. 28.
fips^ f ^ne three stages of its existence, in which it

is called a larva
;

its length, when full grown, in this

state, is about half an inch, and it is represented in

its proper magnitude in fig. 28. It is represented

magnified in its linear dimensions 6| times
; and,

therefore, in its superficial dimensions, 42 times, in

fig. 29.*

38. As the larva increases in size, the serpentine

vessels attached to its sides become more apparent, and

the tail assumes that rich feathered appearance which, in con-

junction with the paddles projecting from its sides, constitute one

of its most beautiful features.

The body of the insect when young, being verypellucid, its inter-

nal organisation may be very clearly seen with the microscope by
light transmittedthrough it. The peristalticmotion of the intestines ;

the circulation of blood, and the pulsations of the dorsal vessel,

which in these creatures supplies the place of a heart, can be

observed with the greatest facility. As it grows, it assumes a

variety of colours, losing much of its transparency, when it is a

few months old ; at which time, the period approaches at which it

is destined to pass into the second stage of its existence. The

eyes, as will be seen in the figure, are large, protuberant, and

curiously reticulated; they are of a citron colour. The body
exhibits a beautiful play of various tints, finally assuming a rich

l^rown colour, with various shadings.
39. It must be here observed, that the important function of

respiration is performed in a very different manner, by different

animals ; the breathing apparatus being always admirably adapted
to the element which they inhabit. The higher class of animals

Tespire through the mouth and nose. Fishes take air through
their gills, and insects through orifices provided for the purpose,
-either in the hinder extremity of their bodies, or along their sides.

From these openings, the air passes through, and inflates vessels

called tracheae, which extend along their sides
j

in these it en-

counters the blood, on which it produces effects similar to those

produced in the superior animals. These vessels appear in the

dfigure running along each side of the body, and throwing out

numerous ramifications which traverse the several leaf-shaped

paddles projecting from the body.
The orifices by which air is supplied to the tracheae for respira-

* This figure and the succeeding ones, drawn by Dr. Goring, have been

-copied with the permission of Mr. Pritchard from the microscopic
illustrations.
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tion, are situated in the membraneous paddles, or swimmers, pro-

jecting on either side of the body ; they imbibe the air from the

circumambient fluid which passes from them into the trachea?.

Ramifications of the trachea extend along the legs, the antennae,

which diverge from the head, and along the three-forked tail ;

small oblong corpuscles of blood may be seen passing rapidly
around the tracheae with every pulsation of the dorsal vessel.

This vessel, says Mr. Bowerbank, extends nearly along the whole

length of the body, and is of great comparative magnitude ;
it is

furnished at regular intervals with double valves, one pair for

each section of the body.
A portion of this vessel, with its valves, is represented as seen

under a higher magnifying power in fig. 30.

The action of these valves is a most interesting and beautiful

spectacle. While in the greatest state of collapse the point of the

lower valve is seen closely compressed within the upper one. At
the commencement of the expansion of the artery, the blood is seen

Howing in from the lateral apertures, as shown by the arrows in

the figure, and at the same time the stream in the artery com-
mences its ascent ;

when it has nearly attained its greatest state

of expansion, the sides of the lower valve are forced upwards by
the increasing now of the blood from the section below the valve,

the lateral openings are closed, and the main current of the blood

forces its way through the two valves.

40. The three-pronged tail is beautifully fringed with bunches

of fine hair, as shown in the figure. As the time approaches at

which the insect is destined to pass into its next stage of existence,

the central prong of the tail becomes more transparent, and as-

sumes the appearance of a jointed tube or sheath
;
the two external

prongs, at the same time, exhibit within them parts which are des-

tined to become the tail of the insect in the third stage of its life.

The rapidity with which this creature moves is truly surprising ;

besides its six legs, it is furnished with the six double paddles at-

tached diagonally to the serpentine vessels on each side of its
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body, and with its tail, all of which it employs for rowing, balanc-

ing, and guiding itself in the water, the tail playing the part of

the rudder.

41. Such is the mobility of these members, that even when the

creature is in repose, all the paddles are in rapid motion
; the

steering prong of the tail alone being at rest.

Independent of its faculty of locomotion by means of its legs,

paddles, and tail, it possesses a power of leaping and springing in

the water, by bending its body backwards, and then suddenly

straightening it ; by this movement it raises itself to the surface

with great celerity.

42. During the second stage of the life of this insect, called the

state of chrysalis, it retains the faculty of swimming ;
its motions

are altogether subservient to its will, and it leaps with great ala-

crity. As the epoch, however, approaches at which it is to pass
into the third and most perfect state, in which it receives the name
of day-fly, some parts of it assume a metallic lustre, just as if

the thin casing yi which it is wrapped like a mummy, were partly
filled with mercury ; this casing is so thin and translucent, that

every part of the body of the perfect insect, which is soon about

to emerge from it, is plainly enough visible through it. The me-
tallic appearance,

f

just mentioned, is supposed to arise from the

evolution of a small quantity of gas from the body of the insect

in the change which it is undergoing ; this gas, by insinuating
itself between the case of the chrysalis and the body of the insect,

helps to detach the former from the latter, and thus facilitates

the natural process by which the insect emerges from its prison.
The envelope of the chrysalis is adapted to the form and members
of the insect, just as a glove is to the hand, so that after the insect

has escaped from it, this envelope will exhibit with great precision
its shape and proportion?.

43. When the creature has divested itself of its envelope, it

remains apparently inert for a few minutes on some neighbouring

Fig. 31.

plant, where it carefully cleanses its wings, and divests them of

the last pellicle of the sheath in which they had been inserted ;

it then assumes the beautiful form, and exercises the functions
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which, appertain to it in the perfect state, and becomes the day-fly
shown in fig. 31.

44. It now rises upon its wings into its new element, the air,

where it joins tens of thousands of its fellows, who have almost

simultaneously undergone a similar transformation. In the fine

afternoons of summer and autumn, swarms of these creatures may
be seen hovering in the air, all of them having emerged the same

day from the state of chrysalis. Each female in these flights seeks

its mate ; which having chosen, they retire together to the leaves

of some neighbouring plants. Immediately after their conjugal

union, their proceedings are such as would be prompted by the

tenderest parental solicitude for their future offspring, which,

however, they are never destined to behold. Conscious, apparently,
that their young must inhabit a very different element from that

in which their short existence passes, they fly off in quest of water,
in which, when found, the provident mother deposits her eggs,
collected in a little packet in which they can float ; the parents
then abandon them to the warmth of the atmosphere, by which

they are subsequently hatched, and having thus performed the

last and most important duty of their life, that of increasing and

multiplying their species, drop dead, the whole period of the exist-

ence of this gay insect being limited to a few hours of a summer
afternoon.

45. So imperious is the will of nature in enforcing her laws,

that if by artificial interference, the insect after emerging from

the envelope of the chrysalis be prevented from joining its fellows

and kept in solitude, its life will be prolonged far beyond its natural

term, as if it lived only for the performance of the duty prescribed
to it by its Maker. Dr. Goring ascertained this fact by catching*

a day-fly just emerged from the chrysalis, which he imprisoned for

several days, during which it continued to live ; he observed that

in such cases the insect did not seem at all enfeebled, even when
thus confined for a week, so that upon being liberated it flew

briskly away, found its mate, produced and provided for its eggs,

and immediately died.

46. It is remarkable that these little creatures, during their

ephemeral existence, take no food ; the only function they
exercise being that of propagation.

47. It appears, that in some localities, these flies prevail in such

countless numbers that their bodies are found after death covering

the ground to a considerable depth, and they are collected in cart

loads by the agriculturists, who use them for the purpose of

manure.
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CHAPTEE III.

48. The beetle. 49. Its larva. 50. Drawing of it in its natural size.

51. Dr. Goring' s magnified drawing. 52. Production of the beetle

from the egg. 53. The young larva. 54. Its voracity and manner
of seizing its prey. 55. Description of its organs. 56. Its chrysalis.

57. Water-beetle. 58. Gnat. 59. Dr. Goring's method of

drawing. 60. Drawing by the camera-lucida. 61. Section of the

human skin
; sweating-gland and duct. 62. The itch insect. 63.

Method of obtaining it.

48. ANOTHER of the tribe of insects, of whose larva Dr. Goring
has left a beautiful drawing, is the beetle, shown in fig. 32.

49. The larva of this insect, like the former, is an inhabitant of

the water. It is remarkable for its ferocious and savage disposition,
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and for the various organs supplied to it by nature for the gratifi-
cation of its ravenous propensities. It may be truly affirmed

that no similar creature is provided
with weapons of destruction so power-
ful, so numerous, and so perfectly

adapted to their end ; it is on this

account, that the insect, in this first

state of its existence, has been vulgarly
called the " water-devil." Its length,
when full grown, is about an inch and
a half, and the strength, courage, and

ferocity with which it attacks small

fish and other aquatic animals larger
than itself, are truly surprising.

50. The representation of this crea-

ture, in its natural size, when young, and before it has reached

its full growth, is given in fig. 33.

51. The magnified representation of it given in fig. 34,

has been engraved from Dr. Goring's drawing.
52. In the first months of Spring, small nests con-

taining the eggs of these insects, may be seen floating

among the weeds, in stagnant pools ; they are formed

like balls, of a dusky-white colour, and silky texture ;

they are attached to the roots or stalks of weeds at the

bottom of the water by a thin stem of the same material

as the nest, but stronger and more dense. Thus placed, they
remain during the winter preserved from the effects of cold, even

when the surface of the water is frozen over ; since by a natural

thermal law the temperature increases in going downwards.*

Early in spring, the stem or thread by which they are attached to

the weeds, is broken by the winds, and the nest being detached and

lighter, bulk for bulk, than the water, rises by its buoyancy to the

surface, where being exposed to the warmth of the sun as the season

advances, the eggs are hatched. The larva, however, after breaking
the shell, is still confined in the bag-shaped nest ;

it accomplishes
its liberation by gnawing a hole in it, from which escaping, it dives

immediately to the bottom, eagerly devouring all the small aquatic
insects that fall in its way. If, however, it should happen that

there is a short supply of this food, the voracity of these creatures

is such, that they fall upon and devour each other.

53. "When the larva is very young, measuring not above a quarter
of an inch in length, it is sufficiently translucent to enable an

observer to see its internal structure with the microscope, by light

*
See Tract on "

Terrestrial Heat," alsd Handbook of Natural Philosophy,
"Heat."
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transmitted through it. The colour of the head is then a strong
Indian yellow, with darker shadings of a bright chesnut. The

eyes are a brilliant carmine
;

its covering of hairs
'

is more sparse
than when it arrives at maturity ; its swimmers or paddles are

shorter, and its head bears a greater proportion to its body.
54. The manner in which it deals with its prey, shows extra-

ordinary intelligence ; many of the creatures upon which it feeds,

being crustaceous, are invested on the head and back with a shell-

armour, being unprotected on the belly and lower part of the

body ; when they attract the notice of the larva, the latter accom-

plishes its object by swimming under its intended victim
; when

sufficiently near, turning its head upwards, it seizes its prey,
between its jointed antennae, A A, fig. 34

; having thus secured it,

it stabs it in the belly with its sharp mandibles, B B, so as to disable

it, it then rises to the surface of the water, and holding its victim

above the surface, so as to prevent it from struggling, shakes it,

as a dog would a rat.

Its next operation is to pierce it with a weapon represented at D,

which issues from a horny sheath ; this instrument, when not

in use, is withdrawn into the sheath. As shown in the figure, it

is protruded from the sheath to about three-fourths of its length.
This curious weapon consists of a piercer and sucker, the one

giving the wound and the other drawing the blood or other juices.

When from the nature of the part attacked, this weapon fails of

its purpose, the victim is seized between the serrated hooks of a

pair of forceps, c c, by which it is torn to pieces, and the juices
more easily approached by the sucker, D.

55. "When supplied with abundant food, this creature arrives at

its full growth in three or four months, and is then nearly opaque
and covered with hair. When caught and kept several days
without food, its ferocity is greatly increased, so that it will

attack insects much larger than itself, if supplied to it, and will

even devour other individuals of its own species. Its prudence
and intelligence, however, are displayed by studiously avoiding
those with whom a contest would be dangerous to it, such for

example as the water-scorpion.
The eyes are compound, but of a very peculiar formation, con-

sisting of seven oval pupils, arranged like leaves on each side

of a stem, as shown at E E ; the entire head and chest are curiously

marked with lines and spots.

There are three pair of legs, the fore legs F F, the hind legs H H,

and the middle legs G G
;
each leg terminates in a sharp claw. Pro-

jecting from each side of the body are seven swimmers or paddles,

similar in their position and arrangement, though not in their struc-

ture
. to those of the larva of the day-fly already described ; they are
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here covered with hairs, and in the specimen from which the

drawing has been made, a vast number of minute bell-shaped
animalcules were attached to them, which will be recognised in

the figure.

The abdomen is united to the chest or thorax a little above the

first pair of swimmers, and extends to the commencement of the

bifurcated tail ; along the sides of the abdomen are extended the

two tracheae or air-vessels, which as already explained perform
the functions of lungs ; they are in this case of a light blue

colour, and throw out numerous branches at various intervals in

their course. These trachea) consist of curiously formed fibres,

winding round them like the twisted filaments of a rope, as may
be seen in the figure. These vessels are usually distended by the

air which inflates them ; their diameter in a full-grown larva is

about the sixteenth of an inch.

Dr. Goring states that when these membranes are submitted to

examination with the microscope in the usual way, they exhibit

the most beautiful specimen of line-work, that it is possible to

imagine. The filaments of the upper and under sides, intersecting

each other at different angles/'produce an effect which could not

be surpassed by the finest and most beautiful engine-turning.
The orifices by which respiration is performed are at its tail,

and each time that it makes an inspiration, it is obliged to ascend

to the surface, above which it projects its tail, through the

apertures of which it draws in air, until the entire tracheae have

been inflated ; thus provided, it sinks again into its proper

element, and according as the air thus inspired has changed its

character by contact with the blood, and has therefore been

rendered unfit for the support of life, it is expelled from the

same orifices in the tail at which it entered, and may be seen

rising in bubbles to the surface.

Dr. Goring observes that a comparison of the organs of respira-

tion of this insect with those of a caterpillar, affords a beautiful

example of the adaptation of their organisation to the elements

in which they live. In the case of the caterpillar, every part

being constantly exposed to the atmosphere, mouths or orifices

lor inhaling the air are arranged along both sides of the body ;

while in the aquatic larva, this system could not be made available

without compelling the creature to elevate its entire body out of

the water, each time it makes an inspiration. The necessity for

this is superseded by placing the breathing-mouths in the tail.

"While admitting the admirable fitness of this arrangement in

the two classes of insects, it must not be forgotten, that in the

case of the larva of the day-fly, also an aquatic insect, formerly

mentioned, the breathing-mouths, according to Dr. Goring's
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description, are placed in the membraneous paddles along its sides,

and the air is imbibed from the surrounding fluid.

56. After this creature has remained for a considerable time in

the state of larva, and when it appears to become conscious that

the epoch of its passage into the second stage of its existence, that

of chrysalis, is approaching, it issues from the water and proceeds
to excavate for itself a hole in the ground, in which it undergoes
the metamorphosis by which it passes into the state of a chrysalis,

in which it remains for some days, after which it emerges a per-
fect beetle.

The female bears on each side of the hinder extremity of her

body a spinning apparatus, which she uses to make the bag in

which her eggs are deposited, and which has been already
described.

57. Dr. Groring has also left a drawing of another species of

dytiscus, called the water-beetle.

This insect resembles, in the manner of its propagation and its

habits, that which has been above described. It is carnivorous,
and of a ferocious and cruel character. If it is placed in a vessel

with other aquatic insects, it soon devours them.

A magnified view of it is shown in fig. 35
;
the insect, in its real

size, being represented in the lower figure. The drawing from which
this engraving was taken, was made immediately after it had cast

its first skin, a moment at which its internal organisation is more

distinctly visible than at any other period of its existence, by
reason of the thinness and transparency of its newly-developed
vessels. Its anatomical structure is more delicate and beautiful

than that of any other larva of the order of coleoptera, and,

although its weapons of attack appear less formidable than those

of the water-devil and some other species, the remarkable manner
in which its internal functions are rendered visible more than

compensate for this, when the insect is regarded merely as a

microscopic object.

It is armed with a pair of curved mandibles, which move

horizontally, and are long enough to cross each other when
closed. They are of a fine nut colour, becoming darker towards

the points, which are hard and sharp. With these the insect

seizes its prey, and bringing it towards its mouth, sucks its blood

after having first pierced it. This it delights to do without

killing its victim, unless it is constrained to do so, by the superior

strength of the latter. If it seizes the larva of the gnat, or any
other tender insect, it brings different parts of its body to its

mouth, devouring it piecemeal, except the skin, which it rejects.

If *its prey is a strong animal, protected by an external shell, it

seizes it, and holds it for some time at rest, until its victim
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becomes completely exhausted
; or, having wounded it in several

places, it turns it upon its back and sucks its juices.
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These larvse swim -with great agility, the hind legs acting

together in concert like those of a frog ; the antennae being at

the same time erected, and the palpi concealed. The voracity of

this creature is not directed alone to aquatic insects, but proves
often very destructive to young fish in fish-ponds. Mr. Anderson,
the curator of the Chelsea Botanic Gardens, informs Mr. West-

wood, that he suffered much from these insects attacking young
gold and silver fish, eating their dorsal and pectoral fins.

Dr. Burmeister also mentions, that a specimen which he kept,
devoured two frogs in the space of forty hours, and, nevertheless,

when he dissected it shortly afterwards, it was found to have

entirely digested them. They are very fearless in their attacks,

seizing insects much larger than themselves. They employ their

fore-legs as claws in seizing their prey.
A specimen which Esper kept in water alive for three years and

a half, feeding it with raw beef, is recorded by Clairville to

have destroyed a specimen, twice its own size, of the large

hydruspicius, piercing it with its jaws, at the junction of the head

and thorax, its only vulnerable point. Dr. Esper observed that

his specimen sucked the blood of the bits of meat with which he

furnished it, and that the residue of them appeared like small

white masses floating on the water.

According to Esper and Erichson, they are, however, able to

fast for many weeks, and even months, provided they are kept in

water, but die, if withdrawn from it, in a few days. They are

observed to ascend frequently to the surface to obtain air for

respiration, where they may be observed in sunny weather resting

with the extremity of their body protruded above the water, and

their legs extended at right angles.

They may be often seen in a calm summer evening issuing from

the water and creeping up the stalks of rushes, from which, after

a little time, they take flight, rising into the air perpendicularly
until they are out of sight. Their descent is also perpendicular,

dropping with considerable force into the water. It would also

appear that it is by the reflection of the light from the surface of

the water, that they are informed of a proper place for their

descent, Mr. Westwood having several times seen them fall with

violence upon glazed garden-frames, which they had evidently

mistaken for water.

They are to be found in all seasons of the year, but more fre-

quently towards the autumn. During the winter some remain in

the water, or bury themselves in the mud, in a torpid state ; others

retain, their agility, and may be seen coming to take air in

places where the ice is broken. Mr. Westwood has seen them even

swimming about in the water under the ice on which he was skating.
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The female deposits her eggs about the beginning of spring,
each laying consisting of from forty to fifty eggs of a long and

cylindrical form, which are deposited in the water at random, the

larvae being hatched in the course of a fortnight.

The larva of the dytiscus marginalis is very active, and casts

its skin, for the first time, when four or five days old. The second

moulting takes place after an equal interval, and as the insect

continues to grow, it casts its skin at intervals of about ten days.
The hide which it throws off may often be observed floating on
the water, with the mandibles, tail, and its appendages attached.

These larvce are of a dark ochre, or dirty brown colour, with the

body long and subcylindric, more slender at each extremity, but

especially towards the tail. The body consists of eleven seg-

ments, exclusive of the head. The first nine segments are some-
what scaly above, but fleshy beneath. The first segment is longer
and narrower than the following. The sixth, seventh, and eighth,
are larger than the others, which are of nearly equal size, and the

two terminal joints are long and conical ;
the apex being slightly

truncated and scaly, with the sides fringed with hairs, whereby
the insect is enabled to swim along in the water, the action of

these joints being the same as that of an oar used in sculling a

boat.

The terminal segment of the tails is provided with a pair of

long and slender pilose appendages, whereby the insect is enabled
to suspend itself at the surface of the water, which, as Swam-
merdam says, flows from them on every side, and thus the

suspension is effected. These appendages are tubular, and com-
municate with the air-vessels which run along the sides of the

body, which is moreover furnished with a series of spiracular

points, as shown in the figure. The head is large, rounded, and

depressed, and united to the first segment of the body by a short

neck, with five or six small elevated tubercles representing the

eyes. There are two' slender antennse, shown at a a in the

fig. 35, having a length nearly equal to the diameter of the head,
inserted in front of the eyes, and composed of seven joints. The
mouth is remarkably constructed, being destitute of the ordinary

aperture, so that the insect may be, and, indeed, has been,
described as wanting a mouth.
The mandibles, which appear in the figure projecting from the

front of the head, are hollow, having a longitudinal slit near the

extremity, so as to enable the creature to suck through them the

juices of its prey, as a liquid is sucked through a straw or a quill,

the juices thus running down the mandibles into the mouth.
The legs of the insect are long, slender, and ciliated on the

inside, serving as oars when swimming quickly. The body,
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generally straight, curves itself in the shape of the letter S when
the creature seizes its prey. During the summer the larva is said

to attain its full size in ahout fifteen days, when it quits the

water and creeps into the neighbouring earth, where it forms with

considerable skill a round cell, in which, in about five days, it

changes to a pupa of a whitish colour, with two obtuse points at

the extremity of the body. In about a fortnight or three weeks it

issues as a perfect beetle. If, however, the change to the pupa
state take place in the autumn, the creature does not pass into the

form of a perfect insect until the following spring.

The beetle is at first soft and yellowish, but soon hardens and
assumes a darker colour. It is not, however, until the end of

eight days, that it has acquired its proper consistency.
*

Dr. Goring, in describing the specimen from which the drawing
was taken, says that the three first segments of the body, com-

mencing from the neck, contain a bundle of nerves, terminating
with three loops, which are very perceptible in the young larva,

being of a colour more brilliant than the other parts of the body.

They are shown in the figure like a bundle of strings or cords,

extending from the centre of the head to the extremity of the

third joint of the body.
The two large tracheae, commencing from the head, attain

their greatest development about the third joint of the body.

They follow the sides of the body to a point near its extremity,
where they coalesce and terminate. These air-tubes, in their

passage along the body, throw out numerous ramifications, which
are shown in the figure. These tracheae are four in number, two
interior and two exterior. The interior ones commence at the

ganglion, which terminates at the third joint of the body, and

they disappear at the third joint from the tail. In the last joint
hut one is situated the organ of pulsation.

58. Dr. Goring has also left two very beautiful engravings of

the larva and the pupa of the gnat, taken from a specimen of the

species called tipula crystallina of De Geer, the chironomus

plumicornis of Fabricius, and the corethra plumicornis of

Stephens. I have reproduced these beautiful objects from Dr.

Goring's engravings, the larva being represented in fig. 1, the

pupa in fig. 2, and a plan, or bird's-eye view of the larva, in its

natural size, in fig. 3.

The gnat, of which these are the previous forms, is represented
in fig. 36, the drawing having been taken while the creature was
in the act of laying the cluster of eggs figured on the right side.

The short line between the figures gives the real length of the

* Westwood on "Insects," vol, i., p, 95.
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body of the insect. The length of the eggs varies from the 40th to

the 50th of an inch.

In the larva (fig. 1) the obvious and curious parts are the

kidney-shaped bodies, b and d, two of which are situated near the

head, and the other two in the third division from the lower

extremity. The first pair are inclined towards each other, while

the others lie in parallel planes, as represented in the plan, or

bird's-eye view, drawn of the natural size in fig. 3.
^ Physiologists

have not ascertained what may be the functions, performed by
these singular organs : it is worthy of remark, however, that a

similar structure is observable in the tadpole, and figured in

Sir Everard Home's Lectures on Comparative Anatomy. The other

parts of its structure, which appear equally singular and curious,

are a number of globules, a, which are situated near the first

pair of bodies, b. These globules have a slight oscillatory motion

in different directions, and, like the reniform bodies, seem to

have a metallic lustre, but are not opaque. From the exquisite

polish of these globules, they reflect the forms of surrounding

objects, as window-bars, &c., which are indicated in the drawing

by small squares, resembling the images formed by convex

mirrors.

"When the larva, as shown of the full size in fig. 3, is examined

from above, it exhibits the position and decussation of the various

muscles lying along the back, which are observed to cross at the

joints, and at points situate midway between them.

The alimentary canal appears to contain some particles of a

pinkish coloured matter : but every part of the object, as seen

beneath the microscope, is so accurately noted in the drawing, that

a more minute description must be deemed superfluous.
If the insect have a sufficient supply of food, it only continues

for a few weeks in the larva state, when it rapidly changes to the

pupa, shown in the drawing (fig. 2). When it is desirable to
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preserve it for the microscope, this change may be retarded by
keeping it in clear spring or river water. The former seldom offers

sustenance to animalcules, and, therefore, effects this object, which
is often very desirable, on account of the scarcity of this species.

The transformation of this animal from the larva to the pupa is

one of the most singular and wonderful changes that can be con-

ceived ; and, under the microscope, presents to the admirer of

nature a most curious and interesting spectacle. Although the

whole operation be under the immediate inspection of the observer,

yet so complete is the change, that its former organisation can

scarcely be recognised in its new state of existence.

If we now compare the different parts of the larva with the.

pupa, we remark a very striking change in the tail, which, in the

previous state of being, was composed of twenty-two beautifully

plumed branches, while, in the latter, it is converted into two
fine membranous tissues, ramified with numerous vessels. This

change appears the more remarkable, as not the slightest resem-

blance can be discovered between them, nor are the vestiges of the

former tail readily found in the water. The partial disappearance
of the shell-like or reniform bodies is another curious circumstance.

The lower two, it may be conjectured, go to form the new tail;

for, if the number of joints be counted from the head, the new tail

will be found appended to that joint which was nearest to them in

the larva state, as referred to by the dotted line d, connecting

figs. 1 and 2. The two small horns, c c, which form the white-

plumed antennae of this species of gnat, when in its perfect state,

are discernible in the larva, folded up under the skin near the

head at c, in fig. 1. The alimentary canal appears nearly to

vanish in the pupa, as in that state there is no necessity for it,

the insect then entirely abstaining from food ; while, near this

canal, the two intertwined vessels, seen in the larva, have now
become more distinct, and are supplied with several anastomosing
branches.

During the latter part of the day on which the drawing (fig. 2)
was taken, the rudiments of the legs of the perfect insect might
be seen, folded within that part which appears to be the head of

the pupa, and several of the globules had vanished, those remaining
longest that were situated near the head. It may be necessary to

observe, that the head of the pupa fioats just under the surface of

the water ; and the insect, in this state, is nearly upright in that

fluid, while the larva swims with its body in a horizontal position,
or rests on its belly or sides, at the bottom of the pond or vessel

in which it is kept, the fringed tail being downwards.
The colour of the larva when young is a faint and scarcely

perceptible yellow ; but as it approaches the change, it assumes a
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richer and deeper colouring, and all its internal parts acquire
their definite forms and tints, as exhibited in the drawing.
A curious circumstance attends the observation of this insect ;

so rapid is its locomotion, that it torments the eye while attempting
to delineate it, presenting alternately (

its head and tail to the

observer. This it effects by bending itself laterally into a circular

form, and suddenly whisking round in the opposite direction to

that in which it had just bent itself.

Many species of this genus of insects are, in their perfect state,

possessed of a sheathed proboscis, containing instruments with

which they are enabled to pierce the skin of men and cattle,

injecting at the same time an acrimonious fiuid into the wound.
The species we &re now describing, however, has not been

examined minutely enough to determine the form of these organs.
It is of a light straw colour, and has two beautiful antenna), or

feelers.

The wings also of this gnat are of a delicate straw colour, and
make very beautiful objects when mounted under thin glass in

sliders. Some species have wings marginated, and covered with

fine scales. These, as well as the feathers on the edges, are good

objects for the microscope, and exhibit five or six longitudinal
lines on each, which are so strongly marked as to be seen with

any kind of light, and do not require superior penetration in the

instrument to show them.

These insects generate while hovering in the air, and the female

lays her eggs in the water, selecting an unfrequented spot, where
she may deposit them free from danger. This is probably the

cause why this larva is discovered with so much difficulty ; the

collector being seldom able to procure it two seasons consecutively
in the same place.

59. The method of executing these drawings, practised by
Dr. Goring, differed in nothing from that by which an artist

makes a portrait, the eye guiding the pencil, and the accuracy of

the resemblance depending altogether upon the skill of the artist.

60. Dr. Goring considered that in such cases the great security
for precision offered by the camera-lucida, was not available,

owing to the constant mobility of the object delineated; this

objection, however, is only applicable to living objects, and

that admirable instrument is accordingly used to a great extent

in the production of microscopic drawings. As we shall describe

it in a future Tract, and explain its mode of application,

to the microscope, it will not be necessary here to give that

exposition. It will be sufficient to observe that a practised

draughtsman is capable of giving, not only the general outline,

but most of the less minute details of a microscopic object, by a
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process precisely similar to, and susceptible of, as much accuracy
as that by which a drawing is reproduced on tracing paper. It

must be observed, however, that in the finishing touches, and the

most minute details, the pencil of the draughtsman must after

all be guided by his artistic skill. To what extent this is true, is

proved by the fact, tkat two drawings of the same object, viewed
in the same microscope, and- made
with the same camera, by artists

of different skill, will be different.

"We shall here, as in the former

case, present the reader with some

examples of microscopic drawings
made by the aid of the camera.

61. In fig. 41 is a magnified
section of the human skin, cut in-

wards at right angles to its surfaco,

to the depth of about the sixth of an

inch. The following is the succes-

sion of organised parts included

within that depth : a the sudori-

ferous gland ;
b c the sudoriferous

duct, leading to the surface of the

skin
;
d the subcutaneous cellular

and adipose tissue ; e the derma or

true skin
; f the papillae ; g mucous

tissue or interior epidermis ; h the

epidermis or superficial skin.

62. It is now admitted, though
the fact was long doubted, that the

malady called the itch in the human

body, and that called the mange in

the horse, are produced by an insect

hatched under the cuticle of the

skin
; the insect which produces the

itch, called the acarus-scabiei, is

represented, highly magnified, in

fig. 42. To extract this insect, the operator must, says Mr.

Quekett, examine carefully the parts surrounding each pustule,
and he will generally find, in the early stage of the disease, a,

red spot or line communicating with it ; this part, and not the

pustule, must be probed with a pointed instrument, and the

insect, if present, turned out of its lurking-place. The operator
must not be disappointed by repeated failures, as in the best

marked cases, it is often difficult to detect the haunts of the

creature.
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63. That the itch is occasioned by such an insect is by no

means a modern doctrine. Kirby mentions a Moorish physician,

who, in the twelfth century, affirmed that the malady was pro-
duced by little mites or lice that creep under the skin of the

hands, legs, and feet, producing pustules full of matter ;
he

quotes also "
Joubert," another ancient physician, who describes

Fig. 42. VIIiNV OF THE ITCH INSECT, DRAWX WITH A CAMERA
BY DR. MANDL, MAGNIFIED 120 TIMES IN ITS LINEAR, AND
THEREFORE 14400 TIMES IN ITS SUPERFICIAL DIMENSIONS.

the itch insects under the name of "
sirones," and says they are

always concealed beneath the epidermis, under which they creep

like moles, gnawing it, and producing a most troublesome itching.

It was supposed by some that they were identical with lice ; but

Dr. Adams showed that this could not be the case, since they live

under the cuticle ;
he speaks of them as living in burrows which

they have excavated in the skin, near a lake of water, from which

if they be extracted with a needle, and put upon the nail, they
show in the sun their red heads and the feet with which they
walk

; they have been extracted and delineated with the aid of

the microscope by many modern observers. The individual

delineated in fig. 42, was drawn by my friend Dr. Mandl, well

known for his great work on microscopic anatomy.
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CHAPTEE IV.

64. Structure of the itch insect. 65. Its habits. 66. The mange insect.

67. Its form and structure. 68. Defects incidental to drawing
with the camera. 69. Microscopic photographs. 70. Microscopic

daguerreotypes by Messrs. Donne and Foucault. 71. Description of

the blood. 72. Red and white corpuscles. 73. Daguerreotype of

a drop of blood magnified. 74. Magnitude of the corpuscles. 75.

Cause of the redness of blood. 76. Corpuscles of inferior animals.

77. White globules. 78. White grains. 79. White globules con-

verted into red corpuscles. 80. Red corpuscles dissolved. 81.

Circulation of the blood. 82. Method of showing it in the tongue
of a frog. 83. The arteries distinguishable from the veins. 84. The
vascular system of the tongue. 85. Mucous glands. 86. Milk

;
its
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constitution. 87. Magnified view of a dro]>of milk. 88. The butter

globules. 89. Their number variable. 90. Analysis of the milk of

different animals. 91. Richness of woman's milk. 92. Analogy of

milk to blood. 93. Importance of the quality of milk. 94. Its

richness ascertained. 95. Quevenne's hydrometer applied to milk.

96. Its fallacy. 97. Donne's lactoscope. 98. Objections to it

answered. 99. Frauds practised by milk vendors. 100. Fore-milk
and after-milk. 101. Self-engraved photographic pictures.

64. DR. BONONIO, having directed his researches to the itch

insect, found that it was very nimble in its motions, covered with

short hairs, and furnished with a formidable head, from which a

pair of strong mandibles projected.
At the extremities of its four pairs of legs, there are feet of

remarkable form, each of which is provided with a sucker, by
means of which he inferred that it sucks or draws its way under

the skin, having first excavated a space for itself with its man-
dibles. The insects form their nests there, deposit their eggs, and

multiply rapidly.
65. More recently, Dr. Bourguignon has studied the habits of

this insect by means of a microscope specially adapted to the

purpose, and has confirmed the discoveries of Bononio. He found

that the insect fastens itself in the furrows of the skin by means
of the suckers of its feet, aided by small bristles, being likewise

covered with similar bristles in various parts of its body, by which

it fixes itself more firmly, while it works its way with its man-
dibles ; it is not furnished with eyes, but in a moment of danger
it quickly draws in its head and feet, this motion and that of its

gait resembling those of a tortoise. It usually lays sixteen eggs,
which it deposits, ranged in pairs, in the furrows under the

skin, where they are hatched in about ten days.*
66. The insect which produces or accompanies the mange in

horses, and which is called the acarm-exulcerans, is represented
in fig. 37, p. 49, magnified in its linear dimensions one hundred

and fifty times.

67. This animalcule is larger and more easily obtained than

the former ;
it is found under the whitish scales which are de-

tached from the skin of the horse, and if several individuals be

taken, they will be found to be in different states of development,

having four pair of legs when full grown ; the two foremost pairs

are terminated in a strong and sharp claw, and their general form

is like that of the legs of a fiea, consisting of five joints or

segments.
The head consists of nothing but a mouth, in which the organs

of mastication are seen, consisting of a pair of very fine and sharp

*
Bourguignon, quoted by

"
Hogg

'' on the Microscope, p. 318.
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mandibles terminated by two teeth, the form of the entire organ
being that of a pincers. The skin, which is of a tough leathery
texture, is elegantly marked by sinuous and parallel tracings,

bearing some resemblance to engine-turning. Wrinkles are in

some places seen upon it, as if it were divided into separate

segments, united edge to edge, like the bones composing the

human skull ; upon the legs, the skin is finely granulated and
not striated, as upon the body , several long hairs issuing from the

legs are seen in the figure.

68. Although the general fidelity of microscopic drawings made
with a camera may be relied upon, yet, as has been already

observed, the more minute details are executed by the artist in

the same manner as that in which a portrait-painter produces his

effects, and in whatever degree the artistic skill of the draughts-
man may be manifested in such parts of the drawing, the rigorous

fidelity demanded by science, even in the minutest arts, cannot be

claimed for them.

69. Under these circumstances, other means, ensuring more

rigorous accuracy, and rendering the drawing independent

altogether of those impulses which imagination and taste never fail

to impart to the pencil even of the most conscientious artist, have

been eagerly sought by naturalists, and have been happily sup-

plied by photography. The magnified image of the object under

examination, produced by a solar microscope, is received upon a

prepared daguerreotype-plate, or a leaf of photographic paper, and
there the optical image delineates itself with the most unerring

fidelity and rigorous accuracy.
70. This felicitous application of the photographic art, to the

promotion of natural science, after some experimental essays,

more or less successful, was first carried out, so as to be available

for the practical purposes of science, by Dr. Donn6, assisted by
M. Leon Foucault, in 1845. In that year Dr. Donn6 published
an atlas to illustrate his course on microscopic anatomy and

physiology, which had appeared in the previous year, consisting

of twenty plates, on each of which were four microscopic engrav-

ings, made from daguerreotype plates which had been produced
in the manner above described. I avail myself gladly of the

kind permission of the authors of this work, and of Mr.

Bailliere, its publisher, to reproduce four of these engravings upon
the scale on which they are given by the authors.

71. The blood of animals is not, as it seems at first view to be,

a homogeneous liquid holding in complete solution certain sub-

stances, and destitute of all Solid and concrete matter ;
if it were

so, we could not follow its course through the vessels in which it

moves, as we do so easily and distinctly with the microscope.
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The motion of an homogeneous liquid in tubes completely filled

with it could not be made sensible to the sight ; but on the other

hand, that of a liquid containing solid particles suspended in it,

continually entering into collision with and displacing each other,

would be perfectly visible.

The blood therefore contains certain solid particles floating in

and circulating with it, to which moreover are due several of its

most important properties ; these particles exist in countless num-

bers, and of minuteness so extreme, that a single drop of blood,

no larger than might be suspended from the point of a needle,

contains myriads of them Until recently, observers recognised

only one species of the corpuscles, such being the only ones per-

ceivable by the ordinary methods of observation, and being

incomparably more numerous than the others, which, besides

being more rare, are generally hidden by the former
/
which com-

pletely fill the field of the microscope.
72. These sanguineous corpuscles are distinguished by regular

and constant forms, by a complex composition and a determinate

structure. They possess a real organisation, and pass through a

regular succession of phases, having a beginning, a development,
and an end.

They consist of three species : first, red corpuscles ; secondly,

white globules ;
and thirdly, white granular particles, much

smaller, to which observers have applied the name "
globulines."

73. Nothing can be more simple or more facile than the method

of observing the first class of these corpuscles. Take a sharp
needle and prick with it slightly the end of the finger, so as to

draw the smallest drop of blood ; having previously rendered a

small slip of glass perfectly clean and dry, touch it with the

blood, a small portion of which will adhere to it, and upon this

lay a thin film of glass, such as are prepared by the opticians for

microscopic use, so as to flatten between the two glasses the small

drop of blood. Let the glass thus carrying the blood be placed

under a microscope having a magnifying power of about 400 ; a

multitude of the red corpuscles will then be immediately visible,

distributed irregularly over the field of view of the instrument.

Fig. 38, p. 81, has been reproduced from one of Dr. Donne's

engravings ;
it represents a thin disc of human blood, having a

diameter equal to the 120th part of an English inch, included

between the two glasses.

The red corpuscles alone are here visible ; their form is that of

flat discs a little concave in the middle, swelling upwards towards

the edges, which are slightly rounded. Some of them, such as

a a a, are presented with their flat sides to the line of sight, so

as to show very distinctly their form ; others, such as b b
t
are
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seen edgeways, and others at all degrees of obliquity ; some are

scattered separately, but others are grouped together in piles,
with their edges presented to the eye, having the appearance of

rouleaux of coin lying on their sides on a table, the faces of the

coins being more or less inclined to the surface of the table.

The flat disc-shape form of the corpuscles was not recognised by
the earlier observers, who took them to be red spherules. The
cause of this error was not any defect of their observation, but
arose from their having previously washed the blood with water,

being ignorant that the immediate effect of the contact of water
with human blood is to change the form of the flat corpuscles into

that of little globes.
74. The magnitude of these corpuscles, since the recent im-

provements of the microscope, has been very exactly measured.
Their diameters are found to vary from the 3125th to the 3000th
of an ineh : this small variation being due to their different states

of development, as will be presently explained.
75. The blood consists of a transparent, limpid, and colourless

fluid, in which the solid particles already mentioned float, and
the redness of which arises altogether from the colour of the

corpuscles here described. A person, who may observe for the first

time these corpuscles with the microscope, is generally surprised
and disappointed to find that they are not red, but rather of a

yellowish colour, having a very faint reddish tint. This circum-

stance, however, is an optical effect of a very general class, which
has been explained more than once in our Tracts. When any
coloured medium is submitted to the eye, the depth of its tint

will always be diminished with the thickness of the medium,
which may be reduced to such a degree of tenuity as to render

its peculiar colour altogether imperceptible. We mentioned

formerly, as an example of this, the case of coloured wine, such as

sherry, viewed through a tapering Champagne glass. At the

upper part, where the eye looks through a greater thickness of

the liquid, the peculiar gold colour is strongly pronounced ;
but

in going downwards to the point of the cone, the colour becomes

paler and paler, and at the very point is scarcely perceptible. It

is the same with the red corpuscles of the blood. When they are

seen singly through their very minute thickness, they appear of

the faintest reddish yellow ; seen in rouleaux edgeways, they are

redder ; but it is only when amassed together, in a stratum of

blood of some thickness, that they impart to the liquid the red

colour so characteristic of the blood.

76. The disc-shaped form which thus characterises human
blood, is common to all species of animals which suckle their

young, with the single exception, so far as is known at present,
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of the camel species. It appears, from some recent observations

of Dr. Mandl, that the blood of this species presents an anomalous

exception, the red corpuscles being elliptical in their form, but

still flat and concave at their sides.

In comparing the red corpuscles of the blood of different species

of mammalia, or suckling animals, one with another, they are

found to vary in their diameters, being greater or less in different

species, but the variation in each species being confined within

narrow limits, as in man-
The corpuscles of the blood of birds, fishes, and reptiles, are all

like those of the exceptional case of the camel, oval discs of

various magnitudes, somewhat concave in their centres, like the

blood of mammalia.

77. The discovery of the white globules is entirely due to recent

observers, and particularly to Professor Miiller
;
Dr. Mandl, and

Dr. Donne.
The white globules have nothing in common with the red

corpuscles, either as to colour, form, or composition. Unlike the

latter, they are spherical, their contour is slightly fringed, and

not well defined like that of the red corpuscles ; their surface is

granulated, and their diameter is a little greater, varying from

the 2500th to the 3000th of an inch. They appear to consist of

a thin vesicle, or envelope, the interior of which is filled with

solid granulated matter, consisting usually of three or four grains,

while the red corpuscles are filled with an homogeneous and

semi-fluid matter in the case of mammalia, and a single solid

kernel in the case of other vertebrated animals.

The white globules also have chemical properties totally

different from those of the red corpuscles.

78. In fine, the third class of solid particles which float in the

blood cannot be properly denominated globules, being only very
minute granulations, which are continually supplied by the chyle
to the sanguineous fluid

; they appear in the microscope as minute

roundish grains, isolated, or irregularly agglomerated, and having-
a diameter not exceeding the 8000th of an inch : they have,

however, a physiological importance of the first order, since they
are the primary elements of the blood, and therefore of all the

other organised parts of the body.
79. It appears to follow from the observations, researches,

experiments, and reasoning 'of Dr. Donne, that these granular

particles form themselves into the white globules by grouping
themselves together, and investing themselves with an albuminous

envelope. By a subsequent process, the white globules are con-

verted gradually into the red corpuscles, the place where this

change is produced being supposed by Dr t Donne to be the spleen.
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80. In fine, the red corpuscles, after having been fully developed
in the circulation, are dissolved, and being converted into the

fibrinous fluid, pass into the other parts of the organisation, so as

to form the different organs of the system.
81. Next to the constitution of the blood, no subject con-

nected with it is more interesting and important than its circula-

tion, and we know no spectacle presented by any of the scientific

artifices, by which the secret operations of nature are disclosed

to our view, which excites more astonishment arid admiration

than the circulation of the blood, as rendered visible with the

microscope.
82. Let any one imagine an animal organ, full of every variety

of blood-vessels of the most complex structure, into the composi-
tion of which enter every form of organ : arteries, veins, capillaries,

muscles, nerves, glands, and membranes : representing in short a

microcosm of the whole animal organisation ; and let us suppose this

brought within the field of the microscope, so as to display, before

the wondering view of the observer, all the complicated motions

and operations of which it is the theatre. Such a spectacle is

presented by the tongue of the frog, an object first submitted to

this species of experiment by Dr. Donne, at the suggestion of a

young Englishman, a Mr., since Dr., Waller, who was in at-

tendance upon his course. The method of accomplishing this,

with some modifications, as described in the Physiological Journal,
is as follows: "A piece of cork, from two to three inches in

breadth, and six to eight inches in length, is to be procured, in

which is to be bored, a hole of about half an inch in diameter

midway between the sides, and about an inch and a half to two

inches from one of its ends. In this part the piece of cork should

be of double thickness, which is effected by joining, by means of

marine glue, a small piece of cork upon the first piece. Upon
this is laid the frog, previously enveloped in a linen band, or fixed

to the cork by pins thrust through the four extremities, so as to

prevent any great movements of its body or its feet ; it is placed

upon the back, the end of the nose abutting on the border of the

hole. The tongue, the free end of which is directed backwards, is

then to be drawn out of the mouth gently with a forceps, and

slightly stretched and elongated until it reaches a little beyond
the opposite edge of the hole, where it is to be fastened by two

pins ; the sides are to be fastened over the hole in a similar way.
In this state, the tongue presents the appearance of a semi-trans-

parent membrane, which permits us to see through its substance ;

and when placed between the light and the object-glass of the

microscope, offers one of the most beautiful and marvellous

spectacles which can possibly be witnessed. It will be found most
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convenient to view it, first, with a simple magnifying-glass, having
a power of 1 5 to 20, so as to obtain a general view of the vessels

and of the circulation ; even with this small power the observer will

be filled with astonishment at the magnificence of the spectacle,

especially if a strong light is thrown upon the lower side of the

tongue. To imagine a geographical map to become suddenly

animated, by their proper motions being imparted to all the

rivers delineated upon it, with their tributaries and affluents,

from their fountains to their embouchures, would afford a most

imperfect idea of this object, in which is rendered plainly visible,

not only the motion of the blood through the great arterial trunks,
and thence through all their branches and ramifications to the*

capillaries, but also its complicated vorticular motions in the

glands, its return through the smaller ramifications of the veins to

the larger trunk veins, and its departure thence en route for the

heart. Such is the astonishing spectacle, circumscribed within a

circle having the diameter of the 120th of an inch, magnified,

however, 400 times in its linear, and therefore 160000 times in its

superficial dimensions, which has been daguerreotyped by Messrs.

Donne and Foucault, and which is reproduced on the same scale

in fig. 39, p. 65.

83. The arteries are distinguishable from the veins very readily,

by observing the direction in which the blood flows, its velocity,
and their comparative calibre. In the arteries the blood flows

from the trunk to the branches, its course is marked by the

arrows in fig. 39, where t is a trunk-artery entering near the

lowest point of the field of view ;
the arrows show the course of

the blood passing into the principal branches, 1, 2, and 3, from

which it flows into all the smaller arterial ramifications. The
course of the blood in the veins, on the contrary, is from the

branches to the trunk, from whence it finds its way back to the

heart. The arteries, moreover, are of less calibre than the veins,

and consequently the blood flows in them with greater velocity.

The greater arteries are accompanied by a greyish flexible cord,

which can be perceived, but not without some attention
;

it passes

along the sides of the artery : this cord is only a nerve.

As the ramifications of the arteries are multiplied they are

diminished in calibre, and merge at length in the capillaries, from

which they are scarcely distinguishable, the latter being equally

indistinguishable from the smaller veins. As these conduits of

'the blood diminish in diameter, the red corpuscles at length so

completely fill them, that they can only move in them one by one,

and they can be thus seen following one another at perceptible

intervals. If the microscope be directed to that part of the edge
of the tongue, which is within the limits of the hole made in the
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cork, the blood can be traced in its course to the extreme arteries,

and thence from the smaller to the larger veins on its return to

the heart.

84. The vascular system of the tongue appears traced upon a

greyish semi-transparent brown, on which a multitude of fine

fibres, v v, are seen extended in different directions ; these

existing at different depths within the thickness of the tongue,

appear superposed and interlaced ; these fibres belong to the

muscle of the organ, and their characteristic action is rendered

evident in tfre microscope, by their alternate contraction and
extension. A number of greyish spots, somewhat round in their

outline and a little more opaque than the neighbouring parts,

appear scattered through the tongue ; these spots belong to the

mucous-membrane, and are in fact parts of the glands in which
saliva is secreted. They are the theatres of a surprisingly

complicated and active blood-motion. The sanguine fluid enters

them at one side, generally by a single small artery, rarely by
two, and following the course of this artery, it pursues a nodu-

lated path, resembling the form of a bow of ribbon, or the

figure 8, and issues from them at a point opposite to that it entered.

The organ of which we speak, says Dr. Donne, having a certain

thickness, we cannot always see at once the entrance and departure
of the blood, the point of its departure being often in a plane
inferior or superior to that of its entrance, and the two points

not being, therefore, at the same time in focus. But in any case,

nothing can be more curious or more profoundly interesting than

the vortices of rapid circulation, thus exhibited, in a space so

circumscribed and within the limits of an organ, which is evidently
one of secretion.

85. These greyish spots in short, in which the circulation proves
to be so active, are nothing but the mucous-follicles of the tongue,
the little glands in which is secreted the viscous humour which

coats in such abundance the tongue of the frog, and we accord-

ingly find that if it be wiped off, it will be almost immediately

reproduced.
86. The milk of mammalia being the first nourishment taken

by their young, and their only nourishment until a certain epoch
of their growth, it might naturally be expected that that fluid

would have a close analogy to the blood. The examination of

milk accordingly, whether with the microscope or by means of

chemical analysis, proves such an anticipation to be well-founded.

If a small drop of milk be laid upon a clean slip of glass, and

covered by a thin film of glass, so that a thin stratum of the

fiuid shall be included between them, it is found on submitting it

to the microscope, in the same manner as has already been described
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in the case of the hlood, that very similar appearances are pre-
sented, A multitude of minute pearly spherules with the most

perfect outline, reflecting light brilliantly from their centre and

varying in magnitude from the 12500th to the 3000th part of an
inch in diameter, and even larger still, are seen floating in the fluid.

The general magnitude and number of these globules vary
much, not only in the case of one species of animal compared with

another, but with different individuals of the same species, and
even with the same individual under different circumstances.

87. In fig. 40, p. 97, we have given the appearance presented by a
thin disc, the 120th of an inch in diameter, of common cow's

milk magnified 400 times in its linear, and therefore 160000 times

in its superficial dimensions, engraved from a daguerreotype by
MM. Donne and Foucault.

88. It appears from the researches of physiologists on this

subject that the pearl-like globules, which thus float in such

multitudes in Tajik are the constituents out of which butter is

formed. The serous fluid in which they float is composed of the

constituent out of which cheese is formed, combined with another

substance called sugar-of-milk, and water, the last constituting
from 80 to 90 per cent, of the whole, so that, in fine, milk in

general may be regarded as water holding in solution the sub-

stances called sugar-of-milk and caseine, the name given to the

cheesy principle, with the globules of butter already described

floating in it.

89. The proportion in which these constituents enter into the

composition of milk varies, the richness always depending on the

proportion of globules of butter contained in it.

90. The following is an analysis of the milk of the woman,
the cow, the goat, and the ass, according to Meggenhofen, Yan-

Stiptrian, Liuscius, Bonpt, and Peligot :

Woman. Cow. Goat. Ass.

Butter . . . .8-97 2 '68 4-56 1-29

Sugar of Milk . . . 1-20 5 -68 9 '12 6 '29

Cheesy matter . . T93 8 '95 4*38 1'95

Water . . . . 87'90 82'69 81 '94 90-47

100-00 100-00 100-00 100-00

91. From this and similar analyses -it appears that woman's
milk is by far the richest of the mammalia, containing generally
little short of 10 per cent, of butter, while the milk of other

species contains no more than from 1 to 4 per cent, of that

principle.
It must, however, be observed that these are average proportions,
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and that the richness of the milk differs considerably in different

individuals. It is found that in all cases the milk is sufficiently
rich in the cheesy principle, the constituent in which it fails-

being the butter, which is the most important in respect ta
nutriment.

The butter globules of woman's milk, though much greater in

quantity, as appears above, than those in the milk of inferior

animals, appear from the observations of Dr. Donne to be
smaller in magnitude. We have given in fig. 43, the appearance

O <> &

Fig. 43. THIN DISC OF WOMAN'S MILK, THE 120TH OF AN INCH IN DIAMETER, MAGNIFIED*
400 TIMES IN ITS LINEAR, AND 160000 TIMES IN ITS SUPERFICIAL DIMENSIONS.

of a disc of ordinary woman's milk, magnified similarly to fig. 40,

The difference between the magnitude of the globules is apparent.
92. The analogy of milk to blood manifested in a manner so

striking by the microscope, was still farther investigated in a

series of highly interesting experiments made by Dr. Donne*..
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That eminent physiologist transfused milk into the blood vessels

of various animals, with all the precautions necessary to prevent
the admission of air. It was found generally that the vital

functions of the animal, were neither interrupted nor disturbed ;

the milk mingled with the blood and circulated with it through
the system, its presence being detected in all the vessels. But the

most interesting and important result of these researches, was,
that the butter globules of the milk were found to assimilate

themselves to, and play the same part with, the white globules of

the blood, and like them were gradually converted into red cor-

puscles, and it appeared that the place where this change was
elaborated was, as in the case of the white corpuscles of the

blood, the spleen.

These researches and their results, however, being recent and

novel, must be received with that caution which is always neces-

sary in physical researches, until they are repeated and like results

reproduced by other observers.

93. The question of the quality of milk in respect to its

richness, has high sanitary and economic importance, and yet it

is one which hitherto does not appear to have received the atten-

tion which it merits. "We hear on all hands the adulteration of

milk complained of, and the frauds of the milkman reprehended ;

but we seldom hear of any practical methods applied for the pur-

pose of detecting and checking this abuse. It will perhaps not

be out of place here, to say a few words in illustration of this

question.
94. The richness of milk, as has been just observed, depends on

the proportion of butter globules which it contains ;
these globules

being lighter, bulk for bulk, than the liquid in which they float,

have a tendency to rise to the surface, and when milk is allowed

to stand still they do rise to the surface, where, mixed with a

certain portion of the cheesy principle and sugar-of-milk, they
form cream. Now it follows, that being thus lighter, bulk for

bulk, than the fluid in which they float, they have a tendency,
when mixed with that fluid, as they are when the milk is in its

natural state, to render the milk lighter, and the larger the pro-

portion is in which these butter globules are mixed with the milk,

the lighter will be the milk. It was therefore inferred, that the

lightness of the milk might be taken as a test of its richness, and

M. Quevenne invented a species of hydrometer, which he pro-

posed to apply to test the richness of milk, in the same manner
as the ordinary hydrometer is applied to test the strength of

spirits. But the indications of this instrument, ingenious as it is,

are fallacious.

95. Let us suppose that the fraudulent milkman allowing the
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milk lie proposes to sell, to stand until the richer portion forms
a creamy stratum at its surface, then skims off this stratum
which he sells at a high price, as cream. The remainder and

impoverished portion of the milk is then undoubtedly heavier
than before it was deprived of the cream, and its poverty would
be detected by Quevenne's hydrometer : but the crafty milkman,
aware of this, has the adroitness, not only to correct the too great

weight of the fluid, but to do so to his own increased profit. He
knows that the addition of water will diminish the specific

gravity of his skimmed milk, and he accordingly mixes with it

just so much of that cheap liquid as will reduce its weight to that

of milk of the proper richness.

96. This manoeuvre is attended also with another deceptive
effect ; it is found that the mixture of water with milk facilitates

the disengagement of cream, and expedites its collection at the

surface. Whatever creamy particles, therefore, may remain in

the milk thus impoverished and adulterated, will rise quickly to

the surface, and collecting there, will deceive the consumer, pro-

ducing the impression that the milk on which cream so quickly

collects, must necessarily be rich.

The great importance of discovering such an easy and practi-
cable test of the quality of an element so important to the

sanitary condition of the people, as milk, ought, one should have

supposed, to stimulate scientific men to such an invention. The
frauds practised so extensively by the vendors of milk on great

public establishments, such as hospitals and schools, are notorious.

An eminent medical practitioner says, that in conversing with one

of the great milk contractors of the public establishments in

Paris, during a season in which forage had risen to a very high

price, the milkman observed frankly, and with a smile, "in
common seasons, we do put a little water to the milk, but at pre-
sent we are obliged to put milk to the water."

97. Dr. Donne has invented an instrument to ascertain the

richness of milk, which he calls a lactoscope, which was presented
to the Academy of Sciences, and favourably reported upon by a

committee consisting of MM. Thenard, Chevreul, Boussingault,

Regnault et Seguier, who experimented with it and verified its

results. This instrument is based upon the fact, that while the

butter glolbules, which float in milk, are opaque, the liquid which

surrounds them is nearly transparent. It follows from this, that

the transparency of milk will diminish as its richness increases,

and vice versd.

The lactoscope consists of two plates of glass, set parallel to

each other, so as to form a cell in the end of a tube, like an

opera-glass, the cell being at the wide end of the tube. A screw-
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adjustment is provided, by which the distance between the

plates of glass may be varied within certain limits, so that by
turning the screw in one way, the plates may be brought into

absolute contact, and by turning it the other way, they may be

separated by any desired interval. Over this cell, is provided a

small cup, with a hole in its bottom, by means of which the cell

may be filled with milk. Let us now suppose this cup to be filled

with the milk to be tested, the screw having been previously
turned until the plates of glass composing the cell are in contact.

The milk in that case, will not pass between them, but will

remain in the cup. Let the observer, applying his eye to the

small end of the instrument, look through the cell at the flame of

a candle, placed at about three feet distance from it, and let him at

the same time slowly turn the screw, so as to let the milk flow

into the cell ; at first the candle will be seen dimly through the

milk, but when the plates have been separated by the screw to a

certain distance, the flame will be no longer visible, being inter-

cepted by the multitude of butter globules in the milk.

Now it will be found, as may be expected from what has been

explained, that the poorer the milk is, the greater will be the dis-

tance to which the glasses must be separated in order to intercept
the flame, and the richer it is, on the other hand, the less will be

the distance which will suffice to produce that effect,

These instruments are made and sold by the Paris opticians.

98: It may be objected that the certainty of this instrument

depends upon the fact that the milk is impoverished either by

skimming it or by mixing it with water, but that if it be adul-

terated by any substance which will promote its opacity, the

indications of the instrument must fail. The answer to this

objection is, that such a mode of adulteration is impracticable ;

the substance used for such a fraudulent purpose must in the first

place be one, which, when mixed with the milk, will not sensibly
alter its conspicuous and well-known properties, such as its

colour, taste, odour, and general consistency. It must, moreover,
be soluble in the milk, and not merely mixed with it, since if so,

it would either sink to the bottom, forming a sediment, or rise to

the top, as oil would in water, and in either case, would be

immediately detected. It must also be such as will not be

disengaged by heat, and thereby be betrayed in boiling the milk :

in fine, it must obviously be a substance cheaper than milk, and
the process of combination must be so simple as to be inexpensive
and to admit of a certain secrecy ; now it is quite apparent, that

there k one substance only which will fulfil all these conditions,
&nd tnat substance is water.

99. The frauds practised by the vendors of milk do not always
iJO
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consist in adulteration
;
we have already mentioned the case of

skimming the milk, and selling the richer and poorer portions at

different prices ; this cannot be characterised as fraud, so long as

the difference of quality is admitted, but yet it has the effect of

fraud upon the consumer of the skimmed portion, for the milk
he obtains is precisely the same in quality as he would obtain

if the milkman instead of skimming the milk had left it in its

natural state, but watered it, so as to reduce it to the poverty of

skimmed milk.

100. There is another expedient, commonly enough practised,
which is attended with similar effects, when the milk is allowed

to accumulate in the breasts or dugs of the animal until they
become filled and distended, the first portion drawn from them will

be poor, and the milk will become richer and richer until the

vessels are emptied. This physiological fact is quite familiar to

dairymen, who divide the milking of the cow into two parts,

the fore-milk and the after-milk ; the latter being sometimes called

^trippings. "Now this richer portion of the milk is often reserved

for cream, the fore-milk only being sold to the consumer. In

accordance with the same principles it will be easily understood,
that the more frequently the animal is milked, the more uniformly
rich will be .the fluid.

All the circumstances here explained, and the tests provided,
to ascertain the quality of the milk of inferior animals, are

equally applicable to human milk. "Wet-nurses differ one from

another evidently enough in the abundance of their milk, and this

is a point which, accordingly, is never overlooked in the selection of

nurses. The quality of the milk, however, being much less obvious,

is rarely attended to. Yet it is even more important than the

mere question of quantity. The physical researches of some of the

French ph}'siologists have shown that cases frequently occur in

which there is a superabundance of milk
;
and where, though the

woman presents the aspect of health and vigour, the milk is poor
in butter, the globules being small either in magnitude or number,
or both ; they are sometimes observed to be ill-formed, to float in a

liquid of little density, and sometimes to be mixed with corpuscles

of mucus and of a granular substance. These are characters incom-

patible with the healthiness of the milk, yet they are such as can

only be detected by the microscope." Nevertheless, it is rare indeed

that the medical practitioner ever thinks of instituting such

inquiries, much less of resorting to the microscope or any other

lactoscopic test.

101. We have now indicated, so far as we are informed, all the

methods by which the representations of microscopic objects are

obtained, and of these that which gives the strongest guarantee of
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accuracy and fidelity is the photographic method. It must, however,
be observed, that even in this method, as it was practised in the

production of the Microscopic Atlas of Messrs. Donne and Foucault,
there is still a possible source of inaccuracy remaining, the engraver

having to reproduce the photographic picture upon his plate, and

for the fidelity of this process, there is no other guarantee than the

general accuracy of the engraver's art.

Measures are, however, now being taken, with a fair prospect of

success, by which an optical picture being projected upon a plate,

will engrave itself an approach to this has indeed been made ;

the photographic picture being projected upon a surface of wood,

properly prepared and being there delineated by its own light, as

it would be on a daguerreotype plate. The engraver after this has

nothing to do but to follow the lines of the picture with his

graving tool.

Attempts, however, are being made to cause the light itself to

engrave the plate, and I have seen microscopic pictures of the

blood corpuscles thus self engraved, which, if not completely satis-

factory as works of art, have been sufficient to impress me with

the conviction, that we are not far from the attainment of a

measure of such high scientific importance as that of making
natural objects engrave themselves.
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'' 63 - The Eye. Chap. III.
l^art XIV., pnce 5d.

64> Common Things. Time. Chap IV.
57. The Steam Engine. Chap. II. i 65. Common Things. Spectacles Tho
58. Common Things. Time. Chap. II. i Kaleidoscope.

VOL. VI., price Is. 6d.,

PART XVI., price 5d.

66. Clocks and Watches. Chap. I.

67. Microscopic Di-awing and Engraving.
Chap. I.

68. Locomotive. Chap. I.

69. Microscopic Drawing and Engraving.
Chap. II.

PART XVII., price 5d.

70. Clocks and Watches. Chap. II.

71. Microscopic Drawing and Engraving.
Chap. III.

72. Locomotive. Chap. II.

73. Microscopic Drawing and Engraving.
Chap. IV.

PART XVIII., price 6d.

74. Clocks and Watches. Chap. III.

75. Thermometer.
76. New Planets. Leverrier and Adams'

Planet.

77. Leverrier and Adams' Planet, con-
cluded.

78. Magnitude and Minuteness.

Contents of Vols. VII. and VIII. (double), 3s. 6d. cloth.

VOL. VII, price Is. .6d.,

PART XIX. price 5d.

79. Common Things. The Almanack.
Chap. I.

80. Optical Images. Chap. I.

81. Common Things. The Almanack.
Chap. II.

82. Optical Images. Chap. II.

PART XX. price 5d.

83. How to Observe the Heavens. Chap. I.

84. Optical Images. Chap. III. Common
Things. The Looking-Glass.

VOL. VIII.,

85. Common Things. The Almanack.
Chap. III.

86. How to Observe the Heavens. Chap.
II. Stellar Universe. Chap. I.

PART XXI. price 6d.

87. The Tides.

88. Stellar Universe. -Chap. II.

89. Common Things. The Almanack.
Chap. IV. Colour. Chap. I.

90. Stellar Universe. Chap. III.

91. Colour. Chap. II.

PART XXII. price 5d.

92. Common Things. Man. Chap. I.

93. The Stellar Universe. Chap. IV.
94. Magnifying glasses.
95. Common Things. Man. Chap. II.

PART XXIII. price 5d.

96. Instinct and Intelligence. Chap. I.

97. The Stellar Universe. Chap. V.

98. Common Things. Man. Chap. III.

Is. 6(Z. f

99. Instinct and Intelligence. Chap. II.

PART XXIV. price 6d.

100. Instinct and Intelligence. Chap. III.

101. The Solar Microscope. The Camera
Lucida.

102. The Stellar Universe. Chap. VI.
103. Instinct and Intelligence. Chap. IV.
104. The Magic Lantern. The Camera

Obscura.

Continued in Weekly Numbers at Id. ; Monthly Parts at 5d. ; Quarterly
Volumes at Is. 6d.

t
and Half Yearly Volumes at 3s. 6d.

First Book Of Natural PMlOSOphy; or, an Introduction to the Study of

Statics, Dynamics, Hydrostatics, and Optics, with numerous examples. By
SAMUEL NEWTH, M.A., Fellow of University College, London. 12mo, 3*. 6d.

Elements of Mechanics and Hydrostatics. By SAMUEL NEWTH, M.A.
Second Edition, small 8vo, 7. 6d. cloth.



WORKS PUBLISHED BY

A Handbook Of NatUraKPMloSOphy. ByDiONYsius LARDNER, D.C.L.,
Formerly Professor of Natural Philosophy and Astronomy in University College
London. A New Edition, revised and greatly enlarged, with several hundred
additional Illustrations. To appear in 18 Monthly Parts, at Is., and in 4
Volumes (one every two months), 5s. each, cloth lettered. Being a series of
Treatises composed in a popular and generally intelligible style, independently
of the language and symbols of Mathematics.

Mechanics. One Volume. Ready.
Hydrostatics, Pneumatics, and Heat.

One Volume. Ready.

Optics. One Volume.Dpi

Electricity, Magnetism, Acoustics, and
Meteorology. One Volume.

Parts I. to III., each Is., Part IV. Is. 6cl, and MECHANICS, 1 Vol. 5s., cloth;

HYDROSTATICS, PNEUMATICS AND HEAT, 1 Vol., 5s. cloth, are now ready.

'

Dr. Lardner's Handbook of Astronomy. From the "Handbook of

Natural Philosophy and Astronomy." 37 Plates and 200 Woodcuts. Large 12mo
16s. 6d. cloth.

Lardner's Handbook of Natural Philosophy and Astronomy.
Thefollowing Volumes of the First Edition are still on Sale.

SECOND COURSE, One Vol., 8s. 6d. t contains: Heat ; Common Elec-

tricity ; Magnetism ;
Voltaic Electricity.

THIRD COURSE, One Vol., 16s. 6d., contains : Astronomy and
Meteorology. With 37 Plates and 200 Woodcuts.

*** Either volume may be purchased separately.

MATHEMATICS, &c.

JJLEMENTS Of Arithmetic. By AUGUSTUS DE MORGAN, Professor of Mathe-
matics in University College, London. Fifth Edition, with Eleven Appendixes,
Koyal 12mo, 5s. cloth.

Be Morgan's Trigonometry and Double Algebra. Eoyai i2mo,
Vs. 6d. cloth.

Barlow's Tables of Squares, Cubes, Square Hoots, Cube Roots,
AND RECIPROCALS, up to 10,000. Stereotype Edition, examined and cor-
rected. Under the superintendence of the Society for the Diffusion of Useful

Knowledge. Royal 12mo, cloth, 8s.

Arithmetical Books and Authors. From the Invention of Printing to

the present time ; being Brief Notices of a large Number of Works drawn up
from actual inspection. By AUGUSTUS DE MORGAN, Professor of Mathematics in

University College, London. Cheap issue. Royal 12mo, 2s. Qd, cloth.

A Course of Arithmetic as Taught in the Pestalozzian School,
WORKSOP. By J. L. ELLENBERGER. 12mo, 5s. cloth.

The First Book of Euclid Explained to Beginners. Bye. P.

MASON, B.A., Fellow of University College, and Principal of Denmark Hill

Grammar School. Fcap. Svo, Is. 9d. cloth.

A Mathmatical Course for the University of London,
By THOMAS KIMBER, M.A. Second Issue, with New Appendix. Svo, 9s. cloth.

Eeiner's Lessons on Form
; or, an Introduction to Geometry,

as given in a Pestalozzian School, Cheam, Surrey. 12mo, with numerous

Diagrams, 3s. 6d. cloth.

A First Book On Plane Trigonometry. Geometrical Trigonometry,

and its applications to Surveying, with numerous Examples. For the use of

Schools. By G. W. HEMMING, M.A., Fellow of St. John's College, Cambridge,
and Author of a Treatise on the ' ' Differential and Integral Calculus." With

Diagrams, 12mo, cloth limp, Is. Gc/.
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Principles Of Geometry, familiarly Illustrated, and applied to a
variety of tiseful purposes. Designed for the Instruction of Young Persons.
Second Edition, revised and enlarged, 12mo, with 150 Woodcuts, Is. 6d.

Tables of Logarithms, Common and Trigonometrical, to Five
PLACES. Under the Superintendence of the Society for the Diffusion of Useful
Knowledge. Fcap. Svo, cloth limp, Is. 6d.

LeSSOnS On Number, as given at the Pestalozzian School, Cheam, Surrey.
By CHARLES REINER. The Master's Manual. New Edition. 12mo cloth, 5s,
The Scholar's Praxis. 12mo, 2s. bound.

GREEK

^HE Anabasis Of Xenophon. Expressly for Schools. With Notes, a Geo-

graphical and Biographical Index, and a Map. By J. T. V. HARDY, B.A.,
Principal of Huddersfield College ; and ERNEST ADAMS, Classical Master in Uni-
versity College School. 12mo, 4s. 6d. cloth.

Lexicon tO AeSChyluS. Containing a Critical Explanation of the more Difficult

Passages in the Seven Tragedies. By the Rev. W. LINWOOD, A.M., M.R.A.S.
Second Edition. Revised. Svo, 12s. cloth.

NeW Greek DelectUS ; Being Sentences for Translation from Greek into

English, and English into Greek ; arranged in a Systematic Progression. By
Dr. RAPHAEL KUHNER. Translated and Edited from the German, by Dr. ALEX-
ANDER ALLEN. Third Edition, revised. 12mo, 4s. cloth.

Four Gospels in Greek. For the use of Schools. Fcap. 8vo. cloth limp,
Is. Qd. This part of the Greek Testament is printed separately for the use of
Students beginning to learn Greek, the Evangelists being more generally read
than the rest of the Testament.

London Greek Grammar. Designed to exhibit, in small compass, the Ele-
ments of the Greek Language. Edited by a GRADUATE of the University of
Oxford. Fifth Edition. 12mo, cloth limp, Is. 6d.

Greek Testament. GRIESBACH'S TEXT, with the various readings of MILL and
SCHOLZ. Second Edition, revised. Fcap. Svo, cloth, 6s. 6d. ; morocco, 12s. 6d.

PlatO. The Apology of SOCRATES, CRITO, and part of the PHAEDO, with English
Notes, a Life of fcocrates, &c. Edited by Dr. W. SMITH. Second Edition. 12mo,
cloth, 5s.

Robson's Constructive Greek Exercises. i2mo, cloth, 7s. u.

*** This Work, which was originally intended to be a new edition of
' ' Allen's

Constructive Greek Exercises," will take the place of that book. The general

principles of both are identical.

What is the Power Of the Greek Article ;
and how may it be ex-

pressed in the English Version of the New Testament ? By JOHN TAYLOR. Svo,
2s. Qd.

LATIN.

"MEW Latin DelectUS ; being Sentences for Translation from Latin into

English, and English into Latin ; arranged in a Systematic Progression, on the

plan of the Greek Delectus. By Dr. ALEXANDER ALLEN. Third Edition, 12mo,
4s. cloth.

NeW Latin Heading-Book J
Short Sentences, Easy Narrations, and Descrip-

tions, from Caesar's Gallic War, arranged in Systematic Progression. With a

Dictionary. Second Edition, revised. 12mo, 2s. (Jd. cloth.

Constructive Latin Exercises, for teaching the Elements of the Language
on a System of Analysis and Synthesis ; with Latin Reading Lessons, and copious
Vocabularies. By JOHN ROBSON, B.A., late Assistant Master in University
College School. Third Edition, thoroughly revised. 12mo, 4s. Qd. cloth.
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3jOnCLOn Lcltill Grammar \ including the Etoii Syntax and Prosody in English,

accompanied with Notes. Edited by a GRADUATE of the University of Oxford.
Fifteenth Edition. 12mo, Is. 6d. cloth limp.

First Latin Reading LeSSOnS ;
with complete Vocabularies. Intended as

an Introduction to Caesar. By JOHN ROBSON, B.A., Assistant Master in Univer-

sity College School. 12mo, 2s. 6d. cloth.

The Principal Roots of the Latin Language, simplified by a display
of their Incorporation into the English Tongue ; with copious Notes. By HENRY
HALL. Fifth Edition. 12mo, Is. 6d. cloth limp.

The Germania Of TacitUS. With Ethnological Dissertations and Notes. By
Dr. R. G. LATHAM. Author of the "English Language." &c. With a Map.
Demy 8vo, 12s. 6d.

TacitUS, Germania, Agricola, and First Book of the Annals. With English
Notes and BOTTIGER'S Remarks on the style of TACITUS. Third Edition revised
and much improved. Edited by Dr. W. SMHTH. 12mo, 5s. cloth.

CSBSar for Beginners. Latin and English ; with the Original Text at the end.

12mo, 3s. 6d. cloth.

Mythology for Versification
J or, a Brief Sketch of the Fables of the

Ancients, prepared to be rendered into Latin verse. By the late Rev. F.
HODGSON, M.A. (Provost of Eton). New Edition. 12mo, 3s. bound. KEY to
Ditto. 8vo, 7s.

Select Portions Of Sacred History, conveyed in sense for Latin Verses.

By the late Rev. F. HODGSON, M.A. (Provost of Eton). Third Edition. 12mo,
3s. Qd. cloth. KEY to Ditto. Royal 8vo, 10s. 6cZ. cloth.

Sacred LyriCS \ or, Extracts from the Prophetical and other Scriptures of

the Old Testament
; adapted to Latin Versification in the principal Metres of

HORACE. By the late Rev. F. HODGSON, M.A. (Provost of Eton). 12mo, 6s. 6d.
cloth. KEY to Ditto. 8vo, 12s. cloth.

Latin Authors. Selected for the use of Schools; containing portions of Phsedrus,

Ovid's Metamorphoses, Virgil's ^Eneid, Caesar and Tacitus. 12mo, Is. 6d. cloth.

HEBEEW,

QRAMMAR of the Hebrew Language. By HYMAN HURWITZ, late

Professor ofHebrew in University College, London. Fourth Edition, revised and

enlarged. 8vo, 13s. cloth. Or in Two Parts, sold separately : ELEMENTS, 4.S. 6d.

cloth ; ETYMOLOGY and SYNTAX, 9s. cloth.

Book Of Genesis in English Hebrew; accompanied by an Interlinear

Translation, substantially the same as the authorised English version ;
Philo-

logical Notes, and a Grammatical Introduction. By W. GREENFIELD, M.R.A.S.
Fourth Edition. Cheap Issue. Svo, 4s. 6d. cloth. With the original Text in

Hebrew characters at the end. Svo, 6s. 6d. cloth.

MAPS.

TEACHING Maps: i. RIVERS AND MOUNTAINS, of England, Wales,

and Part of Scotland. 6d. II. TOWNS of Ditto. 6d.

Projections. Three Maps : MERCATOR ; EUROPE
;
BRITISH ISLES. Stitched in

a Cover, Is. Single Maps, 4d. each.

Projections ;
with Outline of Country. Three Maps stitched in a Cover, Is. Single

Maps, 4tZ. each.



WALTON AND MABERLY. 11

ENGLISH.

English Language. By Dr. R. G. LATHAM, F.R.S., late Fellow of

King's College, Cambridge. Fourth Edition, greatly enlarged. 2 Vols. 8vo. II. 8s-

A Handbook of the English Language. By Dr. R. G. LATHAM, F.R.S.
Second Edition, revised and much improved. Crown Svo, 7s. Gd. cloth.

An English Grammar for the Use of Schools. By Dr. R. G.

LATHAM, F.R.S.
, late Fellow of King's College, Cambridge. Sixth Edition.

12mo, 4s. 6d. cloth.

Elements of English Grammar, for the Use .of Ladies' Schools.
By Dr. R. G. LATHAM, F.R.S. Fcap. Svo, Is. Gd. cloth.

Elements of English Grammar, for Commercial Schools. By
Dr. R. G. LATHAM, F.R.S. Fcap. Svo, Is. Qd. cloth.

History and Etymology of English Grammar, for the Use of
CLASSICAL SCHOOLS. By Dr. R. G. LATHAM, F.R.S. Fcap. Svo, Is. 6d. cloth.

First Outlines Of Logic, applied to Grammar and Etymology. By Dr. R. G.

LATHAM. 12mo, Is. 6d. cloth.

New English Spelling Book. By the Rev. GORIIAM D. ABBOTT. Second

Edition, with Reading Lessons. 12mo, sewed, 6d.

First English Reader. By the Rev. G. D. ABBOTT. 12mo, with Ilhistrations.

Is. cloth limp.

SeCOnd English Reader. By the Rev. G. D. ABBOTT. 12mo, Is. 6d. cloth limp.

FRENCH.

MERLET'S French Grammar. By P. F. MEBLET, Professor of French

in University College, London. New Edition. 12mo, 5s. 6d. bound. Or, sold
in two Parts : PRONUNCIATION and ACCIDENCE, 3s. 6d. ; SYNTAX, 3s. 6d. (KEY,
New Edition, 3*. 6rf.)

Merlet's TraduCteur | Or, HISTORICAL, DRAMATIC, and MISCELLANEOUS SELEC-

TIONS from the best FRENCH WRITERS ; accompanied by Explanatory Notes ; a
selection of Idioms, &c. New Edition. 12mo, 5s. 6d. bound.

Merlet's Dictionary of the Difficulties of the French Language ;

containing Explanations of every Grammatical Difficulty ; Synonymes explained
in a concise manner ; Versification ; Etymological Vocabulary ;

Free Exercises,
with Notes; Mercantile Expressions, Phrases, and Letters; Elements of French

Composition. A new and enlarged Edition. 12mo, 6s. 6d. bound.

Merlet's French Synonymes; explained in Alphabetical Order, with

Copious Examples. (From the " DICTIONARY OF DIFFICULTIES.") 12mo, 2s. 6d.

cloth.

Stories from French Writers. Interlinear (from Merlet's "Traducteur".)

GERMAN.
The Adventures Of UlySSeS : a German Reading Book ; with a short

Grammar and a Vocabulary. By PAUL HIRSCH. Twenty-four Woodcuts. 12mo,
6*. cloth.

Separately,

A Short Grammar of the German Language. i2mo, cloth, 2s.

ITALIAN.

First Italian Course ; Being a Practical and Easy Method of Learning the

Elements of the Italian Language. By W. BROWNING SMITH, M.A., Second
Classical Master of the City of London School. Royal 18mo, cloth, 3s. 6d.

Panizzi's Italian Grammar. i2mo, cloth limp, is. ea.
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INTEELINEAK TRANSLATIONS.

Cheap Issue, at Is. 6d. per volume.

JjOCKE'S System of Classical Instruction, restoring the Method of

Teaching formerly practised in all Public Schools. The Series consists of the

following Interlinear Translations with the Original Text, in which the quantity
of the doubtful Vowels is denoted ; critical and explanatory Notes, &c.
*** By means of these Works, that excellent system of Tuition is effectually

restored which was established by Dean Colet, Erasmus, and Lily, at the
foundation of St. Paul's School, and was then enjoined by authority of the
State, to be adopted in all other Public Seminaries of learning throughout the

kingdom. Each Volume, Is. Qd.

LATIN.
1. PH^EDRUS'S FABLES or JEsop.
2. OVID'S METAMORPHOSES. Book I.

3. VIRGIL'S ^ENEID. Book I.

4. PARSING LESSONS TO VIRGIL.
5. CAESAR'S INVASION OF BRITAIN.

GREEK.
1. LUCIAN'S DIALOGUES. Selections.
2. THE ODES OF ANACREON.
3. HOMER'S ILIAD. Book I.

4. PARSING LESSONS TO HOMER.
5. XENOPHON'S MEMORABILIA. Part I.

6. HERODOTUS'S HISTORIES. Selections.

FRENCH. SISMONDI ; the BATTLES of CRESSY and POICTIERS.

GERMAN. STORIES FROM GERMAN WRITERS.

V* A Second Edition of the Essay, explanatory of the System, with an Outline
of the Method of Study, is published. 12mo, sewed, price Qd.

ANIMAL MAGNETISM,

"RARON Von Reichenbach's Researches on Magnetism, Elec-
TRICITY, HEAT, LIGHT, CRYSTALLISATION, AND CHEMICAL AT-
TRACTION, IN THEIR RELATION TO THE VITAL FORCE. Translated
and Edited (at the express desire of the Author) by DR. GREGORY, of the Uni-
versity of Edinburgh. Cheap Issue. One Volume, 8vo, 6s. 6d. cloth.

' ' The merits of this remarkable volume are great. The painstaking, con-

scientious, cautious, ingenious, we had almost said the religious, and certainly
the self-possessed enthusiasm with which the experimental clue is followed from
turn to turn of the labyrinth, is surpassed by nothing of the same sort in the
whole range of contemporary science." North British Review.

ANATOMY, MEDICINE, &c.

T)R. ftuain'S Anatomy. Edited by DR. SHARPEY and MR. QUAIN, Pro-

fessors of Anatomy and Physiology in University College, London. Fifth
Edition. Complete in Two Volumes, 8vo. Illustrated by four hundred
Engravings on Wood. Price 21.

Demonstrations Of Anatomy. A Guide to the Dissection of the Human
Body. By GEORGE VINER ELLIS, Professor of Anatomy in University College,
London. Third Edition. Small Svo. 12s. 6d. cloth.

The Essentials of Materia Medica, Therapeutics, and the
PHARMACOPOEIAS. For the use of Students and Practitioners. By ALFRED
BARING GARROD, M.D., Professor of Materia Medica and Therapeutics iu

University College, London. Fcp. Svo. 6s. 6d.

Lectures on the Principles and Practice of Midwifery. By
EDWARD WM. MURPHY, A.M., M.D., Professor of Midwifery in University
College, London. One Volume, Svo, many Illustrations, 16s.

"The work will take rank among the best treatises on the obstetric art. By
this work, Dr. Murphy has placed his reputation and his fame on a solid and
durable foundation." DvMin Medical Press.
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A Handbook Of Physiology. By WILLIAM S^NHOUSE KIRKES, M.D., De-
monstrator of Morbid Anatomy at St. Bartholomew's Hospital. Assisted by
JAMES FACET, Lecturer on General Anatomy and Physiology at St. Bartho-
lomew's Hospital. Second Edition. One Volume 12mo, with Illustrations.
12*. Gd.

On Pain After Food
;

its Causes and Treatment. By EDWARD
BALLARD, M.D., Lond., Lecturer on the Practice of Medicine at the School of
Medicine adjoining St. George's Hospital. One vol. 4s. Gd. cloth.

Physical Diagnosis of the Diseases of the Abdomen. By EDWARD
BALLARD, M.D., Late Medical Tutor in University College, London. Large
12mo, 7*. Gd. cloth.

' ' The profession is much indebted to Dr. Ballard for this unpretending little

volume, which, we feel certain, if carefully studied, will accomplish its object of

removing many of the difficulties at present surrounding the diagnosis of
abdominal diseases." Lancet.

A Practical Treatise on Diseases of the Heart and Lungs,
their Symptoms and Treatment, and the Principles of Physical Diagnosis. By
W. H. WALSHE, M.D., Professor of the Principles and Practice of Medicine and
Clinical Medicine in University College, London; Physician to University Col-

lege Hospital, and Consulting Physician to the Hospital for Consumption and
Diseases of the Chest. A new and considerably enlarged edition. One Volume,
12*. 6d. cloth.
" This work is what its name indicates it to be eminently practical. That

it will add largely to the already great reputation of its author, no question can
be entertained. It is far in advance of any other Treatise on Diseases of the

Chest, either in this or any other country. Every page we were about to say
every line contains a fact, often new, and always resting on the Author's own
observations. Cases are quoted to prove every new statement, and to support
every argument adduced in opposition to others. To the practitioner, the
clinical teacher, and to the student, this work will prove alike invaluable."
Medical Times.

The Nature and Treatment of Cancer. By w. H. WALSHE, M.D.,
Professor of Medicine in University College, Physician to University College
Hospital, and Consulting Physician to the Hospital for Consumption and
Diseases of the Chest. One Volume, 8vo, with Illustrations. Cheap Issue, 6s. Gd.

The Diseases Of the Rectum. By RICHARD QUAIN, F.R.S., Professor of

Clinical Surgery in University College, and Surgeon to University College Hos-

pital. With Lithographic Plates. Second edition enlarged. Post Svo. 7s. Gd.

cloth.

"This Treatise is eminently of a practical character, and contains much
original and valuable matter. It is not indeed a literary compilation, but rather

an exposition of the author's opinions and practice in those diseases." Associa-

tion Journal.

The Science and Art Of Surgery. Being a Treatise on Surgical Injuries,

Diseases, and Operations. By JOHN ERICHSEN, Professor of Surgery in Uni-

versity College, and Surgeon to University College Hospital. 250 Wood
Engravings. Svo. II. 5s.

"The aim of Mr. Erichsen appears to be, to improve upon the plan of

Samuel Cooper ; and by connecting in one volume the science and art of

Surgery, to supply the student with a text-book and the practitioner with a
work of reference, in which scientific principles and practical details are alike

included.
"
It must raise the character of the author, and reflect great credit upon the

College in which he is Professor, and we can cordially recommend it as a work
of reference, both to students and practitioners." Medical Times.

The Microscopic Anatomy of the Human Body in Health
AND DISEASE. Illustrated with numerous Drawings in Colour. By ARTHUR
HILL HASSALL, M.B., Fellow of the Linnsean Society, Member of the Royal
College of Surgeons, &c. &c. Two Vols. Svo, 21. 5*.

HassalTs History of the British Freshwater Algae, including

Descriptions of the Desmidese and Diatomacere. With upwards of 100 Plates,

illustrating the various species. Two Vols. Svo, 21, 5s.
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A Series of Anatomical Plates in Lithography. Edited by
JONES QUAIN, M.D., and ERASMUS WILSON, F.R.S.

*** A remarkably cheap issue is now on sale at the following low prices .

To Subscribers. Former Price.

THE COMPLETE WORK, in Two Volumes, Royal s. d. s. d.

Folio, Half-bound Morocco ..... 550 880
THE SAME, Full Coloured, Half-bound Morocco . 880 14

The Work may also be purchased in separate portions, bound in Cloth and Lettered,
as follows :

PLAIN. COLOURED.
To Subscribers. Former Price. To Subscribers. Former Price.

s. d. & s. d. & s. d. s. d.

Muscles. 51 Plates .. 150 1180 240 31-20
Vessels. 50 Plates . . . 150 1180 200 330
Nerves. 38 Plates ..110 1100 1140 2160
Viscera. 32 Plates . . . 0170 150 1100 280
Bones and Ligaments. 30 Plates 0170 150 100 1116
*** Proposals with full particulars may be had of the Publishers, by whom and by all

Booksellers, Subscribers' names will be received.

On Gravel, CalCUluS, and Gout; chiefly an Application of Professor

Liebig's Physiology to the Prevention and Cure of those Diseases. By H. BENCE
JONES, M.D., F.R.S., Physician to St. George's Hospital. Svo, 6s. cloth.

CHEMISTEY, &c.

PRINCIPLES Of Agricultural Chemistry, vvith Special Reference to
*

the late Researches made in England. By JUSTUS VON LIEBIG, Professor of

Chemistry in the University of Munich. Small Svo., 3s. 6tf. cloth. Just published.

Familiar Letters on Chemistry, in its relations to Physiology,

Dietetics, Agriculture, Commerce, and Political Economy. By JUSTUS VON
LIEBIG. A New and Cheap Edition, revised throughout, with many additional

Letters. Complete in one Volume, Foolscap Svo, price 6s. cloth.

Practical Pharmacy. The Arrangements, Apparatus, and Manipulations of

the Pharmaceutical Shop and Laboratory. By FRANCIS MOHR, Ph. D., and
THEOPHILTJS REDWOOD, Professor of Chemistry and Pharmacy to the Phar-

maceutical Society. 400 Engravings on Wood. Svo, 6s. 6d. cloth.

Gregory's Handbook of Inorganic Chemistry. For the use of

Students. By WILLIAM GREGORY, M.D., Professor of Chemistry in the

University of Edinburgh. Third Edition, revised and enlarged. I2mo, 5s. 6d.

"A young man who has mastered these few and by no means closely printed

pages, may venture to face any board of examiners on Chemistry, without fear

of being posed by any fair question." Association Journal.

Gregory's Handbook of Organic Chemistry ; being a New and greatly

Enlarged Edition of the " Outlines of Organic Chemistry, for the Use of

Students." One volume, large 12mo, 9s. Gd. cloth.
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Handbook of Organic Analysis. By JUSTUS LIEBIO. Edited by
DR. HOFMANN, Professor in the Royal College of Chemistry, London. Large
12mo. Illustrated by 85 Wood Engravings. 5s. cloth.

' ' The work now before us is a most valuable contribution to our knowledge
on this most important subject. The style is lucid, and the processes are not
only explained to the mind, but are made manifest to the eye oy a profusion of
beautiful illustrations." Medical Times.

Handbook Of Inorganic Analysis. By FRIEDRICH WOHLER, M.D.,
Professor of Chemistry in the University of Gottingen. Translated and Edited
by DR. HOFMANN, Professor in the Royal College of Chemistry, London. Large
I2mo, 6s. 6d. cloth.

"Next to Rose of Berlin in the ranks of living analytic chemists, particularly
in the inorganic department of the art, stands Friedrich Wohler. who has in
this book given us a compendium of inorganic analysis, illustrated by examples
of the methods to be pursued in the examination of minerals, both of a simple
and complex constitution, which, if followed out by the student with ordinary
care and patience, and with some little practical instruction, will not fail to
render him a thorough master of this division of chemical knowledge."
Association Journal.

Elements of Chemical Analysis, Qualitative, and Quantitative.
By EDWARD ANDREW PARNELL, author of "Applied Chemistry; in Arts,

Manufactures, and Domestic Economy." Second Edition, revised throughout,
and enlarged by the addition of 200 pages. 8vo, Cheap Issue, 9s. cloth.

Animal Chemistry ; or, Chemistry in its Applications to Phy-
SIOLOGY AND PATHOLOGY. By JUSTUS LIEBIO, M.D. Edited from the
Author's Manuscript, by WILLIAM GREGORY, M.D. Third Edition, almost

wholly re-written. 8vo, Part I. (the first half of the work) 6s. 6d. cloth.

Chemistry in its Application to . Agriculture and Physiology.
By JUSTUS LIEBIG, M.D. Edited from the Manuscript of the Author, by LYON
PLAYFAIR, Ph. D., and WM. GREGORY, M.D. Fourth Edition, revised. Cheap
Issue. Svo, 6s. 6d.

Dyeing and CaliCO Printing. By EDWARD ANDREW PARNELL, Author of

"Elements of Chemical Analysis." (Reprinted from Parnell's "Applied Che-

mistry in Manufactures, Arts, and Domestic Economy, 1844.") With Illus-

trations. Svo, 7s. cloth.

Outlines of the Course of Qualitative Analysis followed in the
GIESSEN LABORATORY. By HENRY WILL, Ph. D., Professor Extraordinary
of Chemistry in the University of Giessen.. With a Preface by BARON LIEBIG.

Svo, 6s., or with the Tables mounted on linen, 7s.

Turner's Elements Of Chemistry. Edited by Professors LIEBIG and

GREGORY. Eighth Edition. 1 Vol. Svo, II. 10s.

COMMON-PLACE BOOKS AND LITERARY DIARIES.

THE Private Diary. Arranged, Printed, and Ruled for receiving an account

of every day's employment for the space of one year. With an Index and

Appendix. Cheaper Edition. Post Svo, strongly half-bound, 3s. 6d.

The Student's Journal. Formed on the plan of the " Private Diary."

Cheaper Edition. Post Svo, strongly half-bound, 3s. 6d.

The Literary Diary ;
or Complete Common-Place Book, with an Explana-

tion and an Alphabet of Two Letters on a Leaf. Cheaper Edition. Post 4to,

ruled throughout, and strongly half-bound, 8*. 6d.

A Pocket Common-place Book, With LOCKE'S Index. Cheaper Edition.

Post Svo, strongly half-bound 6s. 6d.



16 WORKS PUBLISHED BY WALTON AND MABERLY.

DEAWING, &c.

LINEAL Drawing Copies for the Earliest Instruction, com-
prising 200 subjects on 24 sheets, mounted on 12 pieces of thick pasteboard. By
the Author of "

Drawing for Young Children." In a portfolio. 5s. 6d.

Easy Drawing Copies for Elementary Instruction. By the Author
of "Drawing for Young Children." Set I. Twenty-six Subjects mounted on
pasteboard. Price 3s. 6d., in a Portfolio. Set II. Forty-one Subjects mounted
on pasteboard. Price 3s. 6d., in a Portfolio.

*** The Work may also be had (two sets together) in one Portfolio, price 6s. 6d.

Drawing Models. Consisting of Forms for Constructing various Buildings,

Gateways, Castles, Bridges, &c. The Buildings will be found sufficiently large
to be drawn from by a numerous Class at the same time. In a Box, with a
small Treatise on Drawing and Perspective. Price 21. 10s. Length of the Box,
18g inches; breadth 13 inches; height 85 inches.

Drawing Materials. A Quarto Copybook of 24 leaves, common paper, &d.

A Quarto Copybook of 24 leaves, paper of superior quality, Is. 3d. A Quarto
Copybook of 60 leaves, Is. 6d. Pencils, with very thick lead, B.B.B. 2s. per
half-dozen. Pencils, with thick lead, F. at Is. 6d. ditto. Drawing Chalk, Qd.

per dozen sticks, in a Box. Port-crayons for holding the Chalk, 4d. each.

Perspective. Its Principles and Practice. By G. B. MOORE. In two parts, Text
and Plates. Svo, cloth, 8s. 6cZ.

The Principles of Colour applied to Decorative Art. By G. B.

MOORE, Teacher of Drawing in University College, London. Fcap. 2s. 6d.

SINGING.

Singing Master. People's Edition. (One-Half the Original Price.)

Sixth Edition. Svo. 6s. cloth lettered.
" What chiefly delights us in the 'Singing Master' is the intermixture of many

little moral songs with the ordinary glees. These are chiefly composed by
Mr. Hickson himself; and we could scarcely imagine anything of the kind
better executed. They relate to exactly the class of subjects which all who
wish well to the industrious orders would wish to see imprinted on their inmost
nature contentment with their lowly but honourable lot, the blessings that
flow from industry, the fostering of the domestic affections, and aspirations for

the improvement of society." Chambers' Journal.

*** Sold also in Five Parts, any of which may be had separately as follows:

FIRST LESSONS IN SINGING AND THE NOTATION OF MUSIC.
Containing Nineteen Lessons in the Notation and Art of Reading Music. Svo,

KUDIMENTS OF THE SCIENCE OF HARMONY OR THOROUGH BASS.
8vo, Is. sewed.

THE FIRST CLASS TUNE BOOK. A selection of thirty single and pleasing
airs, arranged with suitable words for young children. Svo, Is. sewed.

THE SECOND CLASS TUNE BOOK. A selection of Vocal Music adapted
for youth of different ages, and arranged (with suitable words) as two and three-

part harmonies. Svo, Is. 6d.

THE HYMN TUNE BOOK. A selection of Seventy popular Hymn and
Psalm Tunes, arranged with a view of facilitating the progress of children learning
to sing in parts. Svo, Is. 6d.

The words without the Music may be had in three small books as follows :

MORAL SONGS, from the FIRST CLASS TUNE BOOK. Id.

MORAL SONGS, from the SECOKD CLASS TUNE BOOK, Id.

HYMNS from the HYMN TUNE BOOK, ld.

*** The Vocal Exercises, Moral Songs, and Hymns, with the Music, may also be

had, printed on Cards, price Twopence each Curd, or Twenty-five for Three Shillings.










