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spectacles were invented by Armati of Florence about the year 1285.
Tt seems to me quite possible that a single lens might have been
used by an engraver of gems'long before the advantage of placing
such a leus in front of each eye became known.

The compound microscope dates from the year 1590, as nearly as
can be ascertained. Hans Janssen, or his son Zacharie, spectacle
makers at Middelburg, in Holland, discovered that the magnified
image of an object produced by a convex lens can be still further
magnified by looking at it with a similar lens. They discovered the

. principle of the indirect amplification of an object, and thus invented

the double microscope. FEighteen years afterwards (1608) the tele-

. cope was also invented in Holland. Neither of these instruments

-_

was invented in Ttaly by Galileo, although he constructed both of them.
Recently an Italian physieist, Professor Govi,! has claimed the in-
vention of the double microscope for Galileo, but there is sufficient
evidence that he arranged lenses to form a double microscope after he
had obtained a telescope from Holland ; while as a matter of fact the
double microscope was invented in Holland eighteen years before the
telescope. There need therefore be no doubt that the credit of the
invention of both instruments belongs to the Dutch.

Some seventy years after Janssen’s invention, Robert Hooke,
secretary of the Royal Society of London, devoted much attention to
the microscope, and made several suggestions worthy of note. His
work, entitled Micrographia, published in 1665, contains many curious
observations on plants and animals and on other subjects, and is
illustrated by elaborate drawings. He principally used a double
microscope with one lens for the object-glass and another for the eye-
glass ; but it is to be observed that his eye-glass was much wider in
proportion to the object-glass than in the Janssen microscope, for a
reason that must be obvious. He tells us that when he desired to
see a greater extent of the surface of an object, he introduced a third
lens in the position of what is now termed the field alass,® but when-
ever he wished to see the object very clearly, to examine its minute
details, he took out the third glass, because, as he said, “the fewer
the refractions, the brighter and clearer the object.” The Dutch
optician, Huygens, the celebrated author of the undulatory theory of
light, had previously used such a glass in the eyepiece of the tele-
scope, and therefore his name is commonly associated with an eyepiece
50 constructed. i

Hooke was so persuaded that the only way to see clearly with the
microscope is to diminish the number of refractions, that he invented
one in which the space between the object-glass and eye-glass was
_}‘i.i.‘lm:ﬂ with water, so that the refraction at the upper surface of the
object-glass u:ncl lower _surfaue of the eye-glass might be greatly
lessened. With water in place of air, the image of an object viewed
through such a mieroscope was more brightly illaminated because of
diminished loss of light by reflection at the inner glass surfaces, but

I See abstract and criticism in Jowr. Roy. Mic, Soc., 1889, p. 57
2 R. Hooke, Micrographia, London, 1665, i R
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might counteract the other. His glass prism bad an angle of 607,
and he experimentally ascertained the angle requ'ed for the water
prism to compensate {he refraction of a beam of light by the glass.
On looking at a white object through both prisms thus arranged, he
observed that although the object did not appenr shifted in position
it seemed to be coloured. Therefore, althongh the water had com-
‘pensated the refraction which the mean rays of the luminous beam
had suffered in the glass prism, o kad not recomposed white light, and
he perceived this to be due to the dispersive power of glass being
nearly twice as great as that of water. He then increased the angle
of his water prism until it compensated the dispersion produced by
the glass, and recomposed white light; but he found that although
the object now appeared colourless, it seemed shifted in position, be-
cause the ray emerging from the prisms had been refracted from the
plane of the incident ray.

By these simple experiments Dollond proved that the refractive
and dispersive powers of an optical medium may be unequal, and
that it is possible to compensate the chromatic dispersion of light
and still obtain a final bending of the beam. Dollond made these
experiments in 1757, two years before he published his paper, and he
immediately proceeded to construct new object - glasses for the
telescope. He at first made them of *two spherical glasses with
water between them,” and he found themn *free from chromatic
errors.” But the errors due to spherical aberration were still so
great that he gave up all hope of success with lenses of such con-
struction. He was led to “suspect that different sovts of glass might
possibly be found to show differences i the ratio of their vefractive and
dispersive powers.” So thut he says (p. 739) “the next business to
be undertaken was to grind wedges of different kinds of glass and
apply them together so that the refractions might be made in con-
trary directions, in order to discover whether the refraction and the
divergence or dispersion of the colours would vanish together.” He
then says (p. 740), “I discovered a difference far beyond my hopes,
in the refractive qualities of different kinds of glass, with respect to
their divergency of colours. The yellow or straw-coloured foreign
sort, commonly called Venice glass, and the English crown glass, are
very near alike in that respect, though in general the crown olass
seems to diverge the light rather the least of the two. The common
plate glass made in England diverges more, and the white crystal or
flint English glass, as it is called, most of all. It was not now my
business to examine into the particular qualities of every kind of
glass that I could come at, much less to umuse myself with conjec-
tures about the cause, but to fix upon such two sorts as their difference
was the greatest, which I soon found to be the crown glass.”

Dollond’s communication is remarkable for lucidity and brevity ;
probably few other papers limited to nine octavo pages huve
uhmniui;ed an ‘advance so important in practical science. But
Dollond’s originality has been questioned. Thomas Young, in his
Lectures on Natural Philosophy, published in 1807, states! “that

1 P, 380, Kelland's edition, published 1845.
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of achromatic lenses appears to have been given by Joseph J ackson
Lister in a paper published in- 1830,1 in which he showed that
Selligue’s method of superposition of achromatic 'doublets in the
objective was capable of yielding results not hitherto fn,ttu,med,
because the key to them had not previously been found. Lister laid
due stress on the principle that an objective must have a large angle
of aperture to give a brilliant and distinct image. He showed that
the marginal rays of a luminous pencil are those which specially
serve to resolve fine closely adjacent lines such as those on the scales
of Lepidoptera, as may be proved by the fact that some of the most
difficult of these lines are best seen when only the marginal rays are
employed and the central rays stopped out. He stated that the
“great requisite for the object-glass of a compound microscope is a
Jarge focal pencil free from aberration ; that the field should be flat
and well defined throughout, and that the light admitted should as
far as possible be only that. necessary for the formation of the
picture, and that it should not be intercepted or diffused over the
field by too many reflections.” He said that the prominent obstacle
to obtaining a sufficient pencil of light for high powers by one object-
glass of large aperture and deep curves is, that the correction for
spherical aberration by the concave lens is proportionally greater ior
the marginal than for the central rays, so that there is over-correc-
tion of the marginal rays and the image consequently rendered
indistinct, and at the same time coloured. It, therefore, becomes
necessary to cut off the marginal rays, and so diminish the aperture
of the lens. Lister was the first to show that by superposition of
achromatic doublets the effective aperture of the series of lenses can
be widened by a precise adjustment of the distance between them,
and by accurately centering them around the optic axis. In combin-
ing several lenses together he says “it is often convenient to trans-
mit an under-corrected pencil from the front glass, and to counteract
its error by over-correction in the middle one” (p- -199). These
apparently simple indications were what he termed the “key” to
the improvement of achromatic objectives.

Lister’s suggestions were promptly acted on by London opticians,
more especially by Smith and Beck, Andrew Ross, and Hugh Powell,
whose ingenuity and skill rapidly raised English microscopes to the
first rank for optical as well as mechanical excellence. No better
testimony could be given to Lister’s acuteness in 1830, than that
furnished by Professor Abbe? in 1879 in his paper on the correction
of spherical and chromatic aberration, where he shows the great
importance of the relative distance between the lenses of an objective,
and the excellent results attainable when an under-corrected pencil of
light is transmitted to over-corrrected lenses placed at a sunitable dis-
tance above the under-corrected front lens, the compensating power

1 ¢ () some Properties in Achromatic Ohject Glasses applieable to the Im-
pm:qmeutlgl' the Elic:ruscolm,” by J. J. Lister, Phil. TP*GI::IS., LEIIII{I.DI'II].E3'D,
part i., p. 187. i
2 Abbe “On New Methods for Improving Spherical Correction applied
construction of Wide-Angled Object-Glasses,” Jour. Koy, M a'::'.‘?‘:‘l:::'. ,p&;’eﬁ, ;?Eii}é?
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illustration is sufficient to show what confusion may be avoided by
adopting the numerical aperture as an index of resolving power.
The numerical aperture of objectives may vary from as low as 0°05
to the comparatively high figure of 1+4, the aperture of the highest
apochromatic oil-iimmersion lens made by Zeiss.

The remarkable increase of the resolving power of lenses, which has
taken place in recent years, would have been impossible but for the
adoption of the immersion principle. We are indebted to Amici of
Modena for the invention of immersion lenses in 1840, or shortly
after. To him belongs the credit of having been the first to aim at
the construction of komogencous immersion lenses. Knowing that
certain oils have a refractive index similar to that of glass, he con-
structed lenses to be immersed in them, so that the refraction and
reflection at the upper surface of cover glass and lower surface of
objective might practically be abolished. It was a similar idea that
led Robert Hooke nearly two centuries before to fill the tube of the
microscope with water. The Ttalian microscopists, however, found
the oil attack the surface of the lens, so that Amici was obliged to
abandon it and make lenses for immersion in water. In making
Jenses for oil immersion fifty years ago, Amici was before his time,
because powerful objectives with a sufficiently large angle of aperture
to take advantage of the homogeneous immersion principle had not
then been constructed. Amici exhibited his water-immersion lenses in
Paris, and similar objectives were made there, but they were soon
surpassed by the immersion systems made in this country by Powell
and Lealand. The adoption of the immersion principle for high
power objectives has permitted of their construction with a larger
aperture, so that their resolving power is increased ; but for very
high power lenses water has now given place to thickened cedar oil,
having refractive index 1:512, which is so nearly that of crown glass
(1-53), that when interposed between the cover glass and lens it
virtually forms with them a homogeneous optical system, in which
there is practically no reflection or refraction at upper surface of
~ cover and lower surface of lens: consequently illumination and de-
finition are improved, and resolving power increased, because the oil

rmits of the lens being constructed with a larger aperture than is
possible with a water lens. The highest numerical aperture of the
oil lenses made under Abbe’s direction is 1-4, which is regarded by
him as the highest useful aperture. He believes it impracticable to
attempt any further increase of aperture, because of the difficulty of
overcoming spherical aberration, which increases with the aperture.

The first oil-immersion lens in the recent period of the microscope
was constructed by Zeiss from a formula caleulated by Abbe,—at the
suggestion of Mr J. W. Stephenson, treasurer of the Royal Miecro-
scopical Society. The celebrity so rapidly attained by the firm of
ZE?SB, as practical opticians, is mainly due to their association with a
skilled mathematician and master of optics in the person of Pro-
fesﬁm'. Abbe. The association of the mathematieal theorist with the
practical optician is always desirable, and in these times no optician
need hope to accomplish anything remarkable unless he is himself
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deeply versed in mathematics, or instructed by a mathematician
willing to turn his attention to optics. The University and the
factory seldom join hands, but the results of such union achieved in
the small town of Jena show how much the honour of a country, as
a producer of philosophical instruments, may be promoted by such
combination, All who use the microscope must ever remain indebted
to Abbe for having solved some of the most embarrassing difficulties
in practical opties that completely baffled all who preceded him.
Until he devoted his mind to the subject, there was no such thing as
a compound microscope in which spherical and chromatic aberration
was completely corrected, consequently the image produced by the
objective was so faulty that deep eyepiecing was ineffective, and
owing to yellow and violet rays being broucht to different foci, it was
difficult to use the microscope in photography. The main difficulty
arose from the peculiar difference in the dispersive powers of flint and
crown glass, If a prism of flint and another of crown glass are made
of such angles that the same beam of light transmitted through each
prism gives rise to a spectrum of the same length in each case, and
the two spectra are shown side by side, it is found that they are not
identical. The junction of the green and blue is nearer the violet
end in the crown glass spectrum, and nearer the red end in the flint
spectrum.  Therefore, since the several parts of the two spectra ure
not in complete correspondence, the chromatic dispersion of crown
glass cannot be completely corrected by that of flint glass ; there
must always be a residue of non-achromatised light, which produces
what is termed a secondary spectrum, and therefore gives rise to a
slightly coloured image. Consequently, in the best ordinary achro-
matic objectives, the chromatic error has never been corrected for
more than two colours of the spectrum—the red and yellow ; while
spherical aberration was not corrected for more than one part of the
spectrum—viz., the yellow line D given by a sodium flame. It was
undercorrected for the red and overcorrected for the blue rays. A
residue of imperfectly corrected spherical aberration is more detri-
mental than uncorrected chromatic aberration, because it impairs the
definition of the object, and renders the image incapable of being
highly magnified with advantage.

It was felt impossible to remove these difficulties without the aid
of glass differing in composition from that of the old crown and flint
glass commonly employed. Abbe therefore sought the aid of Dr
Schott, a chemist experienced in glass making, and numerouns experi-
ments were undertaken. As many as a thousand specimens of glass
of different composition were prepared ; a prism made from each, and
its refractive and dispersive powers determined, with the result that as
many as forty-four different sorts of optical glass were obtained, nine-
teen of them being entirely new. The old flint glass consists chiefly of
silicates of potash and lead, while crown glass consists of silicates of
potash and lime. Abbe and Schott have made new sorts of flint and
crown glass, which have a dispersive power very nearly in the same
ratio for all parts of the spectrum, so that the secondary spectrum of
achromatic combinations can be almost completely eliminated. The
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‘Rev. W. Harcourt had previously ascertained that glass containing
salts of boracic acid has peculiar properties, an observation that has
‘peen turned to good account at the Jena glassworks. Different sorts
of glass containing borates, and others containing phosphates have
‘peen obtained, and are now used with siliceous glass in the finest
lenses. The new optical glass has from the first been generously sup-
plied to-all opticians, and a marked improvement in the microscopes
produced in London and elsewhere has been the result of Abbe and
Schott’s experiments in glass-making.

With the help of the new glass Abbe has been able to devise the
finest lenses that have yet been made. They consist of five lenses,
in which the new crown and flint glass, and glass containing borates
and phosphates are used. He has termed the new lenses apochromatie,
because they are practically free from chromatie and spherical faults.
They bring the red and violet and other rays of the spectrum to
precisely the same focus, so that they are of the greatest value for
photography. When the lens is so arranged that the object is most
clearly seen on the plate of the camera, further adjustment is un-
necessary, because the chemical rays are in the same focus as the
most visible rays. Spherical aberration is corrected for two colours
of the spectrum instead of one as in previous lenses, so that it is
practically abolished even when the full aperture of the lens is used.
By bringing practically all the rays of the spectrum into one focus,
the image is better defined, and can bear deep eyepiecing. However,
' 1 think, I may safely say that the chief value of these lenses is in
photography, where they certainly give us great help; but for ordi-
nary microscopic observation the advantage they give over the old
lenses is not so great as one might have anticipated. The apochro-
matic objectives are intended to be used with eyepieces of new con-
struction, termed compensating, because they have been designed by
Abbe to compensate the slight residual faults of the objective. They
are a great improvement on the old oculars, and give a sharper
image even when used with the old objectives. With reference to
the eyepiece, we must not forget our indebtedness to Huygens for
the double eyepiece he invented for the telescope, and which has now
for so long a time been used in the compound microscope.

It is evident that within the last few years the compound micro-
scope has made remarkable progress notwithstanding difficulties that
for a long time appeared insurmountable. Within the brief period of
some twelve years the principle of homogeneous immersion has been
carried into practice; new kinds of optical glass have been com-
pounded, and apochromatic objectives and compensating oculars in-
vented., It is only just to say that we owe these valuable results
mainly to the mathematical skill and deep insight of Abbe, but
notwithstanding the rapid advances recently made, we are not per-
mitted by him to anticipate any great future advance in the micro-
scope’s power of resolving fine details, Its power of so doing is not
capable of indefinite extension ; the nature of light itself prevents it,
The very light that so readily reveals the objects around us will not
allow us to sce the interval between a pair of lines if it is less than
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half the wave length of the light ; indeed, with central illumination
the interval must not be less than a wave length to be rendered
visible.  Therefore, the light of the wisible part of the spectrum
renders the microseope unable to resolve parallel lines of more than
115,000 to an inch ; indeed, for a serviceable lens the lines must be
not more than 95,000 to an inch. This limitation chiefly results
from the phenomena of diffraction.

The intenference and difiraction of light have so great an influence
on the appearances presented by certain objects under the microscope
that I would ask your attention to that subject for a little. You
will find on the table an oxyhydrogen lantern, with its ordinary con-
denser inside, and an adjustable metal slit in its aperture. The
lantern slit has been opened to the extent of two or three millimetres
to get a thin beam of light, and if you place your eye in its path, and
look through an adjustable slit held elose to the eye with its long
axis parallel with the lantern slit, and opened only to the extent of
a millimetre or less, you will readily observe a central bright band,
and on either side of it a fringe of fainter bands gradually disappear-
ing at the sides. The bright central band is produced by the
principal rays passing through the slits, while the fri nges of alternate
light and dark bands arises from diffraction of a portion of the light
in passing through the narrow slit before the eye, and from the
mutual interference of the diffracted rays (fig. 1). If you vary the

I"ig. 1.—Prineipal ( ») and diffrsction bands (¢) produced by the sume slit
with red (), green (g), and violet light (v).—Ganot's Physigue.

that the principal and the diffraction bands all widen out and become
separated to a greater distance owing to a similar widening of the
dark interference bands. If a ecireular aperture is substituted for the
slit at the lantern, you find on looking through the ocular slit a
central bright spot, and on each side of it a row of crescentic
diffraction bands extending laterally from the slit in whatever posi-
tion it is placed, proving convineingly that the diffraction phenomena
in both cases are produced by the narrow slit close to the eye, and
vary with its width. You will further observe that with ordinary
light every diffraction band is a spectrum with the red always on
the side farthest from the prineipal band.

If you successively place behind the lantern slit plates of red,

width of the slit before the eve you will find on making it narrower
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areen, and blue glass, you find that all the light and dark bands are
broadest with red, and narrowest with blue, and intermediate with
green light. The difference urises from the waves of red being
longer than those of green, and these in turn longer thun those of
blue light.!

The undulations of light, like those on the surface of a liquid, are
transverse to the path they pursue. They radiate as spherical waves
'~ from the luminous source. Wave systems from countless luminous
points can pursue their several paths, and intersect each other with-
out hindrance. But when two waves intermingle, the molecular
movements on which they severally depend must be compounded, for
the same molecule cannot move forwards and also backwards
at the same moment. Therefore, when the opposite phases of the
undulatory movement are exactly counter-balanced, there is rest by
mutual interference, whilt the coincidence of similar phases amplifies
the resulting wave. One may cbserve these effects in water waves,
but they are still more evident on the surface of mercury. If in an
oval trough half filled with mercury one suddenly dimple the sur-
face at one of the foci, the waves spread to the sides, and are reflected
to and fro, producing a beautiful system of interference lines.

Luminous undulations give rise to similar though much less
evident results, because of the extreme shortness of the waves, and
the invisibility of the medium in which they are propelled. The
interference of light may be shown by several methods. The most
intelligible is one of those devised by Fresnel, in which a system of
waves of red or green light slightly diverging from a common source
is received on two closely adjacent straight-edged plain mirrors of
steel, or of plate-glass blackened behind, and inclined towards each
other at an angle of 180° or less (fig. 2, i, ¥). The waves falling on
the inclined surfaces are reflected in two systems that intersect each
other at an angle suitable for the production of interference pheno-
mena. When the light falls on a screen of ground glass there is a
bright central band, with a fringe of alternate dark and light bands
on each side, the dark bands arising from the coincidence of opposite
phases, the light bands from the coincidence of similar phases of the
two sets of waves.

The phenomena produced by Fresnel’s mirrors avise simply from
the interference of luminous waves ; those produced by a slit avise
from the diffruction as well as the dnferference of the wave motion.
Diffraction is not peculiar to light.  All undulatory movements
may be diffracted. The principal wave that spreads from a point of
disturbance on the surface of a liquid is the resultant of an infinite
number of elementary motions of the molecules. Every molecule
implicated in the spreading wave successively becomes a centre from
which an elementary wave system radiates. DBut in the mutual

1_T]1ema phenomena may be more simply, though less elearly, shown by the
ordinary method of placing a slit in a piece of black eardboard or paper before a
lamp, and looking ut it through a line dimwn with w veedle across a slip of
mtmke_d glass, The blue difftaction bands cannot be seen, however, unless the
Jamp is completely shaded to eut off all diffuse light. '
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intermingling of the ¢l mentary waves there is an infinite labvrintls
ol Interference and reinforcement that results in the formation of the
IH"J]]L‘iJ]Et] wiave,

Fig. 2.—Fresnel's experiment wich ** interference mimors” M, N. Luminons
pencil of monochromatie light diverging from the focus of a lens (S); 8,8, virtual
foci of the cones of rays 1'|=I]|'l-|:|-:] from the mirrors o A rf'_rr"!l 8¢, coincidence of
similar phases of undulation strengthening the light ; wm,m’, a.%, coincidence of
Opposite Fifl.i'l.f-‘l':-f- Trl'rrdlll'.l'n,l.: darkness, {'[]11':; hie, from Ganot's f’-"a‘;,-'.*-‘:'nlu-r-', 20th ed..
errs in having the luminons point 8 so near and so high that no light could ;reach
mirror M.)

When a sereen with a wide slit in it is placed across a trough of
water or of mercury, and waves propelled against it, a fraction of
each wave passes on through the slit, but in so doing gives rise to a
new system of secondary waves spreading in ares of circles from each
margin of the slit into the space protected from the principal waves
behind the sereen, and also across the path of the principal waves
that have passed on through the slit. The secondary waves arise at
the slit from the elementary motions of the on-passing portion of the
principal waves being no longer restricted laterally by the elementary
motions of the arvested portion of the wave.




L

The undulations of licht behave In & similar manner. The so-
called “rays” are merely the paths pursued by the undulations as
they travel from a luminous point. The principal waves (fiz. 3, p)

o] wave arrivine at a slitin a sereell, 8y plementary

Fig. 3.—p, princip
nndulations 1o 1.~|1".LL-i|r.1l wave, &

fnitude of elementary wave systems () radiating from
every molecule of the ether. If the so-called rays are divergent,
front is convex ; if they are parallel, the wave
matters not whether of divergent or

1'115!111‘1 J[‘I‘c_':lﬂt i1 ill

the principal wave
front is flat. When a beam, it

Fig. 4.—5 hematic representation of elfect of slit @b in a screen s on prineipal
MEANES of 'I‘L,l"r"t"-f""” light ; d, diffracted waves, Only those diffracted 1'|'ul||1
margins of slit are shown ; sumnilar diffracted waves proceed from every o i
whole width of slit, (Original drawing.} ' b 8] Al

of parallel light, impinges on an opague sereen (s) with a pre alit the
principal waves pass on throngh the opening, but owing to their
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fracture the elementary motions of the on-passing waves immediately
give rise to new systems of secondary or oiffracted waves, not merely
at the marvgins of the stit where the fracture oceurs, but throughout its
entive width. Every molecule of the vibrating ether in the slit is
affected, and helps to form diffracted waves, while at the same
moment helping to transmit the principal waves, The puths or rays
of the diffracted waves diverge in all directions from the slit. From
every point in its whole breadth they spread bilaterally into the
geometrical shadow of one side, and across the prineipal rays into
the shadow on the other side, so that on each side of the slit there
are diffracted rays that have travelled through different small dis-
tances from various points in the slit (fig. 4, d). When the
decussating waves are half a wave length behind each other, there
is darkness from interference, and when similar phases coincide there
is reinforcement, so that alternate dark and light bands are produced
by the diffracted rays. Since the undulations of green are longer
than those of blue light, it follows that the coincidence of similay and
of opposite phases of undulation must render the diffraction bands
broader with green than with blue or violet light, and still broader
with red light. The diffracted rays also produce interference effects
with the principal rays (p). but feeble monochromatic lights (prefer-
ably green) is required to show them.

I have thus briefly sketched the principles involved in the dif-
fraction of light, in the hope that those of you who have not had the
opportunity of previously studying these sub-
Jects may be enabled to follow the gist of what
I have still to say.

Diffraction phenomena may be beautifully
shown with a series of parallel slits termed a
grating.  You will find Abbe's grating under a
microscope on the table. It is a cover-glass
silvered on one side, and the silver film then
cut into equi-distant lines with a dinmond, The
silvered surface is inverted and cemented with
balsam to a slide. There are two sets of lines,
the intervals between them in one set being
15 micro-millimetres (fig. 5, @), and only half
as wide in the other set (4). The objective
used is Zgiss ae, as recommended by Abbe ;
Fig. 5.—Abbe's gratine. With @& No. 3 eyepiece it magnifies about 50

'fiih': Tiika il'ihfj-“;:‘l,l;"f':-; diameters. With transmitted light you simply

micros. apart, thoseat 8eée a number of clear lines in a dark field, each

barve7 b micros, apart. line being a fine slit in the silver film. The

grating may be used to show diffraction fringes,

and also to illustrate Abbe's theory of the microscopic image of such
lines.

Ii" you place a very small aperture of a stop diaphragm on a level
with the upper surface of the stage, and focus the bLroader spaces
of the grating (a), and then lower the lens to focus the margin of the
aperture in the diaphragm, you of course lose sight of the grating
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slits no longer in focus, and the margin of the diaphragm is remark-
ably sharp considering that it is seen through the grating. You will
see a bright vound disc due to the principal rays of the aperture,
with a series of coloured diffraction fringes on each side overlapping
ench other and the central dise, and extending at a right angle to the
lines of the grating (fiz. 6, A). Gradually increase the distance be-
tween the diaphragm and the orating, and at the same time lower
the lens to keep the margin of the aperture sharply in focus, and you
will find the diffraction fringes more laterally (1), and eventually
become separate discs, if the aperture is sufficiently small, and suffi-
ciently far from the orating. The diffraction discs no longer over-
lapping show each a pure spectrum, the violet being always on the
<ide nearest the principal dise. If you now bring the finer grating (fig.
A, &) over the aperture, the diffraction dises move still further apart
fig. 6, D). Using the lens I have mentioned, you will probably find
that the diffraction dises have been thrown so far aside that only the
. ner one of each series is now visible in the field (v, ). Evidently
a still finer grating could throw all the diffraction discs out of the field.

Fig, 6. —Diffraction phenomena produced by Abbe's grating with ordinary
light. Aperture of dinphragm seen with Zeiss obj. aa, and oc. No. 8; p
principal ; , diffracted dises ; corresponding dises indicated by f " . A |§1.[3 :
aperture seen through grating (hig. 5, )3 D, the sime seen through liner IF|';L[i||I§:r
(fig. 5, b). (Drawn from the olject.) : -

I have now to explain Abbe's theory of the formation of the
microscopic image of the grating. You will find it easiest to perform
the experiment in proof of his theory with monochromatic light
Therefore, place a plate of sienal ” green glass on the stage wnder the
grating, Focus t.lw. nrufulm- ypaces {ht_-; 9, @), and place the same
small aperture of the diaphragm sufficiently near to illuminate the
field diffusely, but not too brightly. On removing the eyepiece and
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looking down the tube with the eye shaded from collateral light, you
will see a row of small areen discs crossing the field at a right angle
to the slits of the grating. The dises will be so close together that
confusion is apt to arise. It is well, therefore, to bring the finer
grating (6) under the lens; and a central dise due to the principal or
dioptric rays will be seen in the centre, with two diffraction dises
on each side of it (fig. 7, @). Abbe has shown that the eyepiece re-
unites the principal and diffracted rays, and thus produces the miero-
scopic image.  You will find a slot in a collar intercalated above the
objective, and if you place in it a diaphragm with a slit in the middle
Just large enough to permit one of the cireular beams to pass, you
will find on replacing the eyepiece that the position of the grating is
marked by a diffuse licht band in which no lines are visible, even
though the slit is arranged to allow the principal or dioptrie beam to
pass (fig 7, &). But if a wider slit, capable of admitting two of the
dises, be substituted, the lines are visible, because the reunion of two
sets of rays is necessary for the formation of their image. The slit
may be placed to permit the principal beam and portions of the
inner diffracted beams to pass (fig. 7, ¢), or the principal beam and

a b

Fig. 7.—To illustrate Abbe’s theory of formation of microscopic images.

@, The finer grating (fg. 4, ), illuminated with small aperture of dia-
phragm same as that used in fig. 5, 1s sharply focussed and eyepiece then
removed. Dioptrie beam p, and four diffraction beams d, seen on looking
down tube.

b. A diaphragm with slit introduced above lens, cutting off all the diffrac-
tion beams, and allowing only dioptric beam to pass. On replacing eyepiece,
no lines of grating visible.

¢. A wider slit allowing dioptric and one diffractive beam or- portions of two
diffraction beams to pass. On replacing eyepicce lines are visible. (Drawn JSrom
the abject.)

one of the inner diffracted beams may be taken, or the prineipal
beam and the diffraction beams on one side of it may all be excluded,
and the lines still be visible, provided the remaining two diffraction
beams are permitted to pass to the eyepicce. The resolution of the
lines, however, is most complete when all the beams are utilised in
producing the image on the eyepiece.!

' One may perform this experiment in a slightly different way by removing
the diaphragm and placing a lamp with a flat wick at some distance from the
microscope, with the edge of the flame turned towards it, the principal and
diffracted rays produce oval images when the eyepiece is removed, and by
placing the lamp snfticiently far away the beams can be separated to a greater
extent than when the diaphragm is used. Of course, if the colonred glass is re-
moved the diffracted beams form spectra, while the principal beam is mainly white.
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From these experiments it follows that for the resolution of the
lines of the grating the principal or dioptric rays are msufficient
without the addition of diffracted rays. I intentionally omit further
detail ! regarding these experiments, for T have stated the main
points which will carry me to the explanation of the limitation of
mieroscopic vision. It follows from what I have stated that if the
Jines of a grating are so close that they throw the principal and
diffracted beams so far apart that both cannot appear in the field at
| the same time, the resolution of the lines would be impossible, be-
E cause one beam of rays is insufficient. It follows that a wide-angled
lens must admit a pair of more divergent beams from such an object
than would be possible with a lens of small angle, and must there-
fore have a greater resolving power. It also follows that violet light
- must, because of its shorter waves, be able to resolve what green and
' red light cannot, for we have seen that with blue or‘violet the inter-
' val between the principal and diffracted beams is narrower than with
.~ green or red light; therefore a grating fine enough to throw the
t diffracted rays of red or green light out of the field could still be

resolved by violet, and still more by ultra-violet light, provided at
' Jeast a portion of the inner diffracted beam is not thrown from the
' field. Hence it is that photography can, by utilising violet and
ultra-violet light, render visible what cannot be seen without its aid.
On this account photomicrography is destined to play an increasingly
“important part in microscopy, and the apochromatic lenses of Abbe
have already greatly facilitated the practice of a method hitherto
much neglected, because of the difficulty in finding the focus of the
chemical rays with the old lenses.

(tentlemen, it would be difficult to prophecy what new achiev-
ments may mark the fourth century of the compound mieroscope,
but it is scarcely to be expected that they can be so remarkable as
those of the century now closed, in which science has advanced so
rapidly, and has pursued so many paths leading to the attainment of
possible results, and leaving superlative difficulties for the future.

! For farther detail of Abbe's experiments see ‘‘ Observations on Professor
Abbe's Experiments, &c.,” by J. W. Stevenson, F.R.A.8., Monthly Microscop.
Jowrn., vol. xvil. p. 82.













