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Preface.

HE growing demand for a book on
Geometrical  Opties  based upon  the
Curvature System has led to the pro-
duction of this small volume, which is
mainly a reprint of certain chapters

from * The Key to Sight Testing.”

The lists of Optical Experiments and DBooks,
with reference numbers 1'1.11‘11i.*ahing the
source of the necessary information, we

trust  will prove an meentive to the

further study of Optics.

N AELEE
H. ol

January, 1908.
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Section .

Geometrical and Physical Optics.

CHAPTER 1.

CURVATURE SYSTEM AND OPTICAL NOTATION,

HEN a stone is thrown into water we notice that concentrie eireles of
ripples emanate from the point of disturbance, and that any straight line
from that point to any cirele measares the distance of the vipple from the
point of origin. ~ Without pressing the analogy too closely we may illustrate
the progress of light waves from a lnminons point by this illostration, and
as light travels in Hit'.'liglll lines a ray corresponds to any straight line
from the centre, so that it becomes a radins Tor any given ripple or wave,

and 1s thus the patth of « ware,

The enrvature method of treating geometrical opties so simplifies the teaching

1t 15

of this branch of the science, that one wonders why so many writers have
civen it such shceht J‘l*:'u:.;']lilirrll. This method deals with the .-cllhjq'rl_
strictly from the physical standpoint, and in accordance with the generally
accepted  wave theory of light. It lends itself to the satisfactory
explanation of the phenomena of physical opties, and thus in many
instances cumbersome mathematical proofs may be replaced by simple
reasoning—in conjunction with a graphical representation.  Furthermore, it
offer= an [':-:lu'l:i:t! El.ll"u'ill]lil;'_:‘i‘ becanse 1t harmonizes wilil the :-:|u.'.1'lm']|'-11'1|:-:
notation now used by opticians.  The introduetion of the curvature method
into the present voiume will enable the yeader to grasp the subject mmch

more readily and to retain the knowledge so gained.

evident that we need some unit by means of which we can get a definite
idea of the value of certain measurements, the simplest of which is that of
length.  We may express this in the standards known as feet, inches,
metres, ete., but in addition we must know the point of origin and the
direction of measurement. ”l:lit‘a!] measurciments of distanee are now
ltnh‘vj':-::i_l]:l,' made ;l,l_'i_'ul'ti.il!l}.:’ to the metrie :-ij':-ttl'lll._ andl .‘-I'Ill"l'ilil‘ll as S0 many

metres (m), centimetres (em), or millimetres ().



2 CURVATURE SYSTEM AND OPTICAL XNOTATION,

The nnit of curvature is defined as that curve which corresponds to a radius of
one metre (39-37 or approximately 40 inches) and is called a dioptre.® It
may be used to express the curvature of a beam of light, mirror, or lens

surface, as well as the power of a lens, as will be seen presently.

Similarly, the unit of angular measurement is defined as that angle which, at
the centre of a circle, stands on an are egual in length to the radius of the
cirele, and is called a radian.

Let any circle ABC Le taken, Fig. 1 (we may with advantage think of this as
a sphere), this cirele has a definite fixed rading ». The curvature may
be represented by R and defined as follows :—

The curvature of a civele is the angle through which a cuwrre turns per unit
f{’:iﬂ'”ﬂ,

If. therefore, we denote the ml;_r;h' by 8, and its [‘nt'l‘t‘:-‘-lmlli.ﬁl]g' li’llgth of are by [/,
we have by definition—

E = 7 (1)

Fig. 1.

Alzo, from the definition given above of the unit of angular measnre—the
radian—it 12 =een that :

nre

| =

# (in radians) R
ie.: = Pr.
Substituting this value of 7 in (1)
B = 3. = =

* The word digptrie was proposed by Monoyer in 1872 and adoptad hy
the Brussels International Congress in 1575.
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Expressing this in words we have 1 The curvature of a civele (or surfuce) is

the reciprocal of its radins.

From the definition of unit curvature, when » = 1 wmetre, L00cm, or 1000mm.

= 40 inches (approx.)
then B = 1 Dioptre.

[t is therefore seen that R, the curvature of the licht wave, or any other surface,
real or imaginary, is given in dioptres when the radins of curvatore is

known, no matter in what units the radins may be given.

L g &l - " N " - - 1
R (The eurvature of the suwrface in dioptres) = F Dnmshres)
4 . i
= Tl inches EDC 40 inches = 1 metre (approx.)
1) 1000

# (in centimetres) or » (in millimetres)

The following table shows that as R inereases so »r decreases.

Radin of Cuarvature (r) in metres and inches | Cuarvatures | By oin |.‘riu]|ln-~.

1 wmetre 40 inches 1 D
e 3 80 i D
TN I - 5 } D
u 20 ., A ]
3 " 8 ' | 5l
Yo e (10em) 4 i | 10 D

The dioptre as a unit is one very useful to opticians in general 1 when, however,
we have to deal with microscope and other lenses, whose surfaces often
have curves with radii of the order of a few millimetres, or telescope lenses
for the great “refractors,” the radii of whose surfaces may measure several
metres, then it becomes advisable to adopt multiples and sub-multiples

of this unit.  Dr. Drysdale® has suggested the following —

RADIUS OF CURVATURE. CURVATURE.
Kilometre, Millidioptre,
Metre [ Hoptre,
[-,'l'lli il:l]l'.ll‘l', | Ii"i‘liH“HI]l e,
Millimetre. IKilodioptre,

These are admirable, for the range of enrvatures may be very great,

*Proc. Optical Society, December, 1902,
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Light which impinges upon any surface is known as /neident, while that which
is returned from the surface is reflected ; and when any is transmitted,
after being bent from its course at the surface, it is termed refracted light.

As light travels in straight lines there will always be one particular path of a
wave perpendicular to the mirror or lens surface.  Such a path (ray) is said
to have normal ineidence, and all angles of incidence are reckoned from
this, and not from the surface itself.

For convenience, a notation™ has been adopted in this work, which is now very
generally used, by which distances of the point of origin of paths of light,
and also points of assemblance of paths, after encountering simple reflecting
or refracting surfaces, are denoted by small letters, while capitals are used
for the corresponding curvatures of the waves of light at thoge distances,

In some cases the assemblance of paths is not real, and then by prolonging them
backwards a #irtual point 1s obtained.

Thus, while & and # symbolize the two distances referred to, U and V represent
corresponding curvatures.  Similarly, » is used for the radius of curvature
of a mirror, and r , », (odd numbers) for the radii of curvatures of the
surfaces of a lens,

Refractive Indices (see later) are denoted by eren numbers, for instance »

0 ”31-

i, et

It may further be mentioned that in the use of + and — signs the product
(mmltiplication) of like signs is always positive, while that of unlike signs
is always negative. So that — (= U) equals + U, ete.

This notation may be brought to a close by asking the reader always to consider
light as passing from left to right, also to treat divergent light and surfaces

curved in the direction of divergent light as negative, (Fig. 2) :

Fig. 2.

* Thiz notation, with slight variations, has been advocated by Herschel, Pret.
8. P. Thompson, Dr, C. V, Drysdale and other writers,
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but convergent light, and surfaces curved in the direction of convergent

light, as positive, (Fig. 3).

Y

Fig. 3.
“:-,’ Ht“]t:]!'illj;,' to the above mles, the solution of ali nl‘:lili:lr_‘lf mirror and lens
problems becomes an easy matter,
Summary.
() The radian is the unit of angular measurement.
() The enrvature of a cirele is the reciprocal of its radins.

() Capital letters indicate curvatures, and small letters the corresponding

distances.
(#/)  Odd numbers are used for radii, even numbers for refractive indices,
[:'] |,ight is considered as llal:-la-cinf_-: from L to 1.

() Convergent light and similarly enrved surfaces are 4, and divergent

light and similarly curved surfaces —.



fi

CHAPTER II.

NATURE AND PROPERTIES OF LIGHT.

CCORDING to the wave theory, the sensation of light iz a direct

ﬂ consequence of a disturbance in the ether, a substance which it is necessary

to conceive, althongh no eyve has seen nor instrument weighed it,  Ether

i= the key to the satisfactory explanation of all physical phenomena.  As
Lewis Wright say= in his hook on * Light 7 :—

e ]Il*:tt, |;i_u:]ll, ('nlulll', I":tt‘('ll'il.’it_‘n.'._ Chemical .-\I'Iiu[:ﬂu?—nn alike are

< simple disturbances in, or propagations of disturbances throngh, that

ks H!P"]I"t]lil]H '“-'I:li.I'Il Wik ['illl ]‘:tl!l"'. I]l\'iﬁil]li"‘ I]lt:']“.““"]'rf'."i., tll['ﬁl'-

 wonderful motions make all things visible to ns, and reveal to us

- L}
“ such things as are,
=

Light, then, as we nnderstand it, is a transverse (since the vibration is at right-
angles to the direction of propagation) undulatory disturbance i this
unknown substance.  These waves or unduolations, once set up, travel at
the enormous rate of about 300 willion metres rer second, and when
vibrating at the rate of between 375 and 857 billion times per second, they
canse the sensation of licht. The rate of vibration also determines our
colour sensation.  Supposing the range of frequeney to be small, and
something of the order of 400 billion times per second, then the sensa-
tiom ]II'HH]I:I['['I.I 15 that of red light : if the frequency i of the order of 300
billion times per second the sensation is that of yellow light : and, finally,
it of the order of 700-800 billion times per second the sen=ation is that of
Blue or violet light.  Should the range of frequency be at all great then
the resultant colour sensation will be a 1':+1l|1m|l!|tl one, and 1f it embraces
the entire visual range (between 375 and 857 billion times per second) then

the resultant sensation wiill be that of white light.

In Fig. 4, let us suppose that light has travelled from the point .\ to the point
B in one second.  Then the distance ADB represents 300 million metres,
or 300,000 million millimetres.  The light  vibrates in a transverse

direction, that is, at right-angles to the line of propagation ADB.
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CD represents one such complete vibration and is one wave-tength. 11 the
light proceeding from A consists of all vibrations between 375 and 857
billions per second, then the wave-lengths of the wave motions proceeding
from A to B will differ one from another.  We have reason for believing
that the veloeity for any coloured light is practically the same in air and
iree =pace ; in other media, however, the bending of the path of the light
due to refraction is a consequence of a change in velocity, and experi-
ments show that the ehange in veloeity is dependent upon the eolour of the
light—in other words, upon the frequency of vibration, or wave-leneth, of

the ineident light.

A i L~ B
c
e e ———— 300 MILLION METRES-===-crmsmmmmmccc e cm——— - ———— ’
Fig. &.

It ix not a difficult matter to realize therefore, that under certain circmmstances
a composite beam of light may be split up into its component parts, and
such breaking up is tered dispersion.  Light of one particular rate of
vibration, and therefore of one particn'ar wave-length, is called mono-
chromatic light.  Sunlight may be split up into a number of coloured lights,
viz.:—red, orange, yellow, green, blue. indigo, and violet. One way of
breaking up the light is by passing it throngh an optical prizm (Chapter V1),
the resultant band of different coloured lights being termed spectrwm,

and in the case of sunlight—the solar spectrom.

The connection between velocity, frequency of vileation, aml wave-length of
light may be represented by j° = -1:-: where f denotes the frequency of

vibration per second, V the distance traversed per second, and ) the
wave-leneth.
From which we see that A = l
I
Now the frequency (375 billions per second) which produces the sensation of
red light represents one limit of the visual spectrum, so that Fregquencies
below this do not produce the sensation of light at all in the human eve.
Also the frequency (857 billions per second) which produces the sensation

of violet light represents the other limit of the visual speetrum,

As the velocity in air or free space is the same for all colonrs, vig.:

300,000 wmillion millimetres per second, we have
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Red  Light the limiting wave-length

SR
Ay = Sodmililon gy, 00080 mm.

: Bi% allion
Fiofet Lr'f_]';:.f Jllt‘ Iilllifil‘lg 'l.‘t':l‘l.'{'—il'llj_z"'lll

= ."th_ﬂl.'ﬂ_ million 2 - K _r'
Ar T Billion— 1nin. 00035 nnu.

The Greek letter , (pronounced “mn’) is employed by many to denote 1 mieron,

The

that is, 5oth mme (001 wn.), while others employ the same symbol
to denote “refractive index.” In this work it has the former signification.
We may say, therefore, that the visual spectrum ranges from 0-35 ,, (violet

limiting wave-length) to 0-80 5 (red limiting wave-length).

Laawws of L;’L,rjr,fn‘,

1. Inahomogeneous medinm light from any sonree of illmuination is
propagated from every point of it in the form of coneentric spherical waves
which spread ontwards in the direction of the radii of their spheres.

From this law follows the rectilinear prrapctgatio rlaj"a".r'y.;:.f, in other words

ioht travels away from its source in every direction in straieht lines.
lizht I y I t v direct traizht |

2. The intensity of illumination at a given point varies inversely as
the square of its distance from the source of illumination.  This is known
as the law of inrerse squares.

3. The intensity of illumination which is received obliguely is

proportional to the cosine™ of the angle of turning of the surface,

The intensity of illumination of any surface i= the amount of Light
received on unit area of that surface.  The unit of illmmination is that
given by a light of unit brightness at unit distance.  In England the
lur;u‘lirul unit may be taken as that illmnination civen by a standard

candle at a distance of one metre, and called one condie-metre.

The intensity of a souree of light is the amount of light emitted as
compared with that from a standard source of illnmination.  The British
standard is a particular candle burning 120 erains of pure spermaceti wax
per hour.  The practical standard, however, is the Vernon-Harcourt
10 c.p. Pentane  Lamp, having a light intensity extremely constant with

careful use, which cannot be said of the standard candle.

[f I denotes the illumination, X the candle-power, and o the distance

—— — —_— e —

*For explanation sce Tablez at end.
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of the receiving screen from the source ; then, from the law of inverse

suares we have

(1) [ = I"" when the receiving sereen faces the source normally.
il
K : : ;
(2) [ = 4 cos a where a 1s the angle of turning of the

surface from its position when it faced the souree normally.
The ||I||:||:|Ii1:|.' of light Q) received by any surface is given by Lambert’s
equation
) A, : i & . ) :

(3) @ = B ==t cos a,, cosa,, where A, and A, are the
areas of the lominous source and sereen respectively, o the distance
between the centres of the two surfaces, and a and «, the angles made by
the i1m|giu:u'}' line jninin_r_-: the two surface centres with their I'i'h!tl‘l.'ti‘l.'l.‘

normals. ( Fig. 5.)

e o
Fig. 5.

All these equations (1) (2) and (3) ave only correet when the dimensions of
the luminous source are small as compared with the distance o,

In |II':It'til'U 1'|!l|;llirrli (1) 1= of areat use, for by means of it we arve able, with a
]r[h:ltnilu'll‘l‘.. Lo compare the intrinsic brilhancy of two light sonrees, by
reducing to equal illumination the light given out by them.

The essentials of the |r]|+|tlrl||1‘l1'it' process are first, the Ell’m|ll:'ti4|]| of  two
identical surfaces (or one surface ), illuminated separately from each souree ;
and secondly, some means of obtaining equality of illomination on the said
identical surfaces (or one surface).

The Aberration of Light.  Owing to the facts that hight travels with a finite
veloeity, and that the earth has a certain period of revolution round the
sun, light emitted by the heavenly bodies will, more often than not, appear
to have proceeded along a different path from what 1t rveally has, and we
see them oo t‘Ei_IHL' I:u:a'itinll : henee the term * aberration of |i_s_-;]|t,"

The Laws of Reflection,

1. The incident and reflected paths of the waves of light lie i
the =ame plane with the normal to the smiface at the point of ineidence,

and are on opposite sides of the normal.
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2. The angles which the incident and reflected paths of the waves

of light make with the normal to the surface are equal to one another.

From these two laws we see that in Fig. 6, first, the incident path B, reflected

."_,..-"""". 5
=

Fig. 6.
path ', and normal . all lie in the plane of the paper: secondly, the
reflected path is on the opposite side of the normal to the incident path :
and lilit'u]l_\‘. the :t]!;‘li‘.‘-‘- ¢ and » are 1'={lt:1| to one another.

The Laws of Refraction.

1.  The ineident and refracted paths of the waves of light lie in
the same plane with the normal to the swiface at the point of incidence,
and are on opposite sides of the normal.

2. For light of any one colour the sines of the angles of incidence
and refraction are in a constant ratio for the two media.  (Snell’s law).

From these two laws we see that in Fig. 7, first, the incident path B, refracted

Fig. 7.

path ', and normal A, all lie in the plane of the paper: secondly, the

refracted IJ;II]I iz on the n]:'rrmitﬂ side of the normal to the meident |r:1.l'|l ;
1 #<in i 3 : : :

and thirdly, e I, a constant for the same two media and for Light

of ]:ul‘! ienlar |'r+]nl11'.

*For explanation see Tables at end.
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Refractive Tndea.

The absolute rvefractive index of a substance is :-:i||||:|_1_f the ratio between the
velocity of light in free space, or air for all practical purposes, to its veloeity
in the substance under consideration.  If, therefore, we denote the veloeity
of light in free space or air by V,, the velocity in the substance by V',
and the refractive index by the letter #, then we have

_ Y,

i L

LA

V, for air we have seen is equal to 300 million metres per second.  Now the
veloeity in a certain kind of erown glass is about 200 willion wetres per

- : . Y =
second, therefore the refractive mdex = 0 = = J.5.

vV,

=

In transparent media other than gases, the change of velocity is dependent upon
the colonr of the light, that iz, upon the frequency ol vibration or wave,
length ;3 so that the above value will only be corvect for a particular

{'n]lllll'f*ll ]ij.',’ht.

[n practice it iz usual to determine the refractive indices for ved, yvellow and blne
light.  The yellow chosen is that given out by luminous sodinm vapour,
readily  produced by borning  commmon salt in a Bunsen  flawe.  The
spectrum given by this is simply a narrow band of yellow light—in reality
double—so that, for all practical purposes it 1= monochromatie, and when
a refractive index for any substance is stated without reference to any

colour it may be assmmed that it refers to this yvellow sodium light.

Sinee the band is quite narrow we may assme that it has but one frequency,

and therefore one particular wave-length, given as )\ = 0-5800 4.

The spectrnm of lnminous hydrogen vapour consists of four very narrow bands or
lines of light.  These are red, green, blue and violet in colour, and the
refractive index of a piece of glass is nsually determined for the red and
blue Tines of hydrogen, as well as for the yellow line of sodinm, the reason

for which will be apparent when we have studied Chapter V1,

It is usual to demote the refractive index for sodinm light by the symbol ay, ,
and the refractive indices for the red and blue lines of ||_\'tl]'u;_i;vli by #g and
Hp ]‘l*:-_:i:vl;ﬁ'ri?l}'_ Ity represents the mean refractive ‘e, The difference
between we and ng (ng—mn ¢ ) 15 a measure of the fii#pl'r#inll of the olass,

and may be termed the mean dispersion,
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1 ' ' - v s e — R
The dispersive power o is given by the eguation = ———l'- ,  Wwhere 1
Hp —

is the refractive index for air.  (The actual figures being 1.0002922.)
The dispersive reciprocal ov efficiency N is therefore given by

=1
T,
g — e

All the above constants are j.;'[h'l: in their lists by makers of glass so as to
enable purchasers to get some idea of the properties peculiar to the various
glasses.  Partial dispersions in three portions of the visual spectrum are

;.{i'l.'[t]i Lo,

. ; : : : St : Wi
Fhe refractive index n, which by definition is equal to v—"— 15 also equal to
sin i s W e TR -
T where 7 is the angle of incidence, and » the angle of refraction.
% il Y 2N F - - .
We may zee that »® /= Yo __8ME = s = “where » o 1= the refractive
Va gin » g

index for the second medinm and ", tne refractive index for the first medinm.

Let BIY in Fig. 8 represent the %‘
E

surface of :-:l'lr:ll'lltiull hetween

two media whose refractive
il"l.'iiii'ﬁ are aw o :]I]ll H_‘:’ I"l"!"L]:Il"l_"‘

|i'n‘[}'._ n, being the ereager.

Let CD represent the path =

I’ H
1 r o\

'

of the neident l‘]"-'"[' wave
front BC, the normals to the

surface being shown as dotted

B

lines. Had the ]i;‘llt ot
et the new medinm w,, in St

a given time the point B would have travelled a distance equal to C1),
bt becanse it meets the new mwedinm the wave front iz retarded and

bent out of its course, and the 1!ui]ll I} will :m]_v reach K in a ;_E,'il'['ll time.

BCD and BED are right angled triangles because the path of a plane wave is
at right angles to the wave front.  Therefore the angle which the path
|'||_1'I[il,".‘-' l||'i'i1_]| I_III|I HIII'II]LI]. .El"ll t]ll' H]_II'__,I;][' "l-"u'hi{'l'l 1'"' wave fl"}"t ]“Eili{"-‘ “‘i‘l]
the surface are both angles of incidence (7). Similarly those marked ()
are the angles of refraction.

—

* When Vi represents the velocity in any medium but air, « is termed the relative
refractive index : #, for air=1, therefore n= w2 usunally.
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Now sini = E:; and =in r = ]!i—I-E]'
CD
Ang 8¢ _ BD _ CD
=in r BE BE
BD

But CI) and BE represent the velocities V_ and ¥y

Va sin ¢ .,
V. sin ",

above holds good for all angles of incidence.  We know also, from onr

second law of refraction, that for two given media, and a particular colour

of light, == is a constant.

glnr

Difiraction.  Although we may consider light as a grand wave motion and

In Fie. 9 let 0 be a lnminous s=ource, %0

luter

represent it diagramatically by concentrie circles, experiment shows that

the motion =et up in the ether is a very complex one indeed.

then if A B is the first main ov grand
wave, it will be formed by the mutual :
interference of the little secondary
waves, which all assist to that end.

[f C D is an aperture, then only a

portion of the main wave can pass on,
and at ecach edge of the aperture Fig. 9

some of theé secondary waves will become detached from the main beam and
proceed in the direction shown, very diagramatically, by the arrows.  Some
of these will meet in opposition and destroy one another, others will meet in
stiich a manner as to assist one another, the final result being that to an
eyve placed on either side of the transmitted portion of the main wave,
alternate dark and light bands of light will appear. 1f the source O is
white, or other compound light, then alternate dark and spectral colonred
bands will be seen.  This i= one method of producing diffraction =pectra,
and the further we move the eye from the main beam the fanter will

hecome the lnminous diffaction bands or speetra,

ference.  Just as secondary waves assist or annul one another, so do main
waves assist or annul one another. But here at least two sources, or two
apparent sounrces, of illumination are necessary. Phenomena due to the

imterference of the main waves of 1]'__II‘|1I, are called .-'u.fejj;'."-r:nr'r j}fa{*.rmmrnn.
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Polarization.  Fxperiment shows that however light is vibrating when
proceeding from its source, oblique reflection and wnegual refraction (as
seen i doubly refracting erystals) have the property of splitting the licht
up into twa paths, a particular percentage of the lizht along each of which
has a purely transverse vibration ; that is, it vibrates in one plane only.
Experiment also proves that the light following each of these paths is
vibrating in a direction at right-angles to the other.  Often it will be
found that the sorting ont of the vibrations has not been complete, and
that a certain amount of residual ordinary white light is still present.
Light vibrating in one plane only is said to be completely plane polarized.
Phenomena due to the polarization of light are studied under the title of
* Polarization.™

Fluorescence,  Certain substances, such as a solution of sulphate of guinine. or
a piece of Uraninm glass, possess the property of converting some of the
shorter wave-lengths of light into longer ones, and transmitting them as
such.  This is termed Fluorescence, and by means of it we are able, among
other things, to convert invisible light into visible light, i other words, to
give to invisible waves sueh a wave-length as will enable our eves to detect
their presence.

Plosphorescence.  Some substances possess the property of giving ont huminous
waves after having been withdrawn from the presence of any lnminous
source, and this phenomenon is called Phosphorescence. 1t is simply a
case of energy being stored at a greater rate than it is emitted. Fluor
spar glows for a short period after exposure to a strong light, while certain
sulphides, and the compound =old as Balmain’s lniminous paint, glow for
many hours after exposure to a strong light.

Calorescence.  Certain substances Prossess the }ll'ﬂlu’i"{}' of t'uln'l'l'ﬁu;: the IfrTI"_’__‘E't'

wave-lengths into shorter ones ; it is thus the converse of fuorescence.

Summary.

() The visible spectrum ranges between 0035 5 and 0.8 4.
(b) Monochromatic light is of one particular wave-length.
(¢)  The intensity of illumination varies inversely as the square of the distance.

(d) The angle of incidence of light is equal to the angle of reflection.

¥ sl i
” e : == i
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CHAPTER III.

REFLECTION AT PLANE AND CURVED SURFACES.

FEeperiment. Hold some small souree of illumination in front of a i piece of

plane mirror, and note that the image apparently oceupies a similar position

behind the mirror to what the souree does in front.

Now |'U|||:|1_'{1 the thin l!il'['l' of |||:I':|l' nrror h_v a el 'El-{qlq-qu anid. ||n|]{illg.’;

EE
e

obliquely, notice that there ave sereral images, only one of which oceupies

. synimnet rieal |m:-:ilin]| with the nlhjir:"[ with I'l‘_E{':II"ll to the silvered surface.

image seen in the thin plane mirror is a virtual or imaginary one, the
object being apparently seen in a position it does not ocenpy, beeanse the
mirror surface alters the course of the actual light waves,  In Fig. 10 the
actual, but invisible, divergent wave
of light AD from the lnminous souree
(), oceupies a momentous  position, .
At A it is about to be reflected, while )/\[ :
[ AV Ax:

at B it has a distance B B | to travel

before refleetion, and it 1s obvious
that by the time B reaches B, A
will have reached A .  Had the
mirror not bheen present, A would have

'HLfL"l.Ii!il'(l the lumiI{nH _'"u,h,, In the Fig. 10.

figare the distances A A, A AL, B B must be equal, on the assumption
that light travels awayv from its source in spherical waves, and that
reflection is instantaneous, or equal in retardation effect at all angles of
incidence.  Henee the curvature of the wave at the particular moment

when it oceupies the reflected position at A, must be t'lluzll to that which

1
it would have at A, if the mirror were not present, for the curves stand on
the same chord, and have equal sags, under the assumptions made. There-
fore, to an eye placed as shown, the object will appear to be at O, This
apparent position of the object is ealled the image position—and because

the curves above referred to are similar in all respects this apparent object
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O will appear to ocenpy a similar position to that of the actual object,
only on the opposite side of the mirror. If the position of the lmninous
source be such that the distance represented by O A, or O B equals one
0, = 0 A, the reflected wave of light will have a

metre, then, since A,

cirvatnre of one Ih'npl]‘v.

Or replacing the thin mirror by a thick piece, several images of the object will

In F

Just

be seen by looking obliquely, a phenomenon of very great importance in
optical work. By careful observation we may also note that it is the second
nnage which is the brightest, and that beyond this there seems to be a
areat number of images, all equidistant, but getting less intense as the
apparent distance from the mirror surface increases.

e

Fig. 1.

i. 11 let O represent the position of the lnminons source, then 0, will
represent the position of the image formed by the highly reflecting mirror
surface M (negleeting for the moment the effect of refraction at surface )
and O M will be equal to M O,, Before the light passes throngh the
thickness of glass G M to the mirror surface M it has lost s=ome of its
original intensity, because the surface (3, althongh transparent, possesses
the property of reflecting a definite amount.  The light reflected by a very
perfect transparent glass surface iz of sufficient intensity, when the object
is a luminous source, to enable an image of the object to be seen by obligue
observation.  Hence another image O, of less intensity than (), is seen in
front of this bright ene O, the distance depending upon the thickness of

class G M. The distance O G will be equal to the distance G O .

as a certain amonnt of light is lost by reflection at the glass surface
when the licht passes from air into glass, so also i1s another definite amonnt
lost by reflection on the light passing from the glass into air on its return

path.  This, as the diagram shows, gives rise to a third image O,, The
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diagram might be extended to show O, O, &c., in fact theoretically there
is an infinite number of these images, but the formation of each eauses a
loss in the light which passes on, until finally the intensity of the licht is

not sufficient to produce another visible image,

When the thickness of glass in front of the reflecting surface does not exceed s
few millimetres all the visible Hi*i‘:ll]tl;ll'_‘l.' images are formed so close to the
chief (bright) one O, as to become scarcely distingunishable at all maoderate
angles-—say up to 45" from the normal.  They may, however, canse the
bright image to appear fuzzy, and these multiple images are often the
cause of much annoyance in optical instroments, raining the definition of
the bright image.  Metallic mirrors, or glass mirrors silvered on the front
surface, are sometimes employed, but they become costly if at all perfect in

other respects, and ave very apt to tarnish or get marked during nse.

If & plane mirror is rotated through a given angle, say g, the light reflected
by the mirror will be rotated throngh just twice the angle, viz., 26, This
i the principle made use of in instruments like the sextant,

The truth of this will be evident if we consider the movement of the normal to
the surface, which rotates exactly to the same extent as the mirror, and as
the angle between it and the incident light increases, so will the angle
between it and the reflected beam inerease, to just the sane extent.  Thos
the reflected beam moves at twice the rate of the normal to the surface. and

consequently of the mirror also,

Practical Use of Plane Mivrors,

() To measure small detlections.

(4)  In instruments designed for the measurement of angles, as the sextant,
range finder, ete.

(¢)  In retinoscopy.

(«d) In the kaleidoscope.

(¢)  For producing the effect of doubling a distance, a: in the use of
reversed type in testing.

(f)  For deflecting a beam of licht for illuminating purposes.

Experiment.  Hold a pin vertically in front of a concave mirror of not more

than 20 em. radius (5 D curvature),—provided the experiment is to be
3
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performed within arm's length,—and notice that when the pin is quite close
to the mirror an image, #étual and erect, and very similar to that seen in
a plane refleeting surface, is seen. A= the pin is withdrawn from the
mirror the image rapidly becomes larger and indistinet, finally fading away.
Withdrawing the pin still further the image reappears, but it is ineerted.
and the size rapidly varies with the position of the pin. Keeping the pin
stationary. in such a position that the inverted image is visible, place a
light (a candle flame) to one side of the pin, thus forming a second object,
and a piece of white paper, or other small sereen, on the other side of the
pin.  Notice that a real and ineerted image of the light is formed npon
the screen, and if this were absent it would actually be formed in the air,
although apparently seen in the mirror. It is an aerial image, and the
reason why the aerial image of the pin cannot be received upon a sereen is
that the light from the pin is merely reflected light, and far too feeble to
produce a  real wisible 1mage, the swrrounding light preventing the

1:1'1:4]_!““!‘,1:1'” of suflicient contrast,

There are certain terms which are used in connection with mirrors of this
deseription.  The distance apart of the edges used is called the aperture
of the mirror, and the centre of the curved portion is known as the
pole or apew.  Further, an imaginary straight line joining the centre of
curvature of the mirror with the geoncetrical centre of the curved part (pole

or apex) is termed the principal or optic aais.

L4

Fig 12

To explain the formation of the virtual erect image we may imagine the mirror

to consist of an infinite number of plane surfaces, Fig. 12 showing three
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only for the npper part.  Each of these is eapable of producing a virtual
and ereet image (as explained in Chapter I1.) identical in position behind
the mirror with tlmnhj!‘r:'til: front. Asthe nhjl_'l_:t 15 moved from the mirror
more of these supposed innumerable facets take up the reflection for the
eye to view, and so the image inereases rapidly in size until the object
arrives at No. 2 position in the diagram, midway between the mirror and
its centre of curvature. At this point the paths (rays) of light emanating
from every point of the objeet are reflected along nearly parallel lines and

so completely fill the view, the image seeming to fade away,

Let us now pass to the position marked No. 3, the centre of curvature of the
mirror.  The paths from this point on the axis will be reflected upon
themselves from every part of the mirror, but as a part of the object is
above the axis, it is evident that by making the angle of reflection equal to
that of incidence for all of the supposed innumerable facets, the refleetion
of that part of the object will appear below the axis, the convergence of all
the paths to that point forming a real image, and from the position,

inverted.

As the object passes from No. 2 to No. 3 position the image decreases from an
infinite size to that of the object, gradually taking form in an inverted
position.  No 3, it will be noticed, has a point exactly at the centre of
enrvature, so that all paths from that point are reflected upon themselves,
forming normals to the supposed facets.  The position of the image of the

f.!'lll of '”]lli 'Ilrjl‘{'t {:4- t!lll:-'- '!'l".'Hlil_"i' Ellllllll‘l’::'.illnl,l |1.1'- ‘tln- ['n“_-:lr[|{'tin'|| :-.'.]||'|1|_'|,'“_

Waves of light from an infinite distance undergo a change upon meeting the
mirror such that after reflection they are twiee the eurvature of the mirror
itself, and thus eonverge to point No. 2 which is termed the prencipal focs,
so that the convergence or foeal power of a mirror is twice itz eurvature,
and our experimental mirror of 5 dioptres curvature has a convergence or

foeal power of 110 Llin]rt res,

Consideration of the path from the point of the objeet at No. 3 in Fig 12, and
also of that reflected to the point of the image, show that they are radii of
the incident and reflected wave fronts respectively, and that they mark the
direction in which these travel, just as in the lower part of the diagram
the path parallel to the axis and that from the principal focus indicate the

SANIC.
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These points of object and image are termed conjugate points, beecause light
diverging from one converges to the other, and in the particular instance
taken (No. 3), it will be noticed that object and image are at the same
distance from the mirror, are alike in size, but are reversed in position, the
image being inverted.  If instead of the object being above the axis it
were bisected by it, object and image would be eoineident but reversed, and
this position, viz., the centre of curvature, is the only one where such
coincidence could oceur.  As the object approaches the wmirror, so the
image recedes from it, and becomes larger and larger, until the object gets
to the prineipal focus, when the image is at an infinite distance.  Move-
ment within this point produces an image in a position which we may
deseribe as beyond infinity, that is on the other side of the mirror, upright
and virtnal i character, which graduoally lessens until object and

image coincide at the surface of the mirror itself.

For any given position of the object upon the lll‘inl*i]:ut axis there iz a given
position for the image, and these points are known as conjugate foci the
conjugate point for the principal foens being at infinity. The=e points are
interchangeable for object and image, although the object cannot in
practice be placed where the virtual image is, as it would not be reflected
if behind the mirror.  This relation is known as the Law of Conjugate
Foed, and applies also to direet réfraction throngh a lens.

Unfortnnately, when dealing with spherical mirrors, the expressions * principal
focus ™ and ** focal length ™ are not quite so definite as the above expla-
nation would imply, and a glance at Fig. 13 shows why this is so.

P
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{
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EEA

-

Fig. 13.

The parallel waves of light (the direction of which is represented by straight

lines), coming from an infinite distanee, strike each facet of which we



REFLECTION AT PLAXE AND CURVED SURFACES. 21

supposed the mirror to be formed, and, following the law of refleetion, cut
the axis at very different points, in fact they envelop a surface called the
canstie, and the eurve indicated is therefore a canstic eurve. It must
suffice here to mention that the excess in bending, or curvature, of the
peripheral parts of the waves of light gives rise to astigmatism by veflection,
a eondition in which the foens does not consist of a point or circle, but of
two lines, really forming two line foei.  This canses such distortion as to
prevent the use of these mirrors in many cases.  Itis worthy of nete that

no distortion of image oecurs when the object is at the centre of curvature.

Parabolic mirrors are employed when parallel light is to be brought to a focus,
or when a parallel beam is required from a point of light. The parabola
is obtained by eutting a cone by a section parallel to one of its sides, and
i really  an l*|||'|l:-'~t' with one of its foci at infinity.  The geometrical
property of the parabolic curve is that it always satisfies the second law of
reflection, and at the same time converges all portions of incident plane
waves to the same imilli on its axis (Fig, 14). Mirrors of this type are ol

oreat gervice in practice.

i - T
/1 |

AT - B, oo
E—

Fig 14.

Convex mirrors do not lend themselves very extensively to practical use, and
unless light is artificially made convergent before it reaches the wmirror,
they cannot produce a real image.  Under ordinary conditions some form
of virtual erect image of reduced size will be seen, and the paths of the
waves of light may be traced in a similar manner to what has been done
in a concave wmirror, the reflected paths being produced backwards to form

the virtual image.

To graphically demonstrate the formation of any image, real or virtual, by a

curved surface, it is only necessary to consider that cone of light the limits
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of which are given by aline from the top of the object, passing throngh the
centre of curvature of the surface, and a line from the same point of the

object, running parallel to the axis until it meets the eurved surface. (Fig.15.)

Fig 15.

It will be seen that for size of image and object the concave mirror may bhe
likened to a pinhole camera with the pinhole at the centre of curvature,
and Fig. 15 shows that the relation in size will also be equal to the ratio
of the convergences of the incident and reflected light with respect to the

wirror, althongh it mnst be noted that incident light is aet wily divergent.

FPractical Use of Curved Mivrors.
(a) In the Retinoscope, Ophthalmoscope, &e.
(#) In Reflecting Telescopes.
() For Microscopie Hlumination.
(/) As Refleciors.

{f*) As Search ].ig‘litr-‘, e, (]}.'ll‘ulmlicj,
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CHAPTER 1V,

REFRACTION AT PLANE SURFACES.

.H]*]E |i}_:j1|t. 15 il]l:i:lf_-nf npon a rl'ill]ﬁilill'lillr ||Ic*:1[11]u? besides that amonnt

which is reflected, according to the laws laid down in Chapter I11, a

certain portion enters the new medinm, and should it be incideat obliguely

to the normal at the point of incidence, it is refracted, or bent out of its
original path.

Foeperiments.
(1) Hold a pencil obliquely, and immerse half of it in water; note
that the half under water appears bent with respect to the part above.

(Ht‘rl'u:'t in]l.)

(‘.") Hold a ]liﬂ'l' of thick ]l]:nu' elass in front of one eye, look
through and over it at the same time, and note that on tilting it objects

are apparently moved.  (Detlection).

(3) Place a coin in a thin glass, and fill the glass with water to the
brim. Put the glass on a table with another coin by the side of it, looking
down at both eoins.  Note that the one seen throngh the water appears

much nearer to the eye than that lying upon the table.  (Displacement).

(4) Take a prism with a large angle (a right-angled one), and
note that it is possible to view an object by énfernal reflection at one

surface. (’l"utﬂl Hl.'llwliun).

[t has been mentioned that lizht is a motion in an unknown substance termed
ether, the particles of which vibrate in a transverse direction to that of
propagation, and that the many secondary waves set up destroy each other
by mutual interference, so that the grand or main waves of light alone are
what we need consider,  Call a portion of snch a main wave B C (Fig. 16),
and let it meet a transparent picce of glass obliquely with respect to the
plane surface. We wish to determine graphically in what manner
and to what extent the course of the light is altered. In the first place

we must think of wonochromatic light, for then there will be but one
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change of velocity.  Light of any colonr moves at the same rate in ether

or air, but so soon as light enters a medium such as a transparent piece
of glass the rates of propagation of the different colonred lights vary one

with another.

M

Figf 15"'
In the figure let the angle of incidence 7 = 307, and the refractive index n, of
the glass for certain monochromatic light = 1-5.  Taking the refractive

index of air as unity, this means that the light will travel only 0-GG times,
or two thirds its rate inair.  Thus its speed is retarded upon entering the
: # v : :
olass, for as was shown in Chapter 11 ;r“?'- = 5. - It follows, therefore,
o 2

that to obtain graphically the refracted path of the waves of light, we have
simply to strike an are from B such that its radins is equal in value to
two thirds C D, drawing a tangent to this are through D, which will give
us the position of the wave of licht E 1) in the glass,

Sinee we know from our second law of refraction that

o i 4

= = or that sin r — sins 22
"o =11~ %
: 5000 =1 : i
ST Ee S (-335 (see table of sines at end of hook.)
all

ro— 197 30" Which acts as a cheek upon the above construction,

Besides the light entering and refracted by the new medium, a certain
percentage is reflected at the surface of separation of the two media
according to the laws of rvefleetion, and will therefore oceupy a position
i’ 1), when the refracted wave occupies the position E D. It will be
noticed that the effect of retardation, or slowing down of the light in the
elass, is to give it an entirely new direction of propagation. The

explanation of the experiment, in which the peneil held obliguely in water



REFRACTION AT PLANE SURFACES. 25

appears bent, is that light coming from the pencil and entering the eye is
bent out of its original course at the surface of separation, henee we see

that part of the peneil under water in an incorrect position.

With reference to experiments 2 and 3, we may note that when the apparent
movement of an object, due to refraction, is (for all practical purposes) a
lateral one, it may come under the h:-mlilz:_:: “ Deflection,” and when the
apparent movement is a compound one, or a purely vertical one, it may
come under the heading of * Displacement.”  This nomenelature will be

found eonvenient in 1:!':|{'tim',

[t is well to note that although waves of light are merely deflected by passing
throngh a plate of glass with parallel surfaces, the deflection depends npon

the thickness of the plate, being proportionate to it.

Before considering experiment 4, it is necessary to study the refraction of light
|l_‘l.' i [H'i:-"[li, which niay be defined as a '[I':l]t.‘-il.‘.'ll'i'lli solid, two of whose faces

at least are plane surfaces intersecting in a line.

;.: __ﬂ'.‘ _____________________
A Az \\E\—\
S P
s
. B
| i
i B) B
e - —— At

In the case of a thin prism Fig. 17, with a zero thickness at its apex. and a
thickness ¢t at its base, we see that while the point A of the wave of Hoht
is only retarded for a very short period, the point B is retarded considerably,
and therefore by the time A reaches A,, B will only just be emerging
from the prism at the point B,.  Had the prism not been in its path the
wave would have oceupied the position A B . The amount of bending
does not depend upon the thickness of material traversed, for A, P is
parallel to B, Q, but upon the change in the velocity, or rate of propagation

of the wave. The angle o, made by the intersection of the two faces through
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which the light passes, is termed the refracting angle : while the angle g,
mwade by the incident and refracted waves (that is, the old and new paths)
is termed the angle of deriation. Now the amount by which the wave is
retarded depends upon the refractive index u, of the prism. 1fn, = n
then the point B, would be coincident with B aund no refraction wonld
take place. It follows therefore that :—BB = n ¢
S BB, =a gt —-t=(n,-1)¢

But angles are proportional to their ares standing on the same radius.
Therefore, for thin prisms (whose refracting angles do not exceed 10°),
we may take the chords B B, and B B as being equal in length to their
corresponding ares, with a sufficient degree of aceuracy, and may therefore
substitute § for B, B, and  for £. By so doing we obtain the important

relation, which holds good for thin prisms only, §° = (n, = 1) .

Refraction by a Thicl: Prism,
The refraction of light, and particularly of plane waves, throngh a thick
prism may be put to practical use in many ways, so that it is advisable to
r-'ll]l[_'l.' the relations {*:-;i;-:l_iu;: Letween the .5]'||;__J.'||‘.-: of incidence, refraction and
deviation, the refracting angle, and the refractive index of the transparent

substance under consideration,

Fig. 18

In Fig. 18 is shown a seetion of a prism in the plane of the paper, to which the
faces are supposed to be perpendicular.  If we consider the portion P R
of a plane wave incident upon the face R B at an angle 7, then as the
whole of this portion of the wave comes under the influence of the prism.
by the time the point P has arrived at B, the point R will only have

reached D, as its speed has been reduced, and the wave P R occupies the
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position B D) in the prism.  Upon emerging the wave is again bent away
from its original path, for it enters a medinm of less refracting power, and
therefore its path makes a greater angle (¢ ), with the normal to the second
surface than what it did (r, ) upon meeting that surface. The angle through
which the light is deviated is therefore §, known as the angle of deviation.
The angle g, made by the intersection of the two faces of the prism, is the
refracting angle. The angle r is the angle of refraction for light retracing
its path, and we see from the figure that the refracting angle is equal to
the sum of the angles of refraction. That is :
e (1)

Also 7 and ¢/, are the exterior angles of the triangles R B Q and R, B Q
3+ «a

— 54 (r+7r)

respectively, therefore i+ i

|

ﬁﬁfl'!-:;]""":i"‘!'ﬂ"l-}
— = fl + lrll | S {-'j)

]':_‘{|u"l'illw‘:lt shows  that  the :ltl;_‘.']t* of deviation § varies with the {IIJIE_':'II,‘ of
incidence, that is, the angle at which the wave front strikes the swrface of
the prism ; and further, that the condition for a minimnm value for §
(minimum deviation) is the same as that for symmetrical refraction through
the prism.  Therefore, when the angle of emergence equals the angle of
incidence (and = ), the angle § has its minimum value.  The condition
for minimum  deviation  being  svimmetrical  refraction, the  accurate
measurement of this angle of deviation becomes of considerable practical
importance, for when § is a minimum, and it is easy to tell when this is
the case with an instroment for measuring angles, sueh as a goniometer,

the wave BB I} produced, Fig. 18, will exactly bisect the angle 3.

- . : y a + o
Therefore ¢ = §/, = . also
I 2
Z
— “ e u
li —— jl —— -2.-

But the refractive index of the substance,

&1 i gn i,

j;_b —-— - = =——

. =l o» S111 0y
n, = ——— (1)
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The conometer enables the angles o and § to be z‘i_l_':_‘l.ll'ut[*i}' measured. Here.
therefore, is an easy and aceurate method of determining the refractive
index of transparent substances, but we must remember that this equation
(3) only holds good when the deviation is a minimum.  Liquids may be
made to take the required form by putting them in ]:J'i:-:ul-r-:luilu-ugl olass

[I'fﬁlllu'ilr‘.

A goniometer consists essentially of a collimator and a telescope mounted upon
a horizontal cirele, and facing a small table for holding the prism, aboni

which they can rotate.

Fig. 18a.

The eollimator 1= an instrunent for 11]'|1L1I:vi1|f_€ lr:tl':L“L'] ]:'I;.';hh and consists
simply of a vertical slit and a convex lens, placed at a distance from the
slit 1'1{11:1| to its foeal ]l.*l],t_l;lh. The I1=|E*.-::‘n]u~ 15 & :-i[I:|||i11’ astronomieal one,
fitted with ecross-wires.  To measure the refracting angle o, the apex of
the prism is faced down the collimator, and the telescope first moved into
position (1) and then to position (2).  The angle made by the two positions
of the telescope may be read off upon the graduated eirvele, and this angle
will be just twice the angle . To measure the angle § a direct reading is
taken, without the prism in position, and then, with the prism replaced as
shown by the sketch annexed to Fig. 18a, a reading of the position of the
telescope is taken for minimum deviation.  That is when the angle § is
as small as it possibly can be for the particular eoloured light.  The prism
itself should be rotated abont a vertical axis at the same time as the
telescope is moved, the slit of light in the field of view of the telescope
being always kept in sight. o and § in formula (3) should then be replaced
|r"|.' their ]'['r-'-EII."i'Ii'I.'E' values and the refractive index # worked out. A ;.{nml

instrument will give it correet to the fourth decimal place, with eare
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From the diagram it will be noticed too that the angle § iereases as the
time period for the lizht decreases, so that the angle § is greater for vielet
than red light. Henee the refractive index will be greater for violet than

for red licht for the same piece of glass.

Fig. 19 illustrates vision of an objeet through a prism. and the elffect of
movement of the prism upon the position of the image. Al waves
emanating from O and meeting the prism surface will be spherical ones,
and in each case the section of a small cone of licht is shown, the first
figure giving the position for minimmn deviation, and the dotted lines

indicating the direetion in which the imace s seen.

In the second figure the object and eyve are in precisely the same places,
||tlt tEur }rl‘i:-:iu ]m;:-: |u-l-t| =00 [."Il"ll I|1J|'F_ llm ll.'l.-:ﬂ i:-: nearer t||f- lﬂ]ji*rl, :\.'ut.
only is the deviation greater, but the image has suffered displacement,
being further away, and the visual angle is smaller, which always canses
the image to appear smaller.  These effects are more pronounced as the
angle of the prism inereases in size, and as the position of minimum

deviation 1s lelull‘l{-tl from in either direction.

We may thus see, that as the base of a prism is turned towards an object and
the apex away, so the object appears to decrease in size, and as the base is
turned away, so it appears to increase in size.  Other phenomena, due to
dispersion, observed when looking through a prism, are dealt with in

Chap. VI.

f.,’i:,lriwrf.r'uu rf,i" Vi ,‘{Jnfiw'f;wf Ware af o fPlane S.ﬁﬁ:.ﬁa‘r'r: In |‘1i.5_:_ 20, let a
divergent spherical wave of light, proceeding from the point O, meet the
plane surface of a block of more highly refracting transparent substance.
That portion B, which meets the surface of separation first, will come under
the inflnence of the more highly refracting medinm first, and therefore be

retarded by a certain amount before any other portion. Henee, by the time
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the whole wave A B C is in the second medinm, its shape will be altered.
Lf the new medium had not been encountered the wave would at sOme
mmstant have occupied the position shown by the dotted lines of the curve.

-—__-____,-'""'....-""h_.--'\‘_..-

|

As, however, the new medinm retards the wave, it becomes Hattened. and
appears to |r[l'l'|':':11_‘i’t'l“|]}_f from the new centre (]1 .- If. then., B ]1] represents
the velocity of the wave in the first medinm, B B, represents the veloeity

i the second.

A H " 1!" 1‘ 3 = -
But =2 = ._F_{"_ and- ==l when n {'Illlzilﬂ unity, as for air.
fl"] 1 i 4 1 = :
e " BB, 5 : :
Pherefore n, = ==, or BB, =a, BB, ; an important relation.
- B e : = S

The path of the wave which meets the sarface normally 15 not refracted. The
I ¥
refracted wave will really form a hyperbola, but we may consider it as the
|1r|t'1‘ini|n|' 0 :~'|i|u't'1'. If i and L denote the radii of the incident and

refracted waves, then N, =R, T, - (Iu:t R == ]]

STy =g T (4)
Thus the radins of the refracted wave is n, times the radins of the incident
wave. Or, denoting O B by « and O, B by #, we have :(—

=0, U

Suppose  that the ineident wave had been plane, or, secondly, that
the surface had been a spherical one, with centre at O. Ia neither case
would any refraction take place, for in both cases all points of the incident
wave would come into eontact with the new medium simultaneusly (and
therefore normally).  The rate of propagation would be altered of eourse,
and so the wave would be retarded ; but since all points of the wave would
be retarded to the same degree, no alteration in the shape of the wave

would take place, and consequently there would be no refraction.
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We have seen how curvature can be expressed in dioptres (Chap. 1) and
enrvature was shown to be the reciprocal of its radins, in metres. We may
follow the effect of refraction, therefore, throngh any nmmber of media,
with any number of surfaces—enrved or otherwise—and all we need do 1=
to add and subtract, noting the change undergone in the shape of the
wave at each successive refraction, in order to determine the curvature of
the final emergent wave, and therefore the position at which the wave is
bronght to a foens,

Total  Refleetion.  Experiment 4, deseribed previously, illustrates a  very
important phenomenon—that of total reflection.  This only takes place

when light impinges upon a medinm of less vefractive index.  In Fig. 21

A

Fig 21

three paths of light are shown passing into a prisn. the paths indicating
the divection of march of the wave fronts.  When they arvive at the long
side of the |r|'i-'~t|]. their various |r:|1h.'-€ become (|_'.!i1l' different, for the one
is refracted into air, the second is deflected along the boundary, while the
third is totally reflected, in accordance with the laws of reflection. In the
case of the second path, the angle which this makes with the normal i=
known as the eritical angle.  1f we reverse the path, then the angle of

S ; = ; =i i
incidence in air is 90°, and sin 90° = 1. DBut when n, = 1, n, =

$ sin »
, which is unity divided by the

] - £ L] "
therefore when ¢ = 90° i air, n, = —
= =11k &
sine of the eritical angle.  Conversely, if we know the » of a substance we

can caleulate the value of its eritical angle.,
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J2
Right angled prisms are used in various instroments to obtain total internal

reflection, and it will be observed that the imazes =0 obtained will be
inverted,

Herewith are given the refractive indices and eritical angles of three substances,
which should be verified by use of the above formulee.

Critical angle 48°-34",

Water n = 1-33
Crown glass n = 151 7 41°-14"
Flint elass Ne—al505 i 40746,
Summary.
(«) In refraction by a thin prism §° = (n,—1) o
9 . E.
11 lm—-;—
(&) With a thick prism »n, = =
g S
=11 '2'

(¢) The condition for minimum § is the same as for symmetrical

refraction.
(n"} Ti[ﬁu_i_{ il 11|'i:-:'ru before the eve alters the =ize and |m.«-:itiu|| of the

e Seen.

1 T 5
(¢) m, = —— (eritical angle).
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CHAPTER V.

MIRROR AND THIN LENS PROBLEMS.

‘\UH have scen that light eonsists of a wave motion in the ether, and we may
represent it diagrammatically, in seetion, by concentrie eireles, as shown

in the diagrams : but what is more important, we can definitely state the
dioptric power of the light at any particular moment, provided we know the
position of the point from which it diverges, or to which it is converging.

The dioptric power of the light at any particnlar instant is the wave
curvature expressed in dioptres.  For example, in Fig. 22, A 15 a source

o

T i e ot s e e S o e

of light, and sinee light 15 a wave motion, af 11 metre distance we may
represent the light by the wave B, at 3 wetre by C, ete.  The radins of
the wave in linear measnrement ilowes 1po ilulmu]i.‘ltr*[‘;' Convey to our minds
its curvature, hence we have resonree to the unit of curvature, the dioptre,
The imaginary wave with a radins of one metre we say has a power of
one ||E|r]ﬂ|‘|~. and as the rading decreases, =0 the curvature of the wave
correspondingly inereases, and viee versa.  When, therefore, the radius is
1 metre (25 com, 10 inches) the curvature of the light wave is given by
4 dioptres,  Thus the power in dioptres is the reciprocal of the radins in
metres, and in a similar manner all spherical swfaces may have their
curvature defined. A lens, for instance, has two enrved =urfaces, I and
R,: if R, and R, have equal radii (- and r.), each 1 metre (20 can.)

3

4
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in length, the curvature of ench surface is equal to 5 dioptres.  Again, the
change in curvature (alteration in the shape of the wave of light) due to
reflection or refraction may obviously Le expressed by another enrve, as has
alveady been shown.,  This curve is termed I, and when expressed in
dioptres represents the reflecting or refracting power, as the ease may be,
of the =vstem under consideration. ' is therefore known as the focal-
power or convergence of the svstem.  The reciprocal of F. in dioptres,
vives the focal length, i of the systen, in metres, This F iz the
alegebraie smn of the meident and reflected, or emercent., curvatures of the
wave, and denoting the incident eurvature by U and the reflected or
emergent one by Vowe see that F is equal to the som of U and V. when
L7 and V oave curved in opposite directions, and the difference of U and V
when U and V oare curved i the same direction.  F therefore 1s l*t{l]:[l Lir
Vv + U, or V— |.,'. or [F = 1\: :ltfl'lht'ilfll_‘.{‘ to ecircmmstances., If. however,
we decide always to treat divergent curves as negative and convergent
curves as positive, we may write once for all
=V =1,

and re-arrange this equation to snit the particular problem we wish to solve,

VAN,

A

A L
3 &

5 G T

|
¥
2

Fig. 23.
|. Double convex. 2. Plano convex. 3. Periscopic convex. 4. Deep periscopic
convex. 5. Double concave. 6. Plano concave. 7. Deep periscopic concave.

In Fig. 23 names are given to the varions types of lenses shown, which
represent the chief forms in use.  The focal power or convergence does
not depend upon the shape of a lens, but upon its total refracting power,
and two lenses may vary widely, so far as shape is concerned, and yet have
the same focal ]um't-r—-prmlumn_t_r the same change i curvature upon the
wave of light.

The Principal or Optic Awis of a Mirror is the hmaginary line, prru.iuff*tli
necessary, joining the centre of curvature of the mirror and the geometrical

contre of that portion of the mirror undler consideration.
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Privcipal Awis of a Lens is the imaginary line, produced if necessary,

joining the centres of enrvature of the two surfaces,

f)__u.f;'f'uf entre.  The llllti{':ll centre 1= that llllilji DT the ]Jl'i]u'“l;kl axis

through which pass all waves which have their paths parallel before and

after reflection or refraction,

The !'}J,n.!'.r'rrri' entre rlif.r.- Airvor.  From the above delinition of an ot ical contre it

The

The

The

The

The

follows that the :r]ltf1-4|| centre in this case 1= coincudent with the centre of
enrvature of the surface.

UJ,rr.‘.f'f'H.l" C'entre of a Lens, I Irl'.'ll:"Til.'i' (RHITE I't'qllil't'.a' to deal with this
imaginary  point from two separate positions : first, divectly from  the
front ;. and Hl'l'“ll'l”"'.' when the lens is seen in ?‘1'['1.i'llll—l‘[[:‘_,'.'l'\'l-.'ll'l."-. For

convenlence we ay  term the first, the direct aplical centre ;o and the

second, the sectional npi"."r':ri' centre.  Then we have

Bivect Optical Centre 1= that pomt at which the prineipal axis ents
the lens.
Sectional Optical Centre 15 that point on the prineipal axis at which the
illulj_;'in:ll'_‘f line _Euinill.'_r L Er:li‘:i.”l'[ radii at the |rrrii|l:-¢ of eomtact with their
respective surfaces ents it (This satisties the definition of the optical
centre as above defined.)
method for determination of the ]Jll:-éilinn of the direct u|itiwl| centre of a
lens in prract ice is to hold it in front of the eye =0 that two cross lines, such
as are formed by the bars of window panes, are in perfeet alignment ontside
and within the lens when viewed through it.  The Il’li]IT of Intersection of
the lines as seen throngh the lens is the direct optical centre, The eross
lines, whether upon a white card placed horizontally, or as window bars in
a vertical plane, mnst always be in a plane parallel to that in which the
lens 1= held.
graphical determination of the position of the seetional optieal centre is
seen in Fig. 24 (L and IL}). € and € arve the centres of eurvature of the
surfaces, and any two radii C B and C A ave drawn parallel to each other.
boand A are joined, and in (1) where this line cuts the prineipal axis is
the position of the optical centre.  In (I1.) it 1= necessary to produce 13 A
along the path of the wave outside the lens, according to the law of
refraction, C | A being the normal to the first surface.  Similarly in (1.)
wWe ay trace this, and also the |r:1l|1 of emergence B E, and in all eases
¥ A and B E wust be parallel,
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The deviation of the [Jelt]l will be I‘:Ll:l'i’ﬂc‘]tt{’d |r_‘|.' o, and 1s vx:_u:'ﬂ_\.r similar to
that ecansed by an equivalent rectangular block of glass P Q R 8, of

thickness £,

Fig. 24.

We are now in a |h|-1lli=+1| T iIJ\'i'Fl'i:‘_,'_':lh' L inlllul'l:mt fundamental formula
uppﬁvuhlv to both :-clbiwl'l'ru“_‘r curved mirrors and thin :-:].Jlu-l'irul ]|-||:-:v:-:,

rememnbering the notation all!tlll[l'tl i {1II=L|ITI‘1' l.

In Fig. 25 (1, 11, 111, IV.), in each ease let U vepresent the curvature of the
incident wave (imcident eurvature), that 1=, the eurvature of the wave
il li:_';]l'[ jllHl as 1t comes mto contact with the ]'L'HL'HEH_L{ Or t'l*fl“:n'[ill,'.‘.'
surface ; then w, the radins of curvature of the ineident wave 1= ealled
the first conjugate distance, By reflection or refraction, as the case may
Lie, the ecnrvature of the wave 1s :4]tt‘]'l'£L and the new form will be 1':rIJL§i|L*h'
when the last portion of the wave has just been reflected or refracted. At
thi= moment the enrvature of the wave V ois ealled the emergent enrvature ;
then e, the radius of this curve, will represent the second conjugate distance.
These are the troe n-ultjlm':th* distances, if we define them as In-in;‘ the radii
of the meident and reflected, or emergent, waves.  In practice, however, it
1= convenient to measure both o and # from the _'_ri*ulrlt'li'it‘il] centre of the
mirror surface, or from the lllllil'ill centre of the lens { not shown in 111
amd 1V.), for these are |m;-j|a!.-c whose }umitfntm may be determmed with

grcat aceuracy.  Moreover, by denoting the curvature which the incident
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Fig. 25.

wave would have, at the mirror surface, or optical centre of a lens, as the
incident curvature, and the enrvatnre that the erereent wave wonld have
at the mirror surface, or optical centre of a lens, the emergent curvature,
the relations which exist between these curves and the other factors in
mirror and lens problems can be expressed, mathematically, in a simple

nanner.
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Miviar Forwolor ;

V-1
- . * = 1%
(1) R = T=Eim g
or 2R = V=1 = F
A relation l'ﬁ;lil'l'ﬁﬁi]llﬂ‘ 1ll:1[|1|-l|1:u‘,11':|]|"|.' the law of {‘llljjll;_{'ﬂ[l' Fied,
r [ 1]
2 e = =
( ) i !

Where s vepresents the magnification, or the ratio of the linear dimensions
of hmage and object.
In Fig. 2ia a plane wave of light A B, falling upon the coneave mirror of

curvature R, receives a curvature Voupon reflection.

e m— S
Eal
f
LR
]
- ~ -
5 '
.l‘.l
i‘r’ B
l" r
Pl [
.r. L]
. H
s
.
‘1.
*
‘L
N
o
Fa
Fig. 25a,

Since the aneident wave A DB is plane its eurvature U = O, therefore
the curvature V' oof the reflected wave s l‘qlln] to I, [1|H|I| incidence
the centre |nr]'tinl1 of the wave A B has a distance C D still to travel
before being reflected, so that by the time the point ' reaches D the
|>uil]lr-: A and B of the wave will have been reflected a distance Mlllul
to C D and will be in the positions A" and B'.  Therefore C E=C D,
andl simee curvatures are El]'tl]ur!'liUII:Il to their = 01l mlu:t] chords we have

R=1ForP=2R
but according to onr definition of F, as well as from the figure, treating
divergent light as negative and convergent as positive,

F=V —U

aRe—= N —
Whatever the curvature of the incident wave, that of the reflecting surface
must be the mean between the curvatures of the incident and reflected
Waves, or:

= —l and  therefore
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C'oneave mirrors ||I'ui.||l:':‘ conversent waves, op lisss 1|i1.'|-|';_{|;-||| ones than the
n!"i,‘.’.'iIIHI: whereas CONVEN  IIFrors }r]‘mltlu'q' llE"-'f‘!',L‘il'HT-. or less convercent

ones,  We have therefore with light from L to R

i, Coneave Mirrors —R and +F
6. Convex Mirrors + R and —=F
NELA

0

Fig. 26,

The magnification formmla wmay be dedueed from Fig. 26. A divergent
cone of light from the point A of an object N B falls upon o wirror
ul' CHrVILIe H :11u1 % !I':ll]:-'urlll'III['II. into a e :'!HH'I‘I'_:‘i]h['.'.‘ 1o [hn- |Hllr!ti
A Smlarly a divergent cone from B ois transformed into o cone
converging  to 131, In the ]J]:Hil‘ A By therefore, a |u-|-l'|-|-1 repre-
sentation, the fwege of the obiect X B will be Tormed.

In order to graphically determine the position and size (magnification) of the
irn:l_-_';i' H-H|_1r two lines need be drawn from the extrennties of the crlrjn-:'I_
AP ]1.'||‘.'|||1'I to the axis, and A () thronzh the centre of enrvature [+-|rti+-;1l
contre) O of the !"I'”l‘l'lhl;.f surface. The lme A P, |'1'int'1-=-|-||ii|1_:_f a path,
will be reflected along AU P by the wirror, A P and A P, making el
angles with C P, The line A Q will retrace its path, sinee it strikes the
mirror normally.  Therefore—

AP 2o ArBr 2t BT 2B
but BC= u — »r and B1C = r — &
Sl RV oy e
{'il“ihf-_{ AB, o; and A B, {, we have :(—

e L @ .. . v

[}

bt Il}' definition m = —
ir

Som= L and sinee v = : and n = 5

it V ]
1]
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Therefore we see that the magnification-is-given by the ratio of the curvatures
(in dioptres) of the ineident and reflected.waves.

From the equations

(1) F'=2R=V =1
g e e | 1
Or e s e
: » B "
. S e IT
(2) it S 7

the whole of the properties of mirrors may be dedneed.

The eqguations

(1) F—V -0
and {2) m=_ = l‘—
i) ™ Vv

are applicable to the solution of thin lens problems, but the alteration in
the :-'II.'I]H" of the wave ||_'I.’ refraction at a thin lens ll[']ll'!li].‘-’- upon the
refractive index of the elass from which the lens 15 made.  For lenses
therefore we mnst not write
F'=V—U=[2R]

Calling the curvatures of the two surfaces of the lens R and R, the refractive
mdex w.. and the rvefractive index of the suwrrounding wmediom #,, the
relation E'.'w:[:-:t['llf.'.‘ between  these l{ll:IHTHiE'H and the foeal poswver F' 15 given

by the equation—

F'= (n,—un) {1{1 _H.‘i}'
It the surrounding medinm is air #, = 1, and we may therefore write :—
F = (2,—1) (R, —R,) 3)
w No— =iy — AR TR (4)

ca 'ilehh-aséc-*:- :
SR Fig. 27.
In this ficure ¢+ = a + &
and #.f=a -+ Db+ ¢
(n, - 1)t =¢
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In Fig. 27 let ¢ denote the thickness of the convex lens L, o the sag corres-
ponding to the curvature of its first surface, & the sag corresponding to
the curvature of its second surface, and ¢ the sag {':IT'I'['r-ilul'lli“H_"_’,' to
the curve F. which represents the change undergone in the enrvature of
the wave, that 1=, the focal power of the lens. Then ¢ represents the sag
corresponding to the sum of the eurvatures R and R, Also, ax in the
case of refraction by a thin prism (Chap. IV.), we see that the retardation,
represented by the sag e, is given by (n, — n,) . If n, = 1 thiz may be
written (i, — 1) £

But t = a + b
e o= (s = 1) (a 4+ &), and consequently
F = I',:n.& — 1) I[HI -+ “1}_

Remembering the rule of treating surfaces curveld like divergent waves as
negative, amd surfaces ecurved like convergent waves as  positive, we
must write ;:— '

F'=(n—1) [-“I - H_J
having + R, and — R, according to onr convention of signs. .

From the three equations

Bo=N —1 1)

I g fi=]
i 1;!'

Fam(ny— 1) (R: —R,) (+)

the whole of the |||'1||:I'I'IE[-:~: of thin lenses niay b dleclineand.

]‘:1|Ilallinll [3} Ly he written

Herewith are given a few examples of wirror and thin lens problems.  In each

case sketches should be made by the reader for illustration.
Fovample (1),  How for from o concare mirvor, whose  rvadivs  of
cureatitre, v, is f'quf to I metre, waonld Hou J,rn"r.rr'r i n-f:l,—.r'{'i'. to obtain

a0 veal imege of three times the size ?

- L it
We have M = — =&
£
P = DM
L 1an: for ) . . . 2 | 1
Also, for a concave mirror producing a real image =— — — Lieconnes
e ‘4 L)
2 | i S5 : s S :
— = —— 4 — szinee the incident Light is  divergent, and  therefore
" 5 "
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: : s : ; 2 1
i 15 negative,  Strictly speaking we should write — = — . — __ L
1" e @
(See Fig, 25 11.)
5 %+ r 4 » . '
= e = --—— , Slhee ¢ = 3 i,
I ru 3 u=

Putting in the value », we have :—

2 1 1
= s T —
1 oM 2
9 :
S | — 3 metres = G6H.G e,
and # = 3w = 2 metres = 200 com.

The ”h,f'i'-‘! would therefore he |']'-11‘l"~l at 'f ol a metre from the coneave mirror.
Fhe image formed ust be a read one, for the light waves after reflection
are conversent, and the object is= at a point on the axis between the

centre of eurvature and the focal point,

.Ir'.-l.-"rH.l'F‘n'J-'rr" [.'.]'.:I- Determine the size e II.IJrJ.w'.!'r'ru; rrf'.ffu' .r',i.r;u:'l,rr nf i mr{;-{fr‘.l'
g can. Mong pleced 25 can. in front of a conces mirror, whose

o of curedature is S0 c.n.

Here # = 25 can. oo U = 4 dioptres

y Z 1 : : i : :

Bt = (the Focal leneth is half the radins of enrvature).
=
==t Sh e

1 1
Also F = = (metres)

— 4 lliullt =,

Sinee the airmor is CONnvex, both ineident and reected ]ig‘]ll = l!i"u'l't'lu’l'lll. Lt
the reflected divergent light is curved in the direction of convergent light
passing from L to R. So that in this case we have — U, + V, + R,

andd also — F, aceording to our notation.  (Fig. 25 1).

Instead of F =V U, we have — = ¥V — ).
T = ' - U in this case.
. The necative =ien indicates
N 8 dioptres. I'he new itive sivn indicate )
a virteal imagze.
J.oovr = L metres = 125 can.

£
/ 1T
Also m = oy —
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The virtual image is therefore apparently situated 12-5 can. belind the

rirror, and is only one half the size of the object,

Foample (3).  An object ix placed 20 can. in front of a conrer lens
whiclh produces a veal image of the object upon the other sidle, at o
distance tof 1 melre. What is the foeal poter of the lens, e the

it ni fication

In this ease, sinee

m = —‘” — l_;‘rl:-':’l:l — 3. (magnification)
Also we have - U and + V.
Therefore F = V — [T becomes

F=V—-(—U)=V + U

= 20 ¢,m. .V = b dioptres.

¢ = 100em. .. V = 1 dioptre.

' = 1 + 5 = 6 dioptres (foeal power),

The focal length, [ = 11 = 'IT metres = 166 c..

Which means that parallel Light falling npon the lens will be bronght to a

focns, on the other side, at 16:6 cau., from the optical centre of the lens.

IF"_...J'H.I‘HJ,Hfr' (<4}, Tl refractiee fnder of « donble-canver fens is sherted to
be 1°53. and the cureatures of its swrfitces in dioptres 3 el S

f'-"'-"f‘.”!'i"f-“f'i'.{-if. Wit i the I,frrf're'-'r froteer ',‘.I'l- Hr.u' Leqe !

Hepe n, = 1:H3, |{| = 300, and H:: = ().

Now F = (n_ 1) {H! K,)
But sinee the lens s a double-convex one, we have — R, becanse thix
siurface is corved like divergent light passing from left to right.
Therefore 19— ", 1Y (B, + BR,)
= 0.53 X 8 = 4.24 dinptres.

Mecisurement of  Cureafure in Practice. We often ]‘:-|[I:IE1'I' in |rl':I['Tf1'1- Lis
deternime the enrvature in dioptres of a mirror or lens surface, Thix iz
most easily accomplished by applyving to the surface an instroment, ealled
it -'ﬂf.urrf'i'HJ'H-r'i’r'.l"* 4'||l|.-:i.~:ﬂ|4_2’ l":-ir-:l"ljliu”__‘[ of a t1'i|n Wl or ]'ill:‘_:'. i the middle of
which a vertieal rod, eapable of being raised or lowered by mechanical

means. 1= fAxed.



14 MIRROR AND THIN LENS PROBLEMS.
The principle of the instrument is based upon a theorem of Euelid (Book 111,
Prop. 35) :(—

s If two chords of a cirele cut one another at o point within the eivele,
the product of the seqments of one chord is equal to the product of
the seqments of the other chord.”

Thevefore in Fig. 28, e x ¢, =k x m,andm = 2 »r — L.
Therefore if ¢ = ¢, we have

From which we see that

E“HI I.]I':"l":"f“l'l" t]“il_ :{_ilti“l I{ == _;“_-

- 2 A
() - rF = R (the curvature of the surface).
] T [

[

The :'-'|r]H']'nI||l.=h'l‘ is s0 constrneted that it fulfils the econditions of the above

The spherometer therefore gives the exact values

The

equation.  The distance from its vertical rod to the edge of the ring, or

one of the tripod |l*:'_=.,‘.*~'H corresponds to the k
; ; - : £
distance ¢ in Fig, 28, while a movement F\
of the vertieal rod enables the elevation [ o

depression ), corresponding  to the distance /\
r 1
i in the Ii}.:'nl'ih to be measured. ;

for ¢ and & for the surface under test.

These values are then substituted for ¢ and e S 8
: : ; ; . Fig 28.
fon equation (5) and R, the enrvature of

the surface in dioptres, determined.  To obtain R in dioptres the distances

e and h must of conrse be expressed in metres,

instroment  affords an easy method of determining experimentally the focal

power of a mirror, sinee ' = 2R, and as, for lenses,
F=(n—1) (R, R,

if we know the refractive index of the substance of which a lens int'nm}mm"[

I is easily determined. Moreover, should F, R, and R, be known n, can

he determined.
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The ** lens measure ™

£5

of the optical trade has a dial attached, with the readings

<o arranged that the actual curvatnres measured have been wmltiplied by

1).

51, i.e. (}.r?'

For this purpose it s assumed that crown glass of 1-51

refractive index will be used, so than an eptically denser material wounld

- }lt'hhle*."

aive an incorrect reading, as in the case of Hint glass or
mstrmment 1= wore convenient than acenrate, becanse it wmeasnres

dioptric power of each surface directly.

Summary.

()

=vsten.

5 # v -[T 1 .
()  For Mirrors R = __j_" = 3 I
1 2 ] 1
i — = - = - T A
/ T ¥ i
m = — == .IZ
i Vv

(r)
B

I denotes focal power or convergence of a mirror, lens, or

The

the

lens
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CHAPTER VI.

CHROMATIC AND SPHERICAL ABERRATION.

SINGLE lens, producing a real image of an object, is by no means
satisfactory for the purpose, and if the lens 1= at all powerful, that is, of
<hort foceal |:*1|L=:t]|. then a _L{'l;l!lr'i‘ at the i]llall'_';n' on a sereen will show that it
1= not an exact representation of the object, nor will it be possible to obtain
an outline so sharply defined as in the actual object, no matter where the
= 1"eell ii“i E|]=.|.|'||'FI.. :"I';ﬂ'l'flrl"'., E]I “. i?“: I]l'hl I‘.'I'[]ll.'l' il]-."“i'![" "I-llllililt iﬁ l"'ll.‘iil]"rl"'l Ly
be the best focns, and the lominons Hlil‘;l'["_ 1= gi'l.'ih;_-; R {'1:u'||1|||::-;ih- li;_;'hl‘
(white hight), then the image is found to be surrounded by a red haze :
likewise, if the sereen is held a little outside the best foeus, then the image

1= fonund to be surrounded by a blue haze.

H]n;‘]v lenses are liable to two ryeal classes of errors, the first nnl_‘r CONCerNIng

ns here.

Class (1) Axial.
(2)  Obligue.

The effective aperture of the refracting system of the eye, that is, the area

employed for producing the macular image, is =0 small that the oblique
aberrations due to corrective lenses may be neglected, but it is gquite different
with a Il]tlilll:‘_:,'l'.'llll'lit' |1i|_f|*='tik'4‘ nf_l'nur-cith'!‘:lhll' aperture, whose purpose is T
|1I'I'1IIII1‘I" an image with good definition thronghout its area.  All the
human eye requires is that the macular image shall have perfect definition,

]F[" ”IlII |'1'l.i|.|H.] area Hllti‘iiill" '[llt' III-'H.‘"[:I ]IHII\' II:I_\ [ dl]l_itl.' il ]IITII'!"l'il L] WL

Axial aberrations are chromatic and xpfnr-.l'ii'rrf.

Feperiment.  Take a prism of about 109 refracting angle, view some
sich object as a horizontal window bar through it, and note that,
besides appearing deflected and bent, its edges are tinged with a

number of colours,
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Owing to the Fact that different colonred lights do not travel all at the same
ri'EJt‘ml throngh transparent substances, such as ;.','|:|:-'1-'~ or water, whenever
refraction takes place there results a dispersion or breaking up of a com-
posite beam of white light into its various colonred constitnents.  Fven
when light falls normally upon the separating swrface  the  different
colonred lights, that is the different wave motions in the ether, are retarded
in varving degrees, and it is not diffieult to conceive that light whose time
period 1= short (green, blue, violet), shoulil be retarded most, and eonse-
|||:Ii*!|f|_‘;' bent most, when refraction tales IFI:H'I"_ for this |E.u[‘]!i has to vibrate

so mueh more frequently.

Plhenomena doe to dispersion are many and varied.  Let us examine a fow,
In the first place, instead of the sinple rvefracted wave front shown in
Fig. 18, when the incident light is white the vefracted wave front st
be represented by a fan shape, beeanse the rates of propagation differ for
the colours ..i“ the order V.LB.G.Y.OR.  Red is retarded least, and
violet most, and as the rvefractive index, u,, of the glass is by definition

L

colour of the light for the same picce of glass. In practice it is nsnal there-

Y o(sinee wy, = 1), 1t follows  that the refractive index varies with the

fore to state the n for a particular position in the solar spectrim, that s
for o particular coloured light, that chosen Leing vellow, and the line in
the spectrum is known as the = D7 line. This eolonr, with its character-
istic line, may be produced artificially by burning sodinm, and so producing

linous sodinm vaponr,

If these refracted waves IiI'HE'I.‘E‘II and finally ewerge from another surface of the
vlass peerallel to the first, they will do so parallel one with another,
Therefore their various new paths will also be parallel, and the amonnt Ly
which the waves ave deflected Trom their original path also depends npon
tl'll‘ w:julll' il t]‘ll' |i_u‘i|'[—i|] nl||t‘1' ‘I.‘l'tﬂ'l.l.:\' l]|m|l Till' !‘l'r]':lt‘l]'ﬂ' illlli'.\', ar 1*|i:11|'_'_'|=
i veloeity,  Colours so produced by refraction will not be seen by the
eve, because they will overlap one another almost instantaneonsly upon
the retina, and therefore aet as a composite wave of white light.  If,
however, one surface of the glass is tilted with respect to the other to forn
a prism, the light becomes separated out quite clearly, the incident bean
being split up into the component beams npon  ewerging  from  the
glass.  The phenomenon  witnessed  in the experinent can now  be

explained.  When the prism is held thin edge (apex) up the bar
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appears tinged with colonrs—the top edge red and the lower edge blue
and  violet, other colours will not be visible. We micht, at frst
sizrht, expect that red would appear below  and blue at  the top,
but in the case of the window bar we have really two beams, or

||r|]‘tE|J|]:-1 of {'|:||]|r||.-=.[t1= waves of licht, one from the upper il onme

Fig. 29.

from the lower white pane, =0 that two spectra are formed, and where their
ends overlap the dark bar there the particular colours will be visible,  Omn
looking through the prism the image of the bar is also bent, because the
light reaching the eye from the ends of the bar has to pass obliguely throngh
the prism, and therefore throngh a greater thickness of glass, hence the
retardation will be greater, and :'IHIHL'{!IIE‘]H]I\' also the angle of deviation,
i_v., llu- :il:l;_:'h' which Iilf* CIMereTrent ]J:IT]I of the wave of ]i_u,‘]ll_ I1|,u,f.;t-:-: u‘ith Ih:r
original path (angle §in Fig. 17).  The angle of deviation inereasing
gradually, as we look from the centre outwards the bar will appear curved,
with its ends up when the prism is held apex up (Fig. 29), and vice versi.
[icht [ul-':;ing- obliquely throngh the prism acts just as if it were passed

l_]||'t|u;-_',']| H IZI‘iHIII of oreater I'{'f]‘:u'tin;,:‘ EIIJIL‘:']I",

The effect of dispersion, and eonsequently the difference in the refractive idices
for different coloured liehts with the same |ri1"!'t" of olass, CIves rise to a
phenomenon termed clromatic aberration.  This s in practice termed a
defect, because it produces a want of definition in the image.  Let us
copsider the formation of an nnage il}' a convex lens, In Fig. 30 A B is
a lmminons nl:ju-:'t .Ll'i'l-'[ij_!.f out waves of white |i;4‘]|t} differine in time
]u-ri:ni, or rate of vibration, for its -r'||||:-cl_itlll'|11_ colonrs, All  these
different coloured waves, forming white light, travel with practically
the same velocity in air, and =0 will meet the lens together, but

they will not travel with equal veloeities through the lens, violet waves being
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retarded most, and therefore have the greatest eurvature.  This being the
case they come to a foeus first, as the diagram shows,  Moreover, the violet
image, so formed, is smaller than the others, the ved being the lareest,

The distance YV R 1= termed the olrondee II.I:I‘.Ff.{'i'i"I.’r'r"_ anld 15 a neasure

|
A l, 1 M "]
i .
: ~5 .
|' v =
e e

=
Fig. 30.

of the aberration or defect. In |rL'1I£‘Ti1‘1' thizs defect 15 corrected |l*'|.'
nentralizing the ehromatic difference with another lens of opposite power,
without destroying the deviating or focussing power.  This can  be
aceomplished by making the second lens from another kind of glass. . For
instance, if we take a glass st we wmay find, among others, constant,

such as the following :(—

- Hn - 1

p & = {(np - ng) N = ( ny - fig )
Crown. 1°5175 00850 l 605
Flint. 1-6214 01722 i 361

These eonstants tell us that the Hint glass retards the waves of light to a greater
extent than the crown, and therefore that, other things being equal,
oreater refraction [_;m:| deviation ) will oceur when |i}_{]t1 prasses 1]11'nl|:_;'1l it.
Furthermore, they tell us that between two given positions in the solar
spectrum, the I and C lines, the :-I'i.'_.l‘.l"f'."lr-r-'r'f* in refractive index for the
flint glass is about double that for the erown, and consequently but a
comparatively small amount of deviating power is required in the iint
glass to neatralize the dispersive effect of the erown. Thus a residual
1|v'l-'i:1|.'l]t_!.',‘ {Jrlnc'LlrbI‘n;_{’] Jrower will remain, A combination of two or more
prisms or lenses, which in this way unite all the coloured waves again, is
termed an acheomatic system, the exact manner in which the waves are

united in each ease being seen in Fig, 51,

* For an explanation of the syrbols see list at end of book.
5



50 CHROMATIC AND SPHERICAL ABERRATION,
Althongh the two spectra formed by the erown and flint prisms C and F
respectively, at a given distance, may be equal in total length, it is more

than probable that there will be irvegularities in the spreading out of the

Fig. 31.

individual colonrs.  This fact is known as the irrationality of dispersion.
In all ]u'u]::llri“l_!.' the various coloured waves will not Le lii‘]'rl'l:'th' united,

and when this is so what is known as a seconduwry spectrwm is formed.

We find that a lens with surfaces ground truly spherical refracts lizht to a
greater extent as it strilies the lens nearer its ]u"l'ili]ll‘i'}', so that this part
will have quite a different power from the central portion. We may
satisfy ourselves that such is actually the case in the following manner :(—
Taking a rather large double convex lens let us imagine two paths of a
plane incident wave, and assmme that the path near the axis makes an
angle of incidence of 5 at the first surface, and that the path near the
periphery malkes an angle of ineidence of 257, Call these angles ;oand £,

i

respectively.  Then the ratio = = 2.
IIIJ
Now we have seen that n, sin ¢ = ny sIn r
Let n, = 1 and ns = 1'5, then for Case I. we have—
: gin i,
=11 .I'"_l =
Ma

0871557

_ — - = '“:IHI”"I

1i=5
3 g == .}I’J _,J.{r'
@ ® I ' -
And for Case Il.—
; sin i
g1l T, =
2 o

_ 4226183 _ o07-45

15
SR
' S = T ;
Therefore the ratio = = 4:91. DBut the ratio —H— — 5. Therefore the path
L

near the periphery of the lens must be bent proportionately more, and
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comsequently eut the axis at a point nearer to the refracting surface than
the point to which the central path is bent. It is clear, too, that refraction
at the second surface of the lens will inerease this effect. or error of
spherical aberration, as it is termed.  Moreover, if the angle of emergence
of the light from the second surface 1s H|lh‘ll to the original angle of
incidence at the first surface, a condition known as synmetrical refraction,
then the error of spherical aberration will be at a minim for the particular
lens and aperture under consideration.  For this reason a plano-convex
lens shounld have its convex =urface faced towards parallel incident light, »
feature noticeable in the objectives of opera glasses and telescopes. 1t is
rarely a matter of any difficnlty to reduce this aberration to a minimnm, hut
it i= one of considerable tronble to <atisfy the condition for its elimination.
The distance between the axial foeus and the peripheral foens for the given
aperture and lens may be termed the aplunatic difference, and is a measme
of the aberration or defect. A combination of lenses which satisfies the
condition for the elimination of spherical aberration is termed an oplanatic
system, and if o lens system is corrected both for chromatic and spherical
aberration the whole combination may be termed a collinenr Tens, and the

emergent waves of light will be perfect spherical ones,

The defect of chromatic aberration is gquite marked in the human eve, and we
need only look out of the corner of the eve at a window bar against a white
background to prove the defect.  Since, however, we depend almost
entirely upon direct or axial vision the presence of this error canses us
no ineconvenience.  The human eve possesses the defect of spherieal
aberration, but not to any great extent, owing to the peenliar formation of
its eryztalline lens, whose refractive index gradually inereases from the
periphery inwards, thereby counteracting the effect of the gradual excess
over the necessary refracting power from the centre outwards due to the

sphericity of its surfaces.

Summary :—

() Axial aberrations are chromatie and spherical.

(6) = varies with the eolonr of the light for the same refractive medinm.

(¢) The order of colours in ordinary dispersion 15 l‘}ZIH'l"H.‘\I'II by the
coimed word VIBGYOR.

(r.f:l The refraction of .-']:lu-l'ii'.'l[ ]11“.-1:-:4 1S oreater as the ineident |r:1l|l ot

light moves from the axis to the periphery,



_CHAPTER VII.

CCULAR REFRACTION.

HE human eye possesses a refracting system, diaphragm and sereen, in
fact all the essentials for producing and receiving a well defined real
inverted image, and in order that we way see clearly the sereen has to be

precisely at the foens of the refracting system.

Now it often happens that the retina (the receiving screen of the eve) does not
occupy this ideal position, and when sneh is the ease the eve is said to

|I:11‘l' a refractive CIror, :i_lnl it is termed an rn.rp.-v.-‘..l'uju}_' 1=:I|‘LJ_

Because we can alter (accommodate) the foeal power of the visual refracting
system Ly the action of the ciliary musecle, it is possible for us to see both

near and distant objects in rapiil suecession.

An Fnwnetropie or Normal Fye 12 one which brings parallel ineident light to
an exact foens upon the smface of the fovea centralis (point of most

distinet vision) of the retina, and which possesses the normal (average)

accommodative power for the particular age.

Fig. 32.

Fig. 32 represents the two instanees of a young emmetropic eye, having ample
accommodative power, focussed (1.) for a distant objeet, and (LL.) for a
near u]rir['#. Becanse the eve is young, even the very diverzent waves
]:l'm'i-m]ilj_:_'; from O (in 1l.) are bronght to a foeus at 1. npon the retina,

and it is evident that the refracting power must be greater than in 1.,
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where I, the focal power, e-:lnui:-: V. since 17 = 0 [|r|;11w wave), while in
IT. we have F = V + U, but V is the same in both instances so that the

focal power in the second must be greater than in the first,

We have represented the refracting system by a single surface for simplicity, in
reality the eve possesses an adjustable lens in addition to the transparent
anterior covering surface, the cornea, whose position corresponds with the

single surface shown in the diagrams.

A Presbyopic or Old-age Eye, beeause of its age, has lost more or less of its
accommaodative power; and, therefore, is unable to make its refracting
system powerful enough to bring to a foens upon the retina light waves
diverging from near points, and additional refractive power, in the form
of a convex lens, hecomes a ItE’l:'l".‘\'hitI‘.' for near work in order to maintain

clear viston,

e

T
(]
]
¥
[l
[
i
]
i
¥
¥
-
[
[
]
i
I
I
1
[
[}

Fig. 33.

Fi_u‘. rhek !'!'jlt'i':-ii'lll:-: an HH E'1||I!u-trn|-it' ey, iI| other 1.\'11:'1|-' il ]!IITIIIIII
preshyopie eve.  Plane waves of light are bronght to a foens  just
as in Fig. 32 L., but the eye 15 now nnable, wnaided, to relract waves
diverging from ) sufficiently to focus them upon the retina, and they
would meet at O, a dise of light instead of a point being formed
at 1. Thus, waves diverging from so near a Imiul as O cannot be foenssed
npon the retina at all. beeause of the loss of accommaodation through age,
and a suitable convex lens L mmst be placed in front of the eye to supply

the deficiency.

In an Hyperopic or Long-sighted Fye the focal power of the refracting system
is too weak for the existing length of eveball, and parallel light would only
be brought to a focus beyvond the retina. Near objects will only

accentuate the defect if accommodative power is not available,
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In Fig. 31 a young hyperopie eye is indicated, which, by reason of a deficieney in
it= refracting system, cannot foens parallel light upon the retina, the point

focus being at (), . By employing acemummodation this may be remedied,

I, O==e =i

but it may then have insofficient remaining for viewing near objects, and
it is better to correct the error |r_'|.' El];l:'i]l}_r; a lens L in front of the eve,

thus removing the latent defect.

A Myopic or Short-sighted  Fye has the focal power of the refracting systenn
too strong for the existing length of eyeball, <o that parallel light is
brought to a foens in front of the retina.  This ervor must be corrected
by a concave lens L, and this without exception, for the eve has no means

of re ."rﬂf‘.r'fr:r,f the foecal power of its 1'l'rl‘zit‘1[1|,'.'.’ systenn,

L
e e L >i
e W f wmmm 3]
. Fig. 35. LL.

IYig. 35 illustrates a myopic eve, in which the refracting system is too strong
to focus |i:u'ulll_*1 light upon the retina, the |u|illt focus lwil::_; at “|‘ and a
negative or concave lens must be placed in front of the eye in order to
weaken the power.  But we have seen that ]i_f.'.‘ill diverging from a near
nlljm't ]'l’[iﬂil'i':ﬁ a stronger 1':-T'I‘."|rﬁ|ig' systemn to focus it 1o the retina,

and consgequently there will be some partienlar point (O in I1.) from which
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|

divergent light will foens exactly upon the retina, and this is known as
the fiur point of such an eye, accommmodation becoming necessary for ity
position inzide O which can be viewed by its aid.

An Astigmatic FEye may be defined as one which possesses a toroidal sarface or
its equivalent.  Thiz may be defined az one having varving curvatures in
different meridians, with a maximum and minimum curvature at right
angles, toredd Dbeing the scientific name for a surface like that of a bieyele
tyre. In Fig. 36 such a surface is represented, AB and CD being the
respective radii for the maximum and minimum eurvatures,

ﬂ'—

C ]I n
= i3
K S

Fig. 36.

With such a surface separating two media of different vefractive indices light
will be brought to two line foci, separated one from another, instead of
to a single point.  The distance between the foei 1s known as the fufereal
of Stiiem (H to V in Fig. 37), and between these two foci a dise of light
will be formed, known as the eirele of least confusion, For convenience

the meridian of least power may be termed the axis of the surface or lens,

A
Fig. 37.

The equivalent in efiect of a toroidal surface is a sphero-cylindrical lens
(Fig. 37), a erossed cylindrical lens of nnegunal powers, or a tilted spherical
lens.  The error of refraction known as astigmatism is, therefore, capable
of being corrected by one of these types of lenses, or by one having a
toroidal surface, suitably placed before the eye.

Althongh  the human eye is a compound system, it may with advantage
be studied as a simple refracting system, having one surface separating its

assumed  single medinm from air, when it is known as a * veduced 7 eye,
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so that we may liken it to a block of glass with a curved end, and may
investizate the effect of refraction at a single curved surface by reference
to Figs, 38 and 39, the first of which shows a surface of separation between
two media of refractive indices n, and n,, the former being to the left and

the latter to the right.

-

Fig. 38

An ineident wave is converging towards O, and, passing from a medium of low
into one of ]Ji,'.','ll refractive index, the ir.'lth:-'» of this wave will be bent
towards the normal. One path is shown as lh|'|u-|-|-dinl-_: to Hl__ and (S
is then the first conjugate distance », O 8 being the second conjugate
distance . H_T the time the limits of the incident wave 17 reach I and
() the centre portion 8 is just coming under the influence of the more
hi‘_’;]t]_‘f I'l’t':l‘;iriill_*.’,‘ medinm, and |h1'|.' the time PP reaches the surface at l’l.,
and Q at ), 8, instead of reaching 8 will only have travelled a distance
equal to b, owing to the retardation due to the medium of higher refractive
index. We may say, therefore, that licht would have travelled a distance

i, but IJ]L]}’ travels over & in the ;g'il'tlu tine.

i i Yo 1 Mo
mo that Tl (Iml, o )
Ha

i
it a
. --I"J“ e fr,;
o Hu {f =Tl .IFJ

Oor Ry (L=c) = n, (t—d)
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But curvatures are proportional to their sags standing npon the same
chord.®
R (= U) = n, (R=T)
0or ", V — n. U = {n# - ”u.} It {1]
This equation holds nnder all conditions if the rules laid down in Chapter 1.
are  adhered  to [“j.’.'hl from left to right, ete.), provided w = always
represents the ineident medimn and #, the emergent medimn,
If the incident light had been divergent, and still came to a foens v the
optically denser medinm, the eguation would have heen :—
n, (R + U) = ", (R — V)
and then n, V + 0, U=(n, — n,) R.
which harmonizes with F' =V 4+ U, for a convex lens producing a rveal
image,  We need only remember equation (1), however. and apply the

rules,

We have l|!I‘I|I1IE_t'|IHill defined the focal prower | F} of a sSystein as the 'I‘IJ.:IHIL:'L' 111
curvature of the wave, or as the alzebraic sum of the carvatures U and V.
so that if, as in Fig. 38, ¢ represents the change undergone :

e=d —¢ or P=V ~ T,
which again is in aceordance with our notation, for this is the relation for
coneergent incident light npon a convex lens,

When the incident wave is plane (Fig. 39), we have I' = V|, because 17 = 0,
and ealling the incident medinm w g, and the emergent medinm #,, we
may write down once for all the simple relation :—

n, F=(n, —n,)R

2 Wy = M, ~
0 — (T) I L2

[t will be obvions from this !'![llai_linlj 1|i:|t the 1.'.'_||II[* of I 4|1=|u-|1||.-: pon which
way light is passing, for since #, always vepresents the emergent medinm

it may stand either for the higher or lower refractive index,

Or again, in Fig, 39, let us consider a plane wave U ineident (in air) upon I,
and refracted s0 as to converge to O, then SO will be the foeal length
measured /n the glass, Hfilli]:i]'l_‘u‘. i ['1 1= & j:';lln‘ wave incident in glass
(think of the diagram turmed round. so that light still passes from L to

M

L, becanse

4 . ; _ =0
R). then 8O is the focal leneth /a the adne, and H 2 mnst |'||tl:l|
- =50, ",

"Thiz iz not absolutely correct, becanse the curvatur: iz only proportional to
g J Pra]
the sar when either the curvature or aperture is small.
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from glass to air, when the ineident wave meets the surface at P, this
]m]'TElJJL will have its .-|wm! eli'l.'[']l.'l'alhiil, and the :_-:}Liu over the central
i

portion € is the time taken by Q to reach S, plus the rate of inerease in

speed, beeause during that time it will be travelling faster. The rate of

=

: £ : : . gy T : e
inerease in speed  is determined by T: Ty V., being the velocity in
LT ", 2 . ;
the cuiergent medinm,
T
. e m e s SR S S D
JJJJJJJ s ,;—.—\—._\—‘—*
i e i ‘“‘_‘-"_‘-—._ C'
0, _ fr=5 T e e o 7
[ i
[}
H
! '
i i
@ e >
Fig. 39.

[t will be found convenient to term SO, (the foeal length in the optically denser
medinm) the posterior focal lengith {‘j'l,}, and S( ki the foeal lenoth in the

optically rarer medivm, the anterior focal fength (f). Henee we may

write,
(] F, e T R ; 3 ;
Biice 1-‘|l g f'!- Tl (optically rare to dense medinm). ()
| A ]
b ; = . :
el ;"‘_ = ::.I = Lty {n|rttl.':1]|"l.' dense to rare ]uml]mn:l. (4)
i i TA N G

which, from air to f_!']-'l.‘-‘.‘-'u. means that the Illm‘tf*l'in]' foeal ]1'I1.Lf1]l IS l’tiﬂill Loy
the anterior foeal length wultiplied by the index of refraction of the glass,
becanse air is unity.

I rom 1‘:111.‘!1[4" {,{] it follows that

_F'I-l, I.:1r
e - == f: ::
Fa — FL- ll: )
or ."I* - .'r-.l. =t |IE

=0 that the difference hetween the 1|u-'tl']'inl' and =llllt‘i'i=l-t' I'm':L] ]1'I:|_'.','l|l:-= ‘-’:i'rc'!-t

the radins of enrvature of the surface.

Also from equations (1) and (2) we have

i, I =un, V-n, I
= V—n, U :
or B = "Ealolh (6)
n"l'._'-

11.‘|-'|Iil:'ll [E‘”:-: 1= lh:ll from aire to I',.L'I.'I.‘-"-‘ Ii.u ,:=1':J} the fm';ll ponwer determimed
will be I, whereas from glass to air (n,=10) the focal power determined

will be I, #, always being the exmergent medium.
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From our previous definition of the optical centre it follows that for a single
surface 1t is always coincident with the centre of curvature, €, in the
figures.  And since an object point and its corresponding image are joined
by a secondary axis through this point, it follows that if « and » are
measured from the point C (optical centre) the magnification of the image
15 given by m = _:;_ , as for a single thin lens. However, it i= nsual to
measure # and # from the surface, =o that for a real hoage formed in glass
we have - —

sl
T o
From equation (1) it may he shown that for this case

(g = n,)

]
Ha 2+ Wy E

and by substituting these values in the above equation we find that

My T ity U )
Mo = = = (8)
T My ¥

This equation holds nuder all civemmnstances providing » and # are measured

from the vertex of the surface,

The following examples will illustrate the practical application of the preceding

t*1|l1;ll]'u|]'ri.

f*:.r'r:.rujuff* ( I}_ To determiine the anterior and ]un-tlu-:l‘iu]' focal lenoths of

I_hll]ll_l"l'!-;i. I'F"'I'rHI‘F' |F {':'uli'. .l'-"-vl‘ II:I"-‘!' ‘_{'E'l.'l."ll .

Radius of enrvature c.. = I 1mm.
Refractive index of air ... wie = 10
Refractive index of the medium of the eye = 1-33535

Sinee ¢ o= D 1.

i ' ]
= — = *_)H'chupﬂ'u.-:.

ad

Tao l]i"ti."l']llil“"f]: (ar Lo eye) we have from l':{l.l:l.i.iuu (3]

’ 1'3583 - 10
.= (_IT) 20

= 5[} nlilr}ll | WEES

| ENLICR

i = —— = 2} .
= JII' ol
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To deterinine f, (eve to air, the eye being on the left)

F, = ('IIIJ_I.,III':!:ij (— 200)

= G006 i pires

10400 3

b —= T e S Ll
S GGG 4

The result is 1:“:-:51;'.'!" in both eases, indicating a measurement to the right, and
this is in strict agrecment with our notation, for we have always to treat

light as passing from L to R.  Also f, —f, equals v, and f, = f, x 1'333.

Foample (2).  Given that an object (in air) is 10 em. high, and
sitnated 100 em, from the surface of the olass block, which has
a curvature of 10 dioptres, determine the size and position of

the image.

We have given :  Curvature of surface = 10b
Refractive index of air = 10
Refractive index of glass = 15
Size of object = 10 cm.
First conjugate distance = 100 c.

s U = 1 dioptre.

We know that ", V—a, U=(n,-n,) I ( Equation (1) )
And also light is divergent ( — U)
Hence (1) becomes :—n, V — (= n, U) = (n, — a ) R
or i, Vo o+ fy U= (n, —u_ ) R

R

Or el | =
. H:
And it is air to glass, therefore n, = 1, and n, = 1-5.
(5 — 10 I0— 1010
N bl )
15
= 2z 1|ifl]:1 s,
1100 HETA
r= e = 37D em.

The image, therefore, is sitnated 375 cm. from the surface, and is a real inverted

ome formed in the glass block itself, sinee the sign 1= positive.
The size of the image, obtained with the aid of equation (8) is given by

1'0 % 375
L) ('1-; :E"]iu?'}

— - em. '
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We may represent the refracting system of the eve by a single surface
separating two media, air and water respectively, if we give to the radins
of curvature of the surface the value of 5 mm.  We have for air 2 = 1-0
and for water n = 1:333 (Donders’ “ reduced ™ eve).  With these data
we can obtain Hllm{'it'nl['l.' acenrate solutions to o all |ll'=u'ti1':|| ]l-I'HIIlli.'II]:-'-

relating to vision, some of which are dealt with in a subzequent chapter.

The difference between an emitetropdc and an ametropee eye has already been
referred to, and some idea has been given of the conditions known as
hyperopia, myopia, astigmatism and preshyopia.  The fact of the object
=000 .;irlll I]El" et []Hl] ill]:l:‘.:"" EH'.i]l:'_‘: l'”":;”.'-_":‘ll{' jlﬂll'i i[El.."'hL “i?‘“l 1“’1,’]l Hl“"ﬂ_‘ili'_'il =
necessary for distinet vision, but it does not follow that an eye having
distinet vision s emmetropic, for we have seen that the hyperope may
i many eases overcome bis defect by using  accommodation for distant
vision, the amonnt used being a measure of the defect, which is deseribed
as fatent, or hidden, in fr[l]lm-thinil Lo a1 .'.ifrru.f:fi'-\i’ cerror, =uch as wounld Dbe
seen were the eye nnder :I.H'H]*ilu‘. The normal or 1'1||1|n*l]'ll'|ri1' eye, there-
fore, should have the average accommaodation available for its particular

age, in other words its near point should be normal in position,

Summary :

()  The human eye may be studied as a single relracting svstem, being
then known as a * reduced 7 eve,

(1":} ", \Y -l = {_uﬂ - Hn] i, when My 1= the newdlent medinm
anil oy the emergent medinne:.

(¢)  Consequently I = L:E) B = f-f-"'iﬂt”-"--['-

() A\ toroid, a sphero-cylinder, a crossed evlinder of unegual powers, and

a tilted spherical lens may be equivalents,

S—



CHarPTER VIIIL

THICK LENSES AND LENS SYSTEMS.

LTHOUGH we can in practice treat the refracting system of the eye as
ﬂ consisting of a single spherical surface separating two media of different
refractive indices, we must know the meaning and properties of what are
called the ecardinal points, becanse of the combined effect when corrective

lenses are 'il]:ll'l"t[ bhefore the eve.
The optical centre of a single lens has been defined }

as that Elhillt Y the fll'ill{'ip:l] ."I.‘Ci.-: l|||'nn;,r|'||

which every path of light must pass  whose

emergent direction is parallel to its original
direction of mcidenee, and 1t is still the same
imaginary point in the ease of a thick lens or
]U1L.-'-—:~'"L'.=-.IUI||, 1t= ]:u.uilinll l:lvpt'l:ldi]lf_f Lot the

relative curvatures of the surfaces.

In the equi-cnrved convex lens shown in section in ik

Fige., 40 the u|r1[1'ul centre O will OcCupy  a Fig 40.
position midway between the two surfaces, for the emergent paths are all
parallel to their respective ineident paths, and therefore the conditions of
onr definiton are satisfied.  Althongh in each case the emergent path is
parallel to the ineident path it is considerably defected to one side, because
of the extreme thickness of the lens, and consequently we cannot assume,
as we did with thin lenses, that the images of the optical eentre are
coincident with it.  Suppose a small air bubble to oceupy the position of
the imaginary optical centre, then an eye placed anywhere to the left of
the lens wonld, apparently, see it at N, and if to the right of the lens at

N,. To an observer the points N and N, are the eollecting points for
all paths of light emerging in a direction parallel to that of incidence.
They are, apparently, the knots or nodes formed by such paths (rays) of

light, and are therefore termed nodal points, being simply the images of
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the imaginary optical centre viewed throngh each swrface of the lens
respectively,  But we must remember that the secondary ares, as paths
of light having parallel emergence are termed. never actually pass throngh

the nodal points, but through the optical centre,

o [N, -

Fig. 41

Fig. 41 represents a meniscus or periscopic lens, a single secondary axis being
shown, the paths of incidence and emergence being parallel, and where
the uniting ]r;lt]l ents the Hl!'[iq' axi= must lie the lrlllit'zll centre (), But as the
noelal |m[1|1:-: are i]llzlg.!t':-_: of I[Il' H]ltit':ll centire, and this 1s ont=ide the ]1'|1.-_
it 1= evident that 1if 1t were a 1:1]tgi1|||- rl]-l:,t*n'l it would itself be seen l;}' il
eve placed to the left, so that there cannot be an image N, becanse no
refraction  takes place. We may however determine a position ()
which will represent the position of the hmage (that is N ) as seen from
inside the lens, by the graphical construction of Fig. 24. In fact this
may be called the optical centre for thin lenses, being  considered
coincident with O, and various writers still so deseribe it, but as lHeht must
pass throngh the optical centre, and all secondary axes pass throngh (),
which we may term N, it is clear that it is an ervor.  The position of () is
easily loeated, and it indicates the approximate positions of O (N,)
and N,. This point does not vary in position with a change in
refractive index. while O (N ) and N, vary with the refractive index and
enrvatures of the two surfaces, and when the optical centre i on one
surface or inside the lens Q is coincident with it.  In future, when O js
ontzide the lens or on one =urface it wiill he veferred to as the 1st o1 2l

nodal point as the case may be.

-

=

Fiz. 42 shows why all measurements should be made from the nodal points,
A DB being an object very remote from the lens, and the image « &

therefore being in the focal plane, & coinciding with the foeal point I,
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The position of a is determined by a secondary axis A N N, « and a
path from A parallel with the optie axis, refracted by the lens at O, and
on emergence again at (. If these incident and emergent paths are
produced =o as to interseet, they determine the position of one nodal plane,
and consequently one nodal point, in this case N,.  The position of N
can also be determined by turning the lens round and passing a similar

path throngh in an opposite direction.

/

=
i
é
o

e -

Fig. 42

However mueh A C is refracted by the thick lens this work eould be done by a
single thin lens placed in the nodal plane of emergence, and shown in
dotted outline. It is the equivalent lens, and its optical centre coincides
with N

determining N by turning the system round, and in every case where

e The same holds troe for a compound systemn of lenses, even to
the incident and emergent media have the same refractive index the
anterior and lF“.“-“"l'i”V focul lt*lrglh.ﬂ_f_,l -'Illl.]._l.lr;, are 1'1|II=LI [lm-ur-:lll‘ml of course
from the nodal imiut:-':l since, if the lens were reversed, for “_'.':]t'[ from A to
be focnsed at a the point N, would have to occupy the present position of
N,. Thus if the lens had light passed throngh from rizht to left the
equivalent thin lens would lie in the nodal plane N, but as N | and N, are
not coincident the 1=1EIIET5|IE'H'[ lens 1= not the exaet 1‘I.jli|i"|-'ii|i'1l1. For it to
be so we must imagine it by some means to suddenly move from one nodal
plane to the other before the light has time to emerge from it.

As the triangles A BN and « b N, are similar in all respects, the corresponding
sides being parallel, we ean measure conjugate distances # and # from N
and N, vespectively, and so apply our simple lens equations for solving

thick lens problems. Hence, for thick lenses or lens-systems in air,

-+

5 g ! R I- - -
F=V%¥ - U and m= w7 88 with thin lenses.
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In practice the experimental determination of the positions of the nodal points
is made by supporting the lens or lens-system in a V-shaped trongh,
which itzelf can be rotated on its support abont a vertical axis.  The
image of an object shonld be received on a sereen with eross-lines upon it.
Experiment will show that by moving the lens or lens-system along the
trongh, keeping the image in foens, one position can be found in which no
amount of rotation of the trongh and lens system, about a vertical axis,
will canse any movement of the image on the sereen with respusct Lo the
cross-wires npon it.  Fig. 43 shows that with the lens in such a position
the axis of rotation, which is the eentre line of the sapport, must be
coincident with the nodal plane of emergence.  The position of the other
nodal plane may be determined by tarning the lens round, and making
ll]i,' ]'Ir'l"'.‘;l'l” ]_IHII:I]_ '[Hlilll I:Il'r illl'ill!""l'l' IIHJ “‘"Iu'll |“li|ll [ltr l'l]l["';"l'“['!'. ‘rl.i'l{"'
distances N, and N, from the first and last lens surfaces respectively can
be determined with consuderable accuracy, for p, 4, », and » are all
easily obtained, and the positions of the nodal planes npon the lens
moant may be marked. If the object is at a considerable distance, « will

equal f1 the true equivalent focal length.

Fig. 43.

Grauss discovered that every optical system, however complex, acts as a simple

thick lens : and, therefore, as a simple thin lens ]u].-u-wl in one nodal plane

to receive the light and then t':l|riLH_T =hilted to the other noda ]l].'llll' ti
ennt 1t, He also dedueed 1'Lil[ilii“||3‘:~ which enable us to determine the
properties of any lens-system, however complex, dealing with it axa whole,
instead of as a series of separate parts, and =o that they may be applicable
to all eases he laul down the eondition that all conjugate distances must
be measured from planes of wnit wagnification, called prineipal planes,

which are not necessarily the nodal planes i all eases; as we shall see.

G
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i4 illustrates Jm’.-rmm r:f' TRITY) ;.m:_.r;n.a.'_lf.l':rf,-'uu? il'l"l'h'p".'ﬂ‘i[‘ru of what we shall

afterwards  call  symmetrical

-
planes. 0 is an object in the :
] e
]:I;IIHr of the r]ilii{';ll centre of

a rectangular block of glass,

and to an eye on the left it
appears of the same size, but
in the first nodal plane N .
Similarly, from  the right it Fig. 44.

A\

appears at Ny, and the ineident and emergent paths of light, being parallel
to each other, show the position of N, and N,. If now we curve the
surfaces of the block it becomes a lens, and although, if the object is large,
the images may be distorted, unit magnification is preserved, so far as the
:-u-r'n1|t|:|t‘_\' axes are concerned.

any thick lens in air therefore, the nodal planes are identical with the
principal planes of Gaunss, and this applies alzo to all complex systems
with the same surronnding medinom.  When single lenses are separated
the nodal points of the system may overlap, so that in Fig. 43, to an eye
on the right the optical centre wmight appear at N | and from the left at
N, =0 that » might be measured from the position of Ns in the figure and
¢ from the position of N 4

planes drawn perpendicular to the optic axis through the principal focal
points I', and F, are known as focal plases ; while if an object be so placed
upon one side of a lens system as to produoce a real inverted nmage of the
same size upon the opposite side (unit magnification for real image) then
the positions of object and image are known as symmetrical planes, and

the points where they ent the axis are symmetrical points,

There is one important thing to remember when we are dealing with thick

lenses or separated thin lenses in air, viz,, that the prineipal points of
Gauss, called sometimes by others equiealent points, ave coincident with the

o lal l'minl:-'. defined above,

If now we imagine a thick lens with air on one side and water on the other the

effect upon light emergent in water will be to reduce the amount of
bending, so that we shall have now an anterior and posterior foeal length
differing in value in the ratio of the refractive indices of air and water
respectively, just as in the case of a single swiace. And if f, and f;

are the corresponding focal lengths in air and water, and » , n ., the
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refractive indices for the incident and emercent media respectivelv, as in

Chapter V1I.

Fy e 7
Then 77 = &+ = — optically rare to densze medinm
I'hen r, T R (0] : | wddinm)
];'.'L f.]:- Hn < ¥
= = —  (optically dense to rare medinm)

anl F, R e
We have already stated that the foeal lengths are measured from the prineipal
planies, which must also be planes of unit magnification, and the effect of
having water upon one side, with increase of equivalent focal length on thai

sidde, 1s to separate the principal planes from the nodal planes as seen

Fig. 45.

diagrammatically in Fig. 45, where P P, are the prineipal points and
N, N, the nodal points of a system having water to the right. in which
is the posterior focus I, and air to the left, in which is the anterior focus
]-‘i. As P, and P, are in planes of unit magnification an object in [’II
viewed from air would appear of the same size as if it were in P, and viewed
from the water. so that an equivalent thin lens would have to oceupy the
plane of I' | and be suddenly moved to I, in order to do the work of the
system, the water included,

What effect does the water have upon the optical eentre 7 Let ns imagine the
system of lenses reduced to a single eurve with water to the right.  Then
the u|}ti1*{1] centre will be at the centre of curvature, with the ?-'iII.E_"'.[I.' notlal
point, and the principal points will be united at the intersection of the
principal axis with the curve.  Thus as we increase the refractive index
of the medinm to the right so the optieal centre, of which the nodal points
are still images, is displaced to the right.

In Fig. 45 light from O in the first focal plane emerges frem the svstem as a
parallel beam, and sinee O N, and N, 8 are parallel (forming a

, O, F, and

Ky R, P, are equal in every respect so that F, N, =P, F,, and as

secondary axis) then PP, P, =N, N,.  Also triangles N

P, I, is the posterior focal length, F'| N isalso. F, P is the anterior

focal length, so that the equal distances P, N and P, N,are each given

by the difference between the posterior and anterior focal lengths,  As we
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Tos N

t

have already stated, with air on both sides f, =
anid N_: with ]}3.

Such a system as that t'l']r'l‘l_':-il'lltl_':l 1= similar to what we find in the human eye,

; coincides with l‘.

and we require to know the positions of P, P, in order to caleulate
conjugate distances, whereas when dealing with the size of the image
(magnification) we have to take measurements from N and N, =0 as to
employ the relations existing between the *quantities ™ of similar triangles.
The equivalent thin lens, to do the work of the system, including the water, has
to be placed in the plane P to receive the light, and rapidly shifted to
the plane P, to emit it.  These planes are planes of unit magnification
insomuch as P viewed from air will be magnified to a similar extent as
I', viewed from inside the water. Therefore for the thin lens equation
F'— V — U (representing the law of conjugate foei) to still hold true
we must measure the conjugate distances from P and Py, which, with such
a system as represented, do not coincide with the nodal points,  The nodal
points, however, are still of some use, for when dealing with magnification
we often find it convenient to measure ¢ and » from the nodal points N
and N,, so as to employ, as stated above, the relations existing between
the * quantities ™" of similar triangles.  So that even with such a com-
plicated system we may still write
F=V — U (z and ¢ from P, and P,)

18] : = - W 1T : 2
m= — (# and & from :\l and N.,) or m — “T ( See page 59)
2 . .

emploving the same notation as has been adopted throughout the book.

Summary:

() The nodal points are images of the optieal centre.

(b) An equivalent thin lens may be found for any thick lens or lens
system, 1f we assume it to move from one definite position to
another with infinite rapidity.

(¢} The principal planes are those of unit magnification, and from then:
w oand # are measured.

(d) For lenses or lens systems in air N and N, coineide with P and
|1'__, respect i\'v|_\'.

(¢) These are .-wpurutvtl when the media arve different on the two sides
of the lens or system.

( ) For * magnification ™ it is convenient and usual to measure u and

¢ from }:I and N ,.
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CHAPTER IX.

SCHEMATIC AND REDUCED EYES.

HE theory of Gauss, explained in the last chapter, alfords us great help

when applied to the exe, for the difficulty of calenlating the exact conrse
of light throngh so many media, with different refraction at the various
surfaces, becomes apparent when we realize the complexity of the organ
of vision.  Working with the theory of Ganss we can find for the entive
ocular refracting system an anterior focus, a posterior focus, two principal
points and two nodal points.  The guestion arises as to what eye we are
going to take as a standard ; evidently it must be emmetropie, neither too
short nor too long in the bulb, nor may we have a cornea whose curvature
i= in any way abnormal. A model eve is needed, and many scientists at
different times have given careful attention to measuring the various
curvatures, and caleulating the refractive indices of the media.  The
resulting figures give what are known as the optival constants of the Tooman
eye, and the model construeted to conform to these measurements 1= called
a schematic (diagrammatic) eye.  Listing was the first to construet such.
and the schematic eye of Listing was named accordingly.  He, too,
introduced  the idea of a reduced (simplified) eye for the purpose of
obtaining  results  sufliciently accurate  with a  minimum  amount  of
caleulation.  Hehnholtz  gave us figures which have been  generally
accepted as very accurate ; and later, Tscherning, with the most recent
applhiances, has made more exact measurements in several respects.  These

we may tabulate as follows : —
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LISTING. HELMHOLTZ. TSCHERNING.
Refractive index («) of cornea ... - - 1-3507 1-377
a of angueous
™ g L 13376 1'3365 1-3365
o = cf vitreons )

Mean refractive index of lens ... 1-4545 14371 142
Radins of curvature of anterior

surface of cornea 8 mim. T829 mm, 798 mm.
Ditto, posterior surface ... 622 mm.
Hadins of anterior surface of lens

(at rest) ... oo 10 mm. 10 mm. 10°2 mm.
Ditto, posterior surface ... 6 mm. 6 mm. 617 mm.
Distance from anterior of cornea

to anterior of lens 4 mum. F6 mm, 354 mm,
Thickness of lens ... 4 mm. 3'b mim. 406 mum.
Thickness of cornea - 115 mm.

Here we have a complete set of measurements, from which we can ealeulate the
value of the total oeular refraction. DBy the theory of Gauss the entire
refracting system of the human eve may be represented by a single thin
lens, having the property of moving with infinite rapidity from the principal
plane of incidence to the prineipal plane of emergence.  1f then we know
the positions of the varions eardinal points we shall be in a position to
draw to scale onr schematic eve, from which we may deduce data for the
rod need eve ol the lines :-ill._u‘:_-;i-i!m'[ il".' Listing. DBelow are the ficures of

Helmwholiz and Tscherning for the various cardinal points.

HELMHOLTZ, TSCHERNING.

Position of 1st. p.p. 1°75 mm. 154 mm. :
£ measured from the

w 2. pop. 2'11 mm. 1:86 mm. s i .
anterior surface o

.+ Ist. n.p. 695 mm. T30 mm. 0

e COrne,

. 2nd. n.p. 731 mm. T62 mm.

., anterior focus ... 1573 mm. 1559 min. In front of cornea.
Back of anterior

. posterior focus 2279 mm. 29475 mm. L

COrneda.

The ||-cu='iiiu|l:-' of the nodal |r|:1|||-:-1 are _l_':in-" ||}- the difference  between the
anterior and posterior focal lengths, thus, taking Helmholtz's figures :—
Je=H=(2279=211)— (1373 4 1:75)

= 2 .

So that the first nodal tluihl 12 0:25 mm. to the anterior side of the
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posterior surface of the lens, and the second is 0-11 mm. to the posterior
side of the same surface, the distance between them being the same as
between Poand Py (0036 mm.)

: e A T | e

[ EREREENE £, B T SR (S ” ;

R R ELRE I I 81 SEELEEL T C T TEl [ -1 “ PR ‘:
Fig. 46.

Fig. 46, I, gives us the schematic eve (distances twice “actual ) alter data
supplied by Helmholtz,  In this the two principal planes and two nodal
planes almost coineide, and the principal planes are not very far from
the cornea. A glance is sufficient to show that the entire refracting
system of the human eye can, to a first approximation, be represented by
a single surface separating two media having different refractive indices.
In sueh a case the principal planes are coineident with the surface of
separation, and nodal planes are eoincident with the centre of curvature

of the separating surface,

Listing proposed that the separation between | and F, the anterior and

posterior focal points rvespeetively, should remain as for the schematic
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eye, and that refraction should be assumed to oceur only at one surface,
whosze position should be taken as being midway between P, and P..
Working on the schematic eye data (after Helmholtz) we have, therefore,
for the reduced eve, Fig. 46, 11,

Anterior focal length ( £) = 1566 mm.

Posterior focal length (f,) — 20°86 mm.

. Now, for refraction at a single surface separating two media

Ty — i, -:—' (Chap. V11.)

20816 the refractive index _
andasn, =1 .-.n, = = ._lf 329 ( e refractive index of the
E 15766 roduced eye.
We also know that the reciprocal of = —;,—. Therefore, for light parallel
v 'k .

within the oy, and ]Hl:"l‘-'ill;*.:,' from an r]int,i{'ulh' denser to an lrllli:*u“}' rarer

tedmm
| Mo — 0
i o TR Pl aks -} 1Ty '
- = (Equation (2) Chap. VI1I.)
eryl ) 0°332 -
Lherefore —— = —— .. r = 5:20 mm.
137G T

The position of the principal planes is represented by the point P on the

adapted cornea, and the nodal planes by the point N coincident with the

new centre of curvature C.
Donders proposed a reduced eye with the following data :(—
fi = 1o mm.
fo = 20 mm.

ny = 1-33 (that of water.)

r = 50 mm.
» . s . - . .
For rough ecalenlations, and for making comparisons respecting the size
of retinal images, ete., these data answer very well.

It is usual to reckon the positions of the varions cardinal points from the

anterior surface of the cornea, and this method of procedure is adopted
in the following table which gives the results previously obtained in this
chapter, together with results calenlated from Tscherning’s data in a like
wanner.  All measurements are in s,

HELMHOLTZ HELMHOLTZ TSCHERNING DONDERS

(Schematic).  (Nedweed).  (Schematic). (Redneed).
Position of anterior focus... 1505 1566 1569 150
o posterior |, ... 2279 2086 2475 200

st PP 195 e B )

ond P.P. g ) PCOMIBRG: U g AR CORTCa g

1st N.P. 695 . k] T30 { : )

ond NP, 731 { S
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The anterior focus must not be confused with what is known as the * near
point™ in testing vision ; it has quite a different signification, and, as
previously explained, is the foens for light which, being parallel within
the eve, converges after leaving the cornea and meets at this point, so that
when the pinhole is placed at the anterior focus for the observation of
entoptic phenomena light is actually parallel in the eye, diverging from
the |piu||u||-,, and '|u_ri1|;_l\' 1]:11':_]”1']. casts shadows of obstructions within the

media npon the retina.

The results obtained with the reduced eve, equally with those from the schematic
eve, hold good for the actual eye.  This being so, it is evident how mucl
easier it is to study the formation of images on the retina by aid of the
simplest optical system than with the very complex one of the normnal

human eve.

B,
L,

Fig. 47.

The normal eye is shown in the dotted ontline, the *simplified ”
or " reduced =chematic” eve being in dark lines. N iz the singrle

nodal point, O A the optic axis, F, the anterior principal focus.

In Fig. 47 is shown the formation of an image by the reduced eve, light from
one extremity of an object passes along a secondary axis 8 A, throngh
the nodal point, undergoing no refraction.  Two other paths are hown,
which are refracted at the * reduced ™ cornea and meet at A, which
is the image of 8, on the secondary axis.  Every point in the object eould
be made to furnish an image in the same way, each having a path
traversing an individual secondary axis, which must pass through the
nodal point N, suffering no refraction, every other path being refracted at
the imaginary cornea. vidently, as the object approaches the anterior
foens, the image moves further away from the nodal point, until with
the object at the anterior foeus light is parallel within the eve. A\

refercnce to F'ig, 39 will make this evident.

It is instructive to note how the point I, might become a **near point™
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for testing.,  If we could increase n sufficiently to make the light parallel
within the eve convergent, so as to meet at the retina, we should get an
image.  The erystalline lens would do this if the power of accommaodation
were great enough, but as we should regquire about 58 dioptres of available
accommodation this is impossible ; in fact we should need a erystalline
lens which conld accommodate almost exactly the same number of dioptres

as the total power of the eye.

We may summarize by saying that the refraction of the eye for parallel light
incident in air and meeting the cornea is approximately 43D, but for
light from the anterior foeus it would require 381D of accommodation ectra
to form an image.

The magnitudes of image and objeet are proportionate to their distance from the
nodal point of the reduced eve. Taking Donders’ data the image is

formed 15 mm. from the nodal peint.  If, therefore, we assume the object

- : E : : 15 metres
to be 15 metres away from the nodal point, the image will be I_'_‘_ s ),
5 mm.

or 1000 times smaller than the uhji'l't.

The results of some caleulations based upon Tscherning’s figures will be found
instructive,  He has given a certain value to the posterior surface of the
cornea, and, so far as is known, no figures have previously been determined

for this surface, a fact ;_?.'I't':lll}' :11|1“1|f_l: to the interest of the following

table.
Anterior surface of cornea 4724 D
Posterior ., i 473 I
Antericr surface of crystalline ... 613 ) . F
- Ve AU 1est.
Posterior ., i 953 D)

Adding these we obtain 58-17 D, which s, for all intents and purposes, the
total refractive power of the eve. It is instruetive to compare these
figures with those obtained by the Helmholtz schematic and  Donders

redoced eyes.  The approximation is very close,

From Tscherning’s table we notice the remarkable power of the anterior corneal

surface. The reason is obvions, when we remember that light entering

the cornea comes from air, with # = 1, into a refracting substance whose
n = 1:377. How different, when light passes from the agueons humour,
whose n = 1-336G5. to the lens whose total # is only 1-42 ! In the former

case the difference is nearly 0-4 while in the latter it is less than 0-1.

Again, the actual enrvature of the cornea is deeper than that of the
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anterior surface of the lens.  The comparatively low power of the anterior

surface of the lens is also worthy of notice.  In fact, it will be observed
that it is nearly neutralized by the inner concave (posterior) surface of
the cornea.

Summary :
(et} A schematie eve 1= |||:-|'1']"n' a model for t-|11|1||.:|t'i:~'nn.

(6) A redueed eVe 1= One .-‘-i!n]n|i!i|1|| for the purpose of caleulation.

(e) The cardinal |mil|l:-i1|r the redueed eye are reckoned from the anterior

sirface of the cornea.

(/)  The anterior surface of the cornea is the principal refracting surface

in the actual eye.



CHAPTER X.
POSITION OF CORRECTIVE LENSES.

X have already seen that the far point (P.R.) of an eye is conjugate to
the retina, and, moreover, that the focal point of the lens correcting the
ametropia coineides with the far point. It is clear that such must be the

case from Fig. 48, 1 and II.  In each figure the position of the P.R. is

."‘H'___-__'_"‘f-_"""_'-“"‘i [T TP, 5

I. Fig. 48 1.

—_—

indicated by the letter R, and therefore, the eve is capable, without
accommodating, of focussing this point R upon the retina at F. If, how-
ever, a distant nhjm‘i 1= to be seen 1‘|£‘i11‘1_‘~', i |||:rtiii\'1' lens (1), or
negative (1), of focal length 1 must be placed in front of the eve. The
dhistant niljt'!.‘t and far ;millt [:P.H.] are thus seen to be i.'“lljllj_’,':ltl‘ foe
with respect to the corrective lens, and any movement of the convex lens
away from the eye necessitates a decrease in power to retain the same
positions for eonjugate foei, while any movement of the ecneave lens from
the eye necessitates an inerease in power to retain the same positions for
1.'UIJ_1II,"_‘.,"+'IH‘ foct,

The first of these statements requires some gualifieation, for if licht proceeding
from any point o is to be focussed at a point o , and » and #, as usual,
represent the first and second l-mljug‘:itu distances l'lfﬂlll'['ti\'l"l}'. then the
weakest possible convex lens that will foeus lLight proceeding from o at

the point o, must be sitnated midway between o and o . In other words

1
£ st m|t|;a_| . For we have, for a convex lens ]rt'ﬂdu{'iug‘ a real illlﬂj.‘,‘u
(convergent light),

F=V 4+ U=

1 1 w4+w
o el =
" [ [
Now it is a well known rule of proportion that the result of the sum of two
quantities divided by the produet of the same two guantities has its
minimum value when the two quantities are equal, providing the sum of

the two gnantities (in this case u + ») always remains constant. This
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can be verified by assigning to # and ¢ actual values and keeping w« 4 »
constant.  Therefore when a conrer corrective lens ocenpies a position
midway between the far point and the distant object it will have a
minimum value, the lens being the weakest one possible for eorreeting the
ametropia present.  For sach a position of the eorrective lens  each
conjugate distance would be just twice its focal length—the distant oliject

and far point oceupying syvnnmetrical planes with respect to the corvective lens,

The above conclusions do not hold good for near vision and readinge becanse
the obect viewed may be at a distance less than twice the focal length of
the corrective lens when qualification iz needed :—* Any movement of
position of corrective lens necessitates a decrease in power to retain the
=q1ne IIIJHiIiHIIH for l'ulljll}.t‘ittl' foe, fuwr‘.r':h'ulr; the r:f.lr,fa-:'# pu rf.r'.u.frn.-4f1.|"}'n.l':.r the
lens more than twice it fical J’r*.'f:r;.’ff,“ To be 1|l15[|= precise wie may =ay
that if a positive corrective lens 1= of suech a power as to give a foens npon
the retina when near to the eye, then when it is withdrawn from the eve
it will produce a foeus in front of the retina, in other words, it will be too
strondg ‘i -r-"f;'r‘_f. int if the eonvex lens Jras=es the |j|i+1w;t_1|.' 'fll]:-:il:illn, anil
therefore, is situated nearer to the objeet viewed than to the far point of
the eye, the reverse will be the case, becanse a weaker lens placed nearer

the eve would do the same work.

These qualifying remarks do not apply to the case of withidrawing a necative
(concave) lens from the eye, for such ecannot possibly  produce a real
inverted image of the same size as the object, and, therefore, we cannot
speak of symmetrical planes when referring to coneave lenses, which ean
only produce a real image when they receive light of sufficient convergence.
This must be artificially produeed, for in nature all light is diveroent, even
that which, coming from a great distance, we term parallel light, Any
movement in position of a corrective coneave lens always necessitates an
imerease 1N prower to retain the same |||!::iIf1=IJr: of 1'|IT|IEII;4'4I!1* focl, evident
from Fie, 48 11, for if we consider first the distant ITIFI:,I"':'[ {i;lu]]f':lhu[ ]".1"
dotted lines) viewed through the concave lens, then as this s withdrawn
from the eve fmust of necessity decrease to retain the same position for
1‘43]|_:'|t_'_‘:l.t+' foel. [”|+J|ﬁ1=1|l]1'ull}' a lens at =ome distance from the eve mnst
be equivalent to a weaker one placed closer to the eve.  In other words
when a comeave lens is withdrawn from the eye it will produce a focus in
fromt of the retina (providing it corrected the ametropia in the first instance)

and, therefore will he too weal in efect,  1f we suppose the "|{§1'=.'I to be
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a near one a similar effect is produced, becanse, althoueh the distance
between the object and the lens appreciably diminishes, this only assists
in producing the same effect.  That such must be the ease will be realized
if we imagine the corvective lens to be coineident with the near object
viewed, for then no refraction can take place, so that the equivalent power
of the lens is zero and an ** infinitely great™ inerease in power is necessary
to retain the same positions  for conjugate foei, and this illfitiilt"j.' =strong
lens only does the work of a comparatively wealk one placed close to the
BVe,

There are two other important features connected with the position of corrective
lenses.  Firstly, we should male it a rule wherever possible to place the
corrective lens at 15 mm. distanee from the cornea, that is, approximately
coincident with the anterior foeal point of the eve.  In order to correct the
ametropia it= power must differ from that of one placed in eontact with the
cornea, which would be a contact lens, and althongh not ||r1.-'~r~'i]rlﬂ for
ordinary wear, is econvenient in investigation, being known as the eguivalent
contact lens,  Secondly, for varving distances of the object, the differerce
between the power of the contast lens and one at 15 mm, distance (each to
correct the ametropia present) will not remain constant.  This latter effect
1= of great importance, for the corrective lens which we place at 15 mm.,
perhaps with a statement emphasizing that it is for constant use, is kept
in this one position, has but one power, and is emploved in conjunction
with the eve to view objects at varving distances,

For example, consider a + 4 D lens placed at 15 mm. from the cornea. Let
us determine :—

(1) The power of the equivalent lens at the cornea for a distant object.

(2) The power-of the equivalent lens at the cornea for a near objeet,
which we will sUpose s 250 mm. from the corrective lens 15
. in front of the cornea,

In (1) the + 4 D lens would focns hight at a distance of 250 — 15 = 235 mm.
bhehind the cornea. The ('1|tﬁ".':|]l-|1! power of the contact lens 15, therefore

ill;l_l' = iz I;Hll'tl"]‘l"!-' for a distant lr]l;['i't, In (2) where the uhjl'-l;'t 1S
250 mm. from the + 4 D corrective lensg, the heht would emerge from the
+ 4 D lens parallel, (since f = 250 mm. for + 4 I}). Hence the contact

lens must have a focal length of 250 + 15 = 265 mm., and an eguivalent

: o LT e
e, therefore, of —— = T tllﬂlllﬂ'l‘H.
i
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Now let us take the case of a 4 8 D under similar conditions.  In (1) this
+ 8 D lens would foens light at a distance of 125 =15 = 110 mm. belind

| ELINE
110
= 100 dioptres for a distant object.  In (2), where the object is 250 nn,

the cornea.  The |~:{1'|i\';||t*h1‘ }er'['rull the contact lens s, therefore,

from the + 8 D eorrective lens, the light wonld be bronght to a foens at
250 — 15 = 235 mm. behind the cornea.  For the contact lens we have
therefore, as conjngate distances

= 2501 = 15 = 2G5

p=90{ — 15 = 2385

The equivalent power, therefore, is given by

1 1 1
R .
! ' i
T T
— 235 235

= 426 + 377
= 803 dioptres for the near object, which

15 250 mn. from the + 8 1Y lens at 15w, from cornea.

Working on these lines Mr. 8. D. Chalmers® has deawn up the following

table = s

Equivalent Len= at Cornea. ‘ I Equivalent Lens at Cornea.
o -! e - — | | =
P[:u:{‘l' | Bish s _H]rj{'uf. I-Elt. ' I.““.Tr I g Object at
L:ltm:-_ ' {}];];i}:;lit;lf 2.:|lt}t:ln:l_;rmn L::L_ | {;I:JI:JI?!_ | ‘_'T:H':E.[IIIII..II'HIH
+ 1 +102 | + ‘90 i 98 88
+2 +206 |  +183 | -2 | 194 | -173
+ 3 +314 |  +279 | 5 2'87 . 257
+ 4 + 426 | 4+ 37T | 4 | 377 337
+5 + 540 +479 | -5 | 465 416
+ 6 + 660 + 583 6 | 550 - 493
£ FTRa + 691 Sl 634
+8 | +909 +803 | -8 | 714
9 |+ 1040 + 917 -9 793
+ 10 I + 1177 el 10| -870
i |

There are many points of interest in these tabnlated resnlts,  First to be noticed
15 the change in the equivalent power for an objeet at 250 mm. between
~+ T and + 8D,

* Optical Society Transactions, 1907,
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lwice Focal Length  Equivalent Lens at Cornea

Power of Lens. af Lens. with (Mject at 250 .
+ ¥ 28070 + G901
L 25000 + 203
-+ 9 L 4 917

With + 7 the equivalent lens is less, for 4+ 8 it is almost identical, while for

For

+ 9 the power of the equivalent lens is more.  This merely emphasize the

I]I_il['l‘l':ll'\' Illl.‘-iitiﬂll l*ﬁll'i'l l'['rt']'lli'll L0 t':lt‘l[i'l' il] 'III[* {‘Ililllrl"r,

:-'|l||{*]'i=':tl| corrections the effects indieated ||_1|.' these results are not ]ll'ilil;lh'_'r
of  creat 'L!|1||mr'1.‘:1]u'|-? as accommodation would :llllnlu:lli:';l”_\‘ counteract
them. DBut for 1'}']it|t|l'i”:1] atud :-'|r1il']‘tl-t'}'li]tdI'i:'=1| corrections the effeet, as
Mr. Chalmers has pointed out, 1s very important.  For example, suppose
a corrective lens at 15 mm. from the cornea has a power of + 4 1} Sph.
.+ 4 D Cyl., so that one chief meridian has 4 4 1}, and the other has
+ 81 power.  For a distant object this lens is equivalent to 4 4:26 in one
chief meridian, and 4 909 in the other chief meridian, or to 4= 4:26 ."'i|r]|.
o+ 483 Cyl. at the cornea, but for a wear object the same lens is
equivalent to 4 3:77 in one chief meridian and 4 8:03 in the other chief

meridian, orto + 377 Sph. 7 + 4:26 Cyl. at the cornea.

Here again the spherieal difference is unimportant, but the evlindrieal difference

of 0-57 ilil]]:ll‘i'r‘- 1= mnech ton great to be neelected.

So far we have veferrad to the position of corrective lenses rather as parts of

a whole, in combination with the eve, than as inHuencing the ni-ﬁ:'ul
properties of a system, such as they form with the refracting media of the
organ and the air space between. It becomes necessary to consider them
in this latter sense when we imvestizate the influence of their ]Jibr-iitiﬂil LR
the size of retinal images, and upon the total refractive power of the
svstem, for we may have a ease where, by moving a corrective lens from
the eye 1= apparent  power 1= increased, but the power of the sVsLem as a
whole is thereby lessened.  In Chapters VIIL and IX. it was laid down
that conjugate distances were measured from P, and P, the principal
points, whereas the relative sizes of object and image were governed by
their distances from N and N, the nodal planes.  Further, we know
that for distinet vision the object seen and the retinal image must be at

conjugate pomts, and that the anterior foeal distance is in air, while the
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posterior focal distance is measured entirely within the eyeball, except in
some few types where P, is actually in front of the eve.  Finally, it is
evident that a displacement of any portion of the refracting system, by
removal of a lens, or any addition to any portion, as in the exercise of
aceommodation, canses a displacement of the prineipal planes, and con-
sequently also of the nodal planes,

For the purpose of illustration two extreme instances will be taken, the one
a ease of high myopia, and the other a case of aphakia from lens extrac-

tion.”

Fig. 49.

In Fiz. 49 a high myopie eve is shown, with the corrective lens in three
different  positions with regard to l‘ﬁ” the anterior focal point.  The
vertical lines ["! anl E,_, represent the first ]ll'itlt'i]n:' and second nodal
'|IL'II]1'.=-'. 1'1'.-!'||I'1'Ii'l.'1‘|_‘l.' of a normal eye, the intluence of ]IH-"-ETiHJt of the lens on
[, which should be upon the retina, being shown.  The secondary axis in

each case is the same, so that tracing it back from the second nodal point

the size of the retinal image ean be estimated, and it is noticeable that,
althongh the distance of the lens in the third position brings -|'..= within the
eve, vet the retinal mmage is actually lessened becanse N, has been also

* Proe. of the Optical Convention, 1905,
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moved nearer to the retina in the opposite direction.  The parallel light is
shown incident to P, and refracted at Py, and a striking feature is the
widening ont of the principal and nodal planes, to exaetly the same extent
in each case, so that from P, to P, is identical with the distance apart of
}:I and :\1.': : [n this case, 1;"111' contrary to what we find in the next, the
posterior foeal length gradually lessens, and so the power as a whole
inereases as the influence of the lens decreases, as we saw in dealing with

the removal of coneave lenses from the eve.

Fig 50

The eyves represented in Fig. 50 are, in consequence of the loss of the erystalline

lens, highly hyperopie, and entively deprived of accommodation.  The first
feature noticeable iz the reversal in position of the nodal planes and
prineipal planes, in ench case the second plane being towards incident light,
and as, with-withdrawal of the lens the focal length of the system inereases
P, moves rapidly ountward, and consequently N, does the same.  This has
a very marked effect upon the size of the retinal i]ml}_*;l',. which 1= ]'I‘:‘_{'lllilh"II
by the position of the second, or back nodal point, as it is sometimes called,
although in this case it is actually in front.  Inboth this figure and the
last the course of the |-Ium- wave entering the system, shown by the line
parallel to the axis, and also the position of the secondary axes, should be
carcfully studied, noting the transferenee in all cases from the first to the

second plane, and if in any case we wished to place a single lens in position
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tis I'UI:I'UHUIN the whole I'E‘ill'.'lz'titlj_‘; sv=temn ot oye and  corrective  lens
it would be put at P, the distance between that and 19, representing the

posterior foeal length. (Chap. VIIL.)

These diagrams show the necessity of placing the corrective lens as nearly as
possible to the anterior focal point of the eye, so that the retinal image
may be as nearly as possible the normal size, and comparing Figs. 49 and
50 the most striking factzs are the differences ereated ]'."" removal of the two
lenses upon the posterior focal distances of the two svstems, and the
greater differences in the size of the retinal images cansed by such removal
in high hyperopia than in high myopia.  Although extreme types have
been taken the same arguments hold good in ordinary eases, Iut to
a less degree, provided accommaodation is not nsed, and we see the necessity
of always considering the position of nodal points when dealing with

questions involving vision with corvective lenses,

Cionsidering the effect of acconnmodation, it is elear that without a lens in front
of the eye the iun-:h‘]‘illt' focal |{‘II;_','I|1 i= shortened and P: moves towards
the retina, so that N, does the same, and images are redueed. If, instead
of accommodating, the eve has a convex lens placed in front to enable
objects to be seen without accommaodation then Py and Ny move away from

the retina and images are enlarged, as in preshvopic corrections,

The above remarks do not fmply that a single individoal wounld perceive an
object to be of one partienlar size with lenses varying in power, even if each
lens were placed precisely at the anterior focal point.  Dr. Lindsay Johnson
has laid stress upon the point that if a certain lens corrects the ametropia
present then a stronger or weaker one must give rise to cireles of confusion
which would stimulate the neighbouring cones, so that the objeet viewed,
even if seen fairly eclearly, will appear larger.  Shounkd the error so ntro-
dueed be corrected by accommodation then this again will alter the size
of the retinal image becanse the nodal point N, will shift, whereas the focal
point F, will not.  On the other hand all persons having a normal length
of eveball, and who wear their corrective lenses at the anterior focal point,
have an image formed upon their retina of an identical =ize when the =ame

object at a given distance is viewed,

In astizwatism, corrected by a lens in front of the eye, there is frequently
trouble, becanse the retinal images vary in size in the different meridians,

This is readily seen if we notice that there are always two principal
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meridians, one of highest and the other of least refraction, so that, from
what has preceded, there should be two eylindrieal lenses at different
distances from the eve to produce equal proportion for the imagze. When
the one meridian is hyperopic and the other wmyopic, as in  mixed
astizmatism, the defect is very noticeable, and wearers of the corrective
lenses can l':kl‘l‘l}' b relied upon to estimate exact proport 1on, beeanse eireles
appear to them as oval in shape, and when the meridians are oblique,
squares seem to be diamond shaped.  In all eases of high degree, only a
lens in actual contact with the cornea will give an approximate constancy

1 ]rl‘nihrll‘tinll.

Mr. Clonrad Beek has pointed ont a source of trouble which is likely to oceur
with toroidal (toric) lenses, and which experience has shown to exist.
Their |r:r:-'it[1:|:| in front of the eye has a greater effect nupon Hll*1|iﬁ[1]:l1'1'1|:|l'llt-
of the nodal planes than ordinary sphero-eylindrical combinations, and so
the retinal tmages vary more, especially when the error of refraction is

laree.

Summary:—

() When a + lens oceupies a position midway between the p.r. and

a diztant object it will have a minimum value.

(6)  Any movement of a + lens away from the eve necessitates a decrease
in power to rotain the same. [H!riitirrllr% for :*rr]:_fl1_u';ttl' foe, 'Eﬂ'rn'idl:‘li
the object is distant from the lens more than twice its foeal length.

(¢)  Any movement away of a corrective — lens aliays necessitates an
INerease in power to retain the same ]u:.-:itinlln-: fore 1,'11]|]'II;_1':Lh‘ foe,

() The position of the I'lrjt‘r[ viewed affects the power of a corrective
lens,

(¢) In astigmatismn no lens, except actually in contact with the cornea,

eives hmages proportionately correet.
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CHAPTER XI.

AIDS TO NORMAL VISION.

DISTINCTION must be made between the effect of lenses placed in front

of the eve in order to correct any ametropia present, and the effect of
lenses either single, as in the reading glass and hand magnitier (simple
microscope), or combined, as in the telescope, field-glass and microscope.
In the former case the correction of the ametropia does not imply a
difference in the apparent size of the object, for except in a few cases the
retinal image 1= normal in size. Buot in the latter case the apparent size
of the object is usnally ereased, and on this account the increment is an
aldd to normal vision, the apparent size of the #irtuad mage projected by

the eve being greater than that of the object seen by direet vision.

apparent enlargement of the object is termed magnification, and we must
note the difference between magnification and magnification with resolving
power, This is 1'|1-:|.1'|j.' Hlusteated in the case of a bright star seen by the
naked eve, and afterwards viewed through a telescope of moderate power,
because the peculiar stellate appearance in the first case causes the actoal
object to appear larger than the well defined telescopie image.  Again, in
many cases of myopia the retinal image of an objeet, as seen within the
far point of the uncorrected eve, is mueh larger than that of the elnmetrope,
the pathological stretching of the myopic retina, however, eauses adjacent
points to be further removed, without any filling in, as it were, of the
interspaces, becanse the retinal elements are not so elosely packed as in

enmmetropia so that resolution may easily be stubnormal.

may Live an l'?i:“u]n]i‘ of actual magnification to illustrate this, and also to
show that magnification as here understood s always  Gwear, and not
measured ll_‘f area or cubical r;lEr;H'itI\'. Suppose that a scale 15 divided into
millimetres and also tenths of a millimetre.  With a certain lens it wonld
be just possible to recognise the finer divisions, and it is conceivable that
in some forms of ametropia we might get the same enlargement of the

millimetre division withont the recognition of the separation into tenths,
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It has been stated that the images seen by means of aids to normal vision are
virtnal ones, and so they cannot be readily measured. The difficulty is
iereased by the fact that we cannot decide at what distance from the eve
they are formed, in other words to what distance they are projected. If
a magnifying glass of about + 12 D) be taken, and a small piece of ruled
foolscap be viewed lying upon a dull black background, the lines may be
foenssed and magnified, buat, ]Il'f'\'il“ll;.'.' the paper does not m’vl'l;ll: the
field of view throngh the lens, the lines appear to be further from the
eve than the dull background ; whereas, if the small piece of paper be
similarly viewed when resting upon a whole sheet of the sae, the lines
appear to be eloser to the eve, the magnification snggesting nearness in

the latter case, whereas in the former there is nui]liu;_'; for ;-|]|1||r:L]':I:¢|JIJ.

It is necessary, therefore, to arbitrarily fix a distance to which virtual images
shall be assumed to be El]'n_:it'rh'ti. and this 1= taken |r_‘|.' nniversal consent at
10 inches (25 em.) from the eve (plane of the pupil—eyepoint of the
instrument ), a distance suitable for distinet near vision in all cases where
near objects are concerned, but not applicable to vision of distant objects

as seen through the ti‘ll"r‘t'”lii‘, ete.

In the case of instruments employed to view near objeets magnification is defined
as the ratio of the linear dimension of the virtual image at 25 cm. distance,
to that of the object when placed at the same distance and viewed direet,
This is a conventional magnification and does not represent the true value

: [
which 15 given 11‘1.' the ratio of the sizes of the retinal images, or . Lo

'
any instrument, where @, represents the angle subtended by the virtual
image, and ¢, that subtended by the object.  The conventional method of
expressing magnification 1s very mnportant for purposes of comparizon, and
it may represent the apparent magnification, especially in the nse of the
reading glass.  The apparent differs from the conventional magnification,
and may be defined as the ratio of the linear dimension of the virtual
inage, when projected to the actual ule.v:-t plane, to that of the object in
its actnal position. It is also estimated by the dounble vision method
where one eve views the virtual image throngh the lens and the other

views the objeet direet, comparing the relative sizes,

Assnming a virtual iimage to be projected, in which ease the object mnst be just
within the focal point of the lens system, and oceupying a position less

than 25 cm. distance from the eye, the conventional value must exceed the
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apparent, whereas with the object at a greater distance than 23 em., the

reverse will be the case, while, with the object at 25 cm. the two values

will azree,

This is illustrated in Fig. 51, where A B is the object and A, B3, the
virtnal image at 25 em. distance.  Sapposing A B to be outside the near
|mi|!|t. of distinet vision, so that it Tnay l {'1"’"”']."' seen, A B wonld subtend
a larger angle at P than wonld A B, of the same size at the eonventional
distance, and, consequently, the conventional m will always be greater than

the apparent .

A -

|~ S
] T
'} ~ =

o
(™
s

m

(%]
mm e ——

To put the matter elearly, suppose we place a millimetre rule at 10 inches
from the eyes of an L*Hlllu'l]‘n[l[r "l.'nHIl] of 16 Veurs, who will be able to
acconnodate vu:-ﬂi"l.' up to within about 4 inches from the eye. He now
views an object of 1 mm. length with a lens of 4- 8 D placed § ineh from
one eve.  The object then will be just under 5 inches from the lens, and if
with the free eye he views the u|:j|=:'[ it will be IrI'HjN.‘ll'ii U the Hi‘illl',
while the virtual image will also be seqn upon the scale and will be only
a trifle larger (1-1 times approximately). This is the apparent magnifi-
cation.  The conventional magnification will be obtained by the same
double vision method, exeept that the free eve views the scale and notes how
many mms. the virtnal image of the 1 mm. object covers ; the number will
be nearly 3, each mm. of the scale rvepresenting the size of the object as
it appears when at 10 inches (25 em.) from the eve.  If, as often happens
with the reading glass, the object is actually at 25 em. from the eve

then conventional and apparent magnification eorrespond.
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The conventional magnification is given by :(—

1 5 fa
M = == ity = ;‘+ =
2 )
— __.._f_;l

| . .
= 1 4+ F (nr' 1 + '?)
If we represent the distance of the lens from the eye by o, and the distance of
normal distinet vision by p, then :—
; W=
_!-
from which the table at the end of the book is ealeulated.

m = 1 +

From this it follows that the conventional magnification is decreased as the
distance of the lens from the eye is inereased.  The apparent magnifi-
cation, on the other hand is inereased as the lens is withdrawn from
the eye, until a midway position is reached, after which it decreases.

Cr

o e f s

Fig. 52.

The angles are shaded, @, being the larrer and @, the smaller.
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It iz of considerable {Illllul‘t:]uvi* to consider the greatest effect 1|]'m|t|1'1'1]_ |r_1r i
convex lens placed between an object and the eve, In Fig. 52 A C
|'[-1:;*1‘r-:1*1|1'.~1 an nhjt'i_'t such as a page of 1:I'int, and - O the u]rti['zi] centre
(back nodal point) of the refracting syvstem of the eve, and let A O equal
four times the focal length of the lens shown, for the particular case we are
considering.  Then the print and the eye are in symmetrical planes when
the lens is midway between them, as in the second figure, while in the first

and third the 1!]‘i!|t anil eye ]‘1':-']u'l.'li'l.'l'|_‘l.' are in the t'i_lf':|| ]JL'IIH'.-'- of the lens.

[t is proposed to show that, for a single convex lens, thiv ‘Ll'u!!l:- of wm depends
upon —

(«r)  The distance of lens from object.
(6)  The distance of eve from object,
(¢)  The focal power of the lens.

[f we suppose the lens to be thin and in contact with the objeet, light apparently,
as well as actually, diverges from the object itself, and g = #,, giving
unit magnification, the image being in the object plane,

With the lens at a distanee of its focal length from the object light emerges
parallel from the lens, apparently coming from an infinite distance, and a
smaller object A B now subtends the same angle as A €, as the first
diaeram shows.

. #, Al
t f = } AU, therefore AD = ll AC and m = TL = T e i,

Therefore the magnification is four times, and as the emergent Light is parallel
the object is distinetly seen,

When the lens oceupies the midway position (twice its focal length) AO = 4y,
ani light converges to O in the eve, crosses over and floods the vetina witl
light, =0 that an infinitely small point A on the axis will subtend the angle
sy henee nothing definite will be visible, the magnification being infinite

and nseless,

In the third illnstration we have the converse of the fivst, |i,‘:|lt diverging from
the obiect emerging convergent from the lens, but as the eve cannot adapt
itself to focus convergent light the object will not be seen clearlv.  As AD

; i AC

apparently subtends the angle g, and = I AQD “ = 2 = =4
’ N ’ i, AR

as in the first caze. Finally, with the lens just in front of the eve (15 mm.),

its tr]rth'ul centre bemmy coineident with the anterior focal |aui|:|t_ the real

inverted tmace on the retina will be normal o size, heeanse, as .:xi.];Lim-d in
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Chapter X, the nodal point N, of the system (lens and eve) will move
forward by an amount identical with the movement of F,, the posterior focal
point.  If the eve is emmmetrovie the real image will be formed in front of
the retina, and the object will appear too large and blurved, but if the lens
happens to correct the ametropia there is perfect nnit magnification. It
i therefore evident that when the distance of object to eve is equal to 4f
then m inereases from unity to infinity, and decreases from infinity to unity,

as the lens i= moved from the object to the eve.

Let ns suppose now that AQ is less than 4f: then, for any equivalent position of

the lens the magnifying power will be less, althongh it will still produce
the maximmn value when in the midway position.  Thus, if in the second
diagram the eye is moved forward to 15, a distance from the lens equal to
its focal length, then an object AX is seen as AX', the magnification
being obwviously three times. If now the lens is placed midway hetween
A and E, m will have its greatest value, but it will not be infinitely great,
as when the eve was at O, because the object seen under the new angle g,

would be of some considerable size,

When A is greater than 4/, the lens, when in certain positions will eanse light

qli\'f*]';'ill_g' fronmn the object to coneerde Lo a ]Jnim in front of the eya, thus
forming a real inrerted aerial image, and light diverging from this will

enter the eve, the magnification being given by the ratio of the conjugate
. s (1 ¥ .
distances from the lens (m = - } so that the magnification may bhe
I »

negative, the image being less than the object.  When the lens is in
the midway position for conjugate foci the object might just as well

be inverted, }J]:II'I'IE in the nnagce |n|u|||-, and viewed direct.

With any given position of the lens which enables a virtual image to be

|||'tl-;l'l"El"iL m increases with the distance between n|rjt't‘l and eve, In the
first diagram, where the lens is at it focal length from the object, and the
eye at O, m = 4, but if the eve recedes from O, it 1s clear that hght stll
emerges parallel from the lens, and therefore from any point of the object,
as B for instance, every path malkes the same angle with the axis and =o

#s reinains constant.  As the eyve recedes it is clear that g diminishes and,

. 0y W S _ e

therefore, H_) inereases @ the field of view gets less and less an
1

becomes infinitely small when m becomes infinitely great.

From (1) Fig. 52 it must be obvious that m increases with an inerease in the
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focal power of - the lens, providing a virtual image is viewed. For as
S decreases any oblique path from some point in the object such as B
will be bent to a greater extent, consequently any given object will be seen

under a creater angle than 1:|':='u.'i|:|1:a|:|.*.

We are now in a position to study, with regard to magnification, ete., the effect
of plazing in front of the eye various optical aids to normal vision.
Althongh it has been =hown that the instroment and the eve as a whole
can  he I'l*:tt]_il"l.' :!E*.‘l[t 1\'[[|1 01l llll' “ull:-\'.-'\ :-é_‘;'.-:t[rn:h Ihc- :-cllhjc*rl_ 'r‘vqtli]‘:w SOTne
further ]'I]R't':iti'_','.'ltiH]l, The .‘-'ui]L!p[l'r-ll aids to vision are the ]ml||]—1|1:|;'I1itil'l'
and reading-glass, the first always held close to the eye and the other
at some distance away. The hand-magnifier or simple wicroscope has
already been dealt with somewhat fully, magnification being  expressed

l-."

e

identical in action, Fig. 51 illustrating the formation of the real retinal

conventionally by the equation wm = 1 + The reading-glass is

image Ay By and the projected virtual image A, B . [t 1= important to

1
note that if we tale any |mi]|t of the uil_:'vrl nearer the axis that A or B the
path of the emergent beams will not make =0 great an angle with it, and
a point ;:1‘1":1“}' npon the axis will give a |mt|| |:+;1!':L]|l*[ with it.  This
indicates why the field of view lessens as the eye is withdrawn from the
lens, for clearly such beams as shown in the diagram conld not enter the
1:l]|ri|_ bt llIJ]:I.' those whose lmlh was nearer the axis of the entire BYSUCILL.
Consequently a reading-glass must have a large aperture,  This, owing to
aberration, limits its power, which in practice iz usually of the order of
40D, The ]'l':lllETl:‘—_‘_‘,’IElr‘-H should  be E'tIIIFIII_TL*I.l in the ||iil|u.'ll‘|' li“:-li[ifl-ll
(:f} Fiz. 52, so that a maximum value of m may be obtained with a
minnnum of power, The erossing |miJlt of the areatest nnber of rays
emerging from the system is termed the eve-point, N in the accompanying
ficure, and this is the position of greatest advantage for field of view

andd lmmination @ an i!||l|||]'t:|l!|l matter in the Illi:'l'n:;:*rr] i, u|rl*|‘1l—_L‘.‘].'l.~i.-L. ele,

The Binocular Magnifier is an arrangement by which a lens is placed before
each eve and  decentered inwards, =0 as to equalize the functions of

accommmodation and conversence,

In Fig. 53 a convenient form of such instrument is shown.,  This s made by
Messrs. C. W. Dixey and Son, and consists of two decentered convex

lenses, so placed that their planes are at right angles to the ocular visnal
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axes when the object is viewed. A sunitable bar allows of a movement
towards or away from the eyes, and is attached to a frame which fits upon
the face. A small vertical folding diaphragm in the median plane prevents

confusion during use of the lenses.

Fig. 53.

Astronomical Trfr.x'i'r.-pi’, {=II1|h|r1_T£'11 to view distant u]ljl*['l‘ﬁ_ anil j.{"l"l'il]f.’.' an
inverted image, may have its magnification defined as the ratio of the
apparent size of the object seen through the instrument to the apparent
size seen direct.  The tube length equals the smn of the focal lengths of
evepiece and objective, which condition (¢ = f, 4+ f,) gives parallel
emergent light.  The instroment should be adjusted by racling in and
not racking out, otherwise accommadation will be bronght into play : il
t exceeds £, + f, then emergent light will be convergent and only suitable
for hyperopic eves, while if t is less than £, + f, the divergent light will
be suitable for myopes, the difference of tube length of any particular
instrument  from its normal indicating approximately the amount of
{I'llll'Il‘lr]rE.'l present, Thus, with a t!*h":-:(*nfli' whose n|r_it‘rli'|.'|:' 1= + 21 and
acnlar <4 400D, ¢ will he (D0 4 2:5) = 52D em. Hl]plu:ﬁ[* it is racked in
5 . then parallel incident light foeusses at 50 em. from the objective and

. : . ! Tans o
at the evepiece will have a divergence of (-—) = 00D, g the Eeye-
L ] ¥

aZ =l
piece is + 40D, clearly the emergent light would suit a myope of 10D

provided the eyve is placed near the instrument.

Terrestriul Telescope s essentially like the foregoing exeept than a lens or
lens system is placed between the real image formed by the objective and
the evepieee, the tube length being extended. This is done in order to

e ali orect 1T ee,

GGalilean Telescope or Opera (Gluss has a negative eyvepiece which is placed
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a distance equal to its foeal length inside the focal point of the objective
in order to obtain parallel emergent light.  The tube length is given by

fo — [, and the image is erzet.

Fie, 54 shows the real inverted mnace of a distant flhjl':'t, which would be formed
if the eonverzent light had not met the concave lens which makes it
parallel, and an emergent parallel peneil is illustrated, from which it is seen
that the true eyvepoint IS is consistently virtual, which prevents the eye
being placed in its troe position, and canses a limited field of view, the only
defect of an excellent instroment.  Its constroction is sunplified by the
fact that the negative eyepiece has the opposite chromatie effect to the

abjective.

Suppose that such an instroment has an objective of + 3D and an eyepiece of
— 40D, then the tube length will be (20 — 2-3) = 175 em. for parallel

emergent hieht, and if it be then screwed /e 5 mm. we shall have at the

. 1 ' . - - . -
eyepiece (—}”—1'—; = 333D, this being the convergence of the licht from
ki ey -l i

the objective.  But as the evepiece is — 401, the emergent light will have

a divercence of GoGL.

If the tube be serewed ot D mm. from the |b=r.-']'IinI:| for |=:II';1”|'[ cnlereent ]i:.;‘[lt

) 100 i ) .
then a convercence of ?_l_"‘_) = 50D 15 only partly nentralized by
the — 40D of the 11}'1'115111'11, and the emercsent heht s converzent 101,

anl, _fl].uT as with the astronomical ti'|1~:-'|~u!u-. I!|_1.ul|i.-| anil i|_\'}n*r||]|i;| may be
in effect corrected by the amount of draw which gives the necessary
i:lilll-i']':'_"'l"“l_"i' o I:"Ell]"fi_']';‘_f-l']ll,'." 'I'il l'][ll"l"?_{l""l ]i:'_':l]l!. 'Eltliilll-.iil""l (N LR i!"f'rHl““”EhlI [‘“]I
-|.“ t"“lillrr"l.'i'il. I"HI' t]ti.‘\ Il =ivll il ||| arn ;‘IE[""'?"- FI:I“"I'I !“' 1"“'“"" fia il"h fll”
extent and gently racked in.  Optometers have been constructed on this
principle, but they are not reliable hecanse of the inerease in magnifying

iul'ﬁ':-!' a4 “H' CONYex ]l*ljr-: |-. ';".ill]-.[l':l'l.'l-'ll Fron l?li' *':l-""-
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The Prism Binoeular is exaetly like an astronomical telescope the real image of

which is erected by means of two totally reflecting prisms, causing a loss of
light but giving a laree field of view. In these, as in all other cases, a

eorrecting lens, spherical or eylindrieal, may be inserted i the eyepiece.

Separated thin lenses in air. 1t 1s necessary to oive some attention to the

focal lengths and magnification of two (or more) separated thin lenses in
air, whether they are both positive, both negative, or one positive and the
other ]w;_!;uti'.'f-, The eurvature system can ['1':!1“[}‘ be 1I}||l“l':l here, and as
an illnstration let ns take the case of two convex lenses L and Ls in

£ |-2

_.._’_,_,..-""'.H‘:

e mmemrmmn ] memmsm—————— SN - T 5 e

H |

Fig. 55.

Fig. 55, the first being 4 10 1, the second 4 12 D, and the interval
between them 25 mm. If we imagine parallel light passing from left to
right it receives a convergence of 10 D at L and would foens at 100 mm.

upon  the other side, therefore when it arrives at L it actually has a

, 1000 - . : L
converzence of (——=) = 133 D. As it emerges from L, it will
: 100 — 25 : C
have received the extra convergenee due to this lens and now 1s (135 + 12)
s : : | KILRIN] s ;
- 253 1), coming to a focus at ; = approx. 39°5 mm. from L.
W1

If we suppose the parallel light to pass from right to left we should find
the foens at about 368 mm. from L, by a similar calenlation, and as
these two measnrements depend npon the relative powers of the lenses,
only being equal when the lenses are of equal curratures, powers and signs,
they are denoted as the first back focal length, measured from L, and the

secomil bacl: focal Tength measured from L.

It i< evident, however, that such a combination must have an eguivalent focus,

the same upon both sides, measured from the principal points, which in
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such a case coineide with the nodal points (Chapter VIII), so that we munst
carefully distinguish between fy, i, and fi., and also between F,, F |
and Fy..
Below arve given the equations which show these differences, the details being

deduced from a consideration of Fig. 55 supposing the mewdent light to be

parallel :—

| B 3 -"I |ilr.' b N L1 k] -
Equiv. foeal length f, = A= o F, = F.+F,—F F,t, |
J1 T S2 - "
. Rl o F.+F, - F, F, ¢
1=t baclk ’ Je1= 7 e Eiim— ' I “' P F: : =
. Filfe— 1 A F,+ F By Iyt
T v e AR

From these it is clear that we ean obtain the position of the principal points
by subtracting 2 from 1 and 3 from 1, the differences expressing the

distances from the surfaces of the lenses inwards.

It we represent the magnification due to L by w
i or a8 T

"o
then m =m, my = — %X — = — -=
1 - My W ¥, Vs

, and that due to L, by m.

Summary:—

() The wmagnification cansed by high ametropia may not have the
resolving power of true magnification.

e — i : [ %

() Magnification is given by m = i

1

(¢) Conventional magnification assumes that the virtual image is formed

at a distance of 25 wm. from the eve, for the porposes of
, — Ip -d) : :

comparison. It is given by m =1 + —F and 15 sometimes the
apparent value.

(¢!)  The maximum magnification with a minimum of power is ol tained
when the lens is midway between object and eve,

(¢)  For an astronomical telescope t = f, + f,.

(f) For the opera glass t = f, — /.

(¢9) The equivalent focal length of a lens systemn must be carefully

distinguished from the first and second back foeal lengths.






Symbols and Abbreviations with their Alternatives
and Meanings employed by various authors.

A. Ac. Acc. oo Aecommadation.

Ah. ... Hyperopie Astigmatizm.
Ahm. Amh. voo Mixed Asticmatizm.

Am, s i .\Ijlirtl‘ilpiu, .-"Utu*!:l'nl]ni:'.
Aam. ... eee  Myopic Astigmatism.

As. ... Astigmatism.  Astigmatic.
v o PR ... Hyperopie Astigmatism.
As. M. ... s J'fll'l.'upir Astizmatism.

Ax. RO, 5 [ &

c. eee Cnm.  With.

LUe: ... Coneave. (Minus, or —).
ch. ve.  Uentimetre.

(ve. ... Coneave,  Minns.

Cvx. ee.  Convex. DPlus.

Cx. oo Convex. (Plus, or +).
Cyl. oo Uvlinder.  Cylindrieal.

1) S ... Dioptre.

Dec, g ... Double Coneave,

Ihex. ... Double Convex.

b, Bm. . eo.  Emmetropia.  Emmetropic,
f ... Foeal length.

H oo Hyperopia.  Hyperopic.  Horizontal.
“_‘L‘, res san llj']ll"]'ilflikl. ]ljl.'||1'l'rr1|i:_'.
H. As ... T ”“u'|ui|‘n:|:it' Astizmatism.
In. e dmeh: "

M eee  Myopia.  Myopic.

1 eer  Metre,

Mer. ... Meridian.

M As ... ... Myopic Astigmatisi.

i, voo  Millimetre,

My. ee.  Myopia. Myopic.

NA ... Numerical Aperture.

(D .. Right eye.

03 ..o Lieft eye,
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oV ... DBoth eyes.

P Po. Fr. ... Presbyopia.  Presbyopic.
PL‘- sas . ]’l‘l'ir-‘rupi:‘.
Pee ... Periseopie concave,
I’ex ... Periscopic convex.
Pr el rRm.
| ... Prism dioptre,
R ... Right. Curvature of a surface,
r ... Radius of ecurvature. Panetum  remotum
R E ... Right eye (Oculus dexter).
SR e ... opherical.  Spherical lens.
4] Ay vee  Curvature of incident wave,
V wo..  Curvatare of reflected or refracted wave,
F . Hapal power. Change undergone in enrvature
v Yl*hu‘fl_\‘.
W L L
u wes «e» Refracting angle.
8 o vee Angle of deviation.
A ... Wave lencth.
n oy ... Refractive Index.
.= 1 micron ( J I]I]ll.)
i 1oy
5 S Deoree,
; «o. Minute. [Foot.
i e mecond.  Inch.
i S - I.li"i!'.

A e..  Prism Dioptre.
A ... Mean dispersion (n, — n,)
v (Omega) eeo Iispersive power.  Index of dispersion.
N (Nu) v.. ~ Efficieney.  Dispersive reciprocal.
-+ Plus. Convex. Positive.
— ... Minus. Conecave. Negative.
... Liqual to.
... Orreater than.
Liess than.
At right angles to.

= r AV

Perpendicular to.
Parallel to.

('ombined with.

CC CRCA

—

@ LI

vo. Infinity (practically 20 ft. or 6 m.)

... Recipe. Preseription.

¥ 8 ()
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Useful Tables and Data.

TABLE I.—Tur TricoxoMeETRICAL RaTIOSs.

Let F A C be any angle. From
any point in either F A or C A
a line can be drawn perpendicular to
the other. Let E  be chosen in

A C, and a perpendicular drawn to %
F A. Then the angle A D E is

a right angle and A D is called the basze, D I the perpendicular.

and A E (the side opposite the right angle) the Zypotenuse.
We will denote these by B, I, and H, respectively.

¥
Then ﬁh called the sine of the angle at A.

B :

% ']T r”-‘h’”{
1?

54 'IT* i tangent
A.F
B

= ]T o5 cotangent i
H

. j—,' . gecant s
¥
H

cosecant T

t3] i_, il



100 USEFUL TABLES AND DATA.
TABLE II.—TricoxoMETRICAL VALUES,
_ Angle | |
- . | Chord. | Sine. | Tangent. |Co-tangent. Cosine.
erii Radians S
g 0 0 0 0 | ] 1 1414 | 1-E708 ape
1 o5 |07 | 0lTS 0175 | 572900 9008 1402 | 1-5533 | @9
2 0349 | 035 | -0349 -0349 28" 6363 -9904 1-389 | 1'5350 | 88
3 0524 | 052 | -0523 -0524 19-0811 9086 1377 | 1'5184 | 87
4 0658 070 | -0698 *0699 14-3007 ‘9976 1'364 | 15010 | 86
5 0873 | -087 | -os72| 0873 | 11°4301 9962 = 1°351 | 1-4835 a5
6 | 1047 | ‘305 | '1045| 1051 | 95144 | 9945 1-338 | 1-a661 | 834
7 1222 | -122 | t1219 | t1228 | 81443 0925  1°325 | 1-4486 83
g 1396 140 *1302 *1405 i 71184 0003 | 17312 | 1-4312 g2
9 1571 157 1564 | 1584 | 6°3138 9877 | 1299 | 1-4137 g1
10 “1745 174 | *1736 1763 | 5:6713 9848 | 1°286 ' 1°39%63 | ap
11 | 190 | 192 | -1908 ‘1944 | 51446 = 9816 1'212 | 1'3788 | 79
12 2004 | 209 | *2079 2126 | 4-7T046 9781 1°250 | 1-3614 78
13 -2269 | 226 | *2250 =3309 4-3316 9744 | 1°245 | 13439 | 77
14 2443 | 244 | -2419 -2193 |  4-0108 9703 | 1231 | 1:3266 | 76
| | 2
15 | 2618 | -261 | -2s88 | 2679 | 37321 | 9659 1-218 | 1:3000 | 75
16 | -2195 | -278 | 2766 | -2867 34874 | '9613 | 1°204 | 12015 | 74
17 | 297 | 296 | *2924 - 3057 32709 -9563  1°190 | 1-2741 73
18 | -3142 | -313 | *3090 *3249 30777 0511 = 1°176 | 12566 | 172
19 | +3316 | +330 | *3256 -3443 29042 ‘9455 1°16l | 12392 | 71
ol - | et | [ b T
20 3491 a7 | 3420 ~ 3640 | 2:7475 9397 | 1147 | 1-2217 70
a1 3665 | 364 | -3584 | -3839 | 26051 | -9336 | 1-133 | 12043 | 69
2 | -3840 | °-382 | *3746 ~4040 2-4751 9272 | 1+118 | 1°1868 | €8
23 4014 | -39 | -3907 -4245 2-3559 205 1-104 | 1+1694 | &7
24 | 4189 | -4le | ‘4067 4452 | 2:2860 9135 | 1-039 | 11519 | 66
25 4363 | 433 4226 *4663 | 2:1445 9063 | 1-075 | 1°1345 | ¢5
26 | 45 450 | 4384 |  *4877 3-0503 | ‘8988 | 1060 | 1°1170 | 64
27 4712 | 467 | 4540 5005 | 1°9626 -g910 | 1°045 | 1°099% | 63
28 4887 | 484 | "d685 5317 | 18807 -8829 | 1-030 | 1-0821 62
29 5061 50L | 4848 5543 | 1-8040 -8746 | 1-015 | 10647 61
30 | 5206 | -518 | ‘5000 5714 | 17321 | 8660 1:000 | 1-ca72 | 60
3l ‘5411 | "534 | "5150 6009 | 16643 ‘8572 | -985 | 1-0297 | 59
32 ‘5585 | 651 | 5299 |  -6249 1-6003 8480 | 970 | 1'm23 | 58
33 ‘5760 | '568 | 5446 | -6494 | 1°5399 ‘8387 | 954 | 9948 | 57
34 5034 | -585 | 5592 “6745 1-4826 ‘8200 | '830| 9714 | 56
35 | 609 | -eo1 | ‘676 | -2 | l4zet | B2 93| (939 | 55
36 | €283 | ‘618 | ‘6878 | 7265 | 1-3764 | B0S0 908 | 9425 | 54
37 458 635 6018 | “7536 1-3270 *T986 *BO2 *9250 63
] 6632 *651 *6157 | 7813 1-2799 7820 877 076 B2
39 - 6807 668 | °6293 | 8098 1-2349 7771 | 861 | g0l | 51
40 | -eosL | e84 | 6428 | 8301 | 1-1918 | 7660 | 845 | -sv27 | 50
41 7156 | 700 | “6561 |  -8683 1-1504 7547 *§20 8552 | 49
42 1330 | *TIT | 6691 *9004 1-1106 7431 | -813| -8 8 | a8
43 7505 | 733 /| -6820 -9325 1-0724 7314 | 797 | -g203 | 47
44 ‘7678 | *749 | -6847 |  -9657 1-0365 | -7193 78l | 8029 | 46
46° | 7854 | 765 | -7071| 1°0000 | 170000 [ °7071| 765 7854 | 45
| i .
Cosine | Co-tangent | Tangent Sine | Chord | Radians {Ih*:n’.l.-s
| — Angle
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TABLE IlI.—REefFracTivE Ixpices, &c., oF Orrican MATERIALE For

D rLixg.

| Soft | Hard | Light  Densest| . . Quartz oo

Crown | Crown | Flint | Flint |go o - | Water. | (ordin- . o o

Glass. | Glass. | Glass. | Glass, | ary ray). ray). 3

Refractive] y.x15 | 1.517 | 1547 | 1718 | 1526 | 1-388 | 1-544 | 1-558
Index (n) |

e —

i
Mean | 509 U-HllH!u-:lli’ u-n:u!u-nf:i 0-006G | 0°007  0-008

Ihispersion

Efficieney, i !
Dispersive| d6-6 | 60'd> | 458 | 2000 | 415 | 556 | 63D 690

Ht't'i}l]'l el [ | I

TABLE IV.—CoxvESNTIONAL MAGNIFICATION. The distance of distinet

vision is 25 ems.,  the formula  of  Chapter XI.

being  used (M =] 1‘—‘%;:;)

Power of Distance of Lens from the Eye in cms.
Lens in Dioptres. . . i ==

1:5 2 | 4 6 | 8 19 | 12
=0 D 19-8 19-4 | 17-8 " 16G-2 ] 46 13 114
10 D 104 | 1002 | 94 | 86 | 78 7 | 62
20 D 57 | 56 | 52 | 48 | 44 L1 | 36
16 D 47 46 43 1 a7 34 31
12 D 376 | FT0 | U7 | 323 | 300 | 296 | 252
10 D Soe | a0 | 2=k | 290 | 2200 | 295 230
8 D 2:88 | 284 | 268 | 252 | 2:36 | 2-2 204
6 D . 2-38 | 205 | 22n | 837 | 200 | 188 | 1:56
4D 194 | 192 | 1-84 | 1-76 | 168 | 160 | 152
31 | 1-69 ' 1'67 | 161 | 1°55 ‘ 150 | 144 | 1-38
2:5 D 1:58 ' 1-57 1-52 ; 1-48 | 1-42 1:37 ‘ 1-32
2D | 1:47 | 1:46 | 1-42 | 138 [ 1-84 | 1-30 | 1:26
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TABLE V.—Deviatioxn CoxsTANTS,

Prisms are measured in three wavs :—

1. By the angle at the aper (or refracting angle) contained by the sides of
the glass, and written in degrees, viz., 1°, 15* or 1° 30'. The size
of this angle varies with # of the glass for the same deviation. (See

IH;‘]_H“',)

2. By the angular deziation produced by the prism, which will be nearly
half the apical angle.  This is also written in degrees, and shonld

have “d " added to it to distinguish it from the first, viz., 1°d, 2°d.

3. By prism dioptres, which express linear deviation, the unit being a
prism which deviates a ray of light lem. from its path at a distance
of 1 metre, Written 18, 28 ete. (The eentrad is practically the

salne Ilil"ﬂ:'-'.lll'l_"llll_"llt.]

14 = 1'00em. 1° (» = 1°47) = 100 em. (100 mm.)
1% (no=id:0 ) = 08y 5 A8 m =160} = 1068 06 )
1° (n = 1:04) = 0:94 ,, 1°d = 1'74d ,, (1745 ,, }

Prisms (n = 1'54).

Linear Dev.

Angle of Dev, | Angle of Ref. (At 1m.) | Prisms (n = 1'54).
L b L Diop. | Ref. Ang.
e )
ah i 2ih _ 2-00 48 :?‘lﬁn
2 i T 3004 a-24
& AR T 4-32°
:-!.-1:} .-'f-;':.'; i ;32*4 % .: 5008 5-40°
35 L:'4H [:-I‘i" m | 6008 G-47°
40 40 hil'h" " I 004 7.54°
a0 9-23 s8it 8008 | 8- (2°
G0 11-5 1050 ,, '

7:0 1258 18R Sl
80 1463 1402 ,, |
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TABLE VI.—Megrric axp Excrisn Lixgar Equivavexts.

To convert inches to millimetres multiply by 25-4 (""15'-]"'=‘.'ﬁin‘c‘.‘i"-'.ﬁlé'i’.ii )y
- mm. to inches . 003937 1‘";'r'fli:'L-'-"i—.nl_li:m:;u{;.:u-],
. IGHEN SRRt g 3:2808  (Rouigisiniv)
. feet to metres 5 0-3048  (Boushlyomuliipis by

To reduce French inches to English x 3937 and = 37.

1353 French lines = 1 foot.

CALCULATION ror REesvrrast Prisus :—

A B
Lt A B = in em. the °d. of the horizontal prisin.
53 A C = in em. the °d. of the vertical prism.

Then C B = in cm. the °d. of the resultant prism.

And A B C = angle of the *base apex line™ with the horizontal (or by
calenlation).

(1) Square the vertical prism,

(2) Square the horizontal prism,

(3) Add the two, and extract the square root, this is the poweer of the
resultant prism.

Then :—

Horizontal effect required

Cosine of the angle of rotation

\
< of the base apex line from the
& horizontal.

To rixp tHE EFFEcTs (V. axp H.), oF AN OBLIQUE PRIsM :—

Power of resultant prism =

Sine of angle of rotation from the horizontal x °d. of the oblique
prism = the vertical effect.
SIMILARLY —

Cosine of the sume angle x °d. of the oblique prism = the horizontal

effect.,
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The Slide Rule.

Parts.—Rule, slide and cursor.

1st Seale of Rule (top part from left 1 to middle 1)
1st Scale of Slide ( ditto ditto )

RErrEsExTATIONS.—The 1st scale is taken as a unit of measure, and the

Epaces 1—'.}, | 3, I—L ete,, are Ill'ﬂ!lr]l'tillll:ll to tlm lﬂg_’:H ﬂf A :.'-i' -[-E ete.,

to 10, which last has unity for its logarithm. The spaces 1—2, 2—3,
ete., are also divided in the same manner, giving, for example, between
2 and 3 the logs of such numbers as 2-1, 2-3, ete.  The lower scale of rule

and of slide are alike, and just double the length of the top scales.

‘Murrirrication.—Use the two lower scales of the rule and slide. Make a 1
of the slide coineide with one of the factors which must be read off on the
rule seale ;  and the product will be found on the seale of the rule opposite

to the other factor read on the slide.

Number of figures in Produoct may be determined either by
(1) The characteristic of the log.

('j') By adding the two factors if the vight hand 1 1s nsed, or if the left

hand 1 is used by subtracting 1 from the sum of the two factors.

Division.—Use the two lower seales of rule and slide.  Place the divisor read
on the slide above the dividend read on the rule ; the guotient will be

found on the rale below a 1 of the slide.

Number of figures in quotient may be determined by
(1) Deduoeting the figures in the divisor from those in the dividend if the
right hand 1 of the slide points out the answer, and
(2) By deducting the figures in the divisor from those in the dividend
and adding one if the left hand 1 of the slide points out the

ATSWEr,

Provorrion.—Perform the necessary operation for finding the guotient, and,
without reading it, look for the product of this quotient by reading off the

third factor on the slide and noting the answer on the rule.
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Or unse the following rule :—Put the proportion into the form of
9

- s R - :
2 equal ratios, for instance let 5 == then place 2 over 3 and under 4 on
H

slide read & on rule.

Squares axp Squark Roors.—The numbers on the upper scales of the rale
are the squares of the numbers on the lower seale.  Hence, to obtain the
square or the sqnare root of a number it is merely requisite to rvead the
numbers opposite to each other, either by the help of the cursor, or by the

end marks 1 on the slide.

Naote.—In taking the square root of a number the left hand top seale
mnst be used if the number has an odd number of ficures, and the sight

hand top scale if the nunber has an érén number of figures,

Cupes or NumseErs.—This may be done either by

(1) Setting the 1 on the lower scale of the slide against the number to
be eubed on the lower secale of the rule, when over the nmmber on

the first secale of the slide will be found the required cube 1 or by

(2) Inverting the slide, Keeping the same face upwards, and now (using
the lower scale of role and what was formerly the 7st scale of slide)
setting opposite each other the marks which indicate on each scale
the number of which the eube is reguived ;3 this enbe will now he
found on the upper seale of the rule opposite to the 1 of the slide
(now on the right hand}).

Cuse Roors.—To find the cube root of a number place (having inverted the
slide, keeping the same face up) the now right hand 1 of the slide against
the number and seek for a number on the lower scale of the rule which is
opposite to the same number on the (now) lower scale of the slide,  This

number i= the eube root required.

Note.—The number of fizures in the answer is of course 1 for every
3 (and 1 for the remainder over the even threes, it there is one) in the

number whose eube root is to be extracted,

Sixves Axp Taxcexrs.—On the reverse side of the slide will be found the sine

and tangent seales marked S. and 7. respectively. DBoth seales are divided
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so that the spaces, reckoned from the left of the scales, to 1, 2, 3, ete.,
represent the logs of the natural sines and tangents of angles of 1°, 2°,

3°, ete., in a eirenmference whose radins is 100,

The scale required for use is placed into contact with the upper scale
of the rule, the sines and tangents can then be read off this seale direct

for the various angles.

Note.—Values of the tangents of angles greater than 45° may be

obtained by dividing 1 by the tangent of the complementary angle,

To multiply say 38 by sin 157 direct, place one extremity of the sine
scale against 38, the product will then be found on the scale of the rule

apposite to the mark corresponding to sin 157,  (Likewise Tangents).

Loganituys.—On the reverse side of the slide and in the centre is a scale

divided into equal parts, and adapted to measure the spaces on the lower
seale of the rule which represent the decimal parts of the logarithms of

numbers,

To find the log of a number the slide is left in its nsunal position
and the left hand (1) put against the number (on the lower scale of the
rule) for which the log is required : the log of the number will now be
found on the seale of equal parts opposite to the mark in the opening at
the back of the right extremity of the rule.  Example, for log 2 we find

501, which must be read as (0-301.
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13
14

16

List of Optical Works.

Abney,

Baly

Bayley,

Beck and Andrews,

Bell,

Cuole,

Cross & Cole,
Czapski,
Dallmeyer,
Drade,
Edser,
Ferraris,
Forster,
Gage,
Glazebrook,
(zleichen.
Green,

Heath,

Hovestadt,
Jones (Chapman),
Kayser,

Kohlransch,

Colour Vision
Photography

Spectroscopy

Instruection in Photography
Photographic Lenses

The Art of Illumination

A Treatise on Photographic Optics
Modern Microscopy

Theorie d. Optischen Instrumente nach

Tele-Photography

The Theory of Optics

Light

Dioptrische Instrumente

Thiz World of Ours

The Microscope
Light

Physical Optics

Lehrbueh der Geometiischen Optik

Colour Blindness

Elementary Geometrical Opties

Geometrical Optics

Jena Glass

Secience and Practice of Photography
Handbuch der Spectroscopie, (2 vols.}

Physical Measurements

Abbe



G
37
3=
39
10
11
42
13
14
15
16
A7

45
44
Hi)

5l

Llovd,
Lummer,

| oY w]{_\.'l.-t'.
Mann,
Palaz,
Pendlebury,
Perciva ],
Preston,
Pringle,

Raymond,

Roscoe and Schuster,

Schellen,
Schuster,
Schuster & Lee,
SIE[II]P}'1

Stein,

Steinheil & Vout,
Stewart,

suter,

T-'.lil,

Taylor & Baxter,

Tavlor (Dennis),

Tavlor (Traill).

Thompson (S.P.),

Thompson, (Lord Kelvin)

and Tait
Tseherning,
Verdet,
Watts,
Woaod,
Wright,

LIST OF OPTICAL WORKS,.

The Wave Theory of Light
Photographic Optics
Spectrum Analysis

Manual of Advanced Optics
Photometry

Lenses and Systems of Lenses
Optics

Theory of Licht

Practical Photomicrography
Plane Surveying

Spectrum Analysis
Spectrim Analysis

Theory of Optics

Physical Measnrements
Drawing Instruments
Surveying Instruments
Photometric Measurements
Handbuch der Angewandten Optik
Light

Handbook of Optics

Light

The Key to Sight-Testing,
(2nd Edition, Taylor & Mackinney)

A System of Applied Optics
The Optics of Photography
Optical Tables and Data

Elements of Natural Philosophy
Pliysiologic Optics

Optigue Physique (2 vols.)

Introduction to the Study of Spectrum Analysis

Physical Opties
Light
Optical Projection

1015
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LIST OF OFPTICAL WORKS.

H8  Proceedings of the Optical Convention (No. 1, 1905).

i
b

.

ol

il

** Present Position of Photometric Measurements.” A, C. Jolley

* Measurement of Refractive Index.” 8. D. Chalmers

** Polishing of Glass Surfaces.,” Lord Rayleigh.

* Discussion on Aberrations.”  Dr, C, V., Drysdale

and 8. D. Chalmers

*The Consideration of the Equivalent Planes of

Optical Instroments.”  Conrad Beck

Small Telescopes and Binoculars.”  Dr. C. V. Drysdale

59  Transactions of the Optical Society.

LL,

b

el.

hi.

[

Stroboscopy.”™  Dr. C. V. Drysdale, 1905-6

A New Spectrometer—its uses and advantages.”
Val. H. Mackinney, 1905-6

" A Bimple Direct Method of Testing Spherical and

Cylindrical Lenses.”  Dr C. V. Drysdale, 1899-1900

“ A Simple Direct Method of Determining the Curvatures

of Small Lenses.” Dr. C. V. Drysdale, 1900-1901

* Measurement of Aberrations of Photogiaphic Lenses.”

8. D. Chalmers, 1905-6

* Lens Aberrations.” Prof. 8. P. Thompson, 1809-1900

* The Testing of Photographic Lenses.” 1903-4
* Some Properties of Glass.”  W. Rosenhain. 1902.3

' Testing of Optical Instruments.”  Dr. C. V. Drysdale, 1901-2
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Experimental Optics.

Experiment.

1. The Wave Theory of Light. Wave motion and the stroboscope.
Refer H9a.

I

The Rectilinear Propagation of Light. The Pin-hole

Camera. Refer 12, page ).

3. The Formation of Shadows.
Umbra, penmmbra.  Eelipses.
Proof of Law of Inverse Squares.

Refer 12, page 3, and 16, page 8.

4. Photometry.
Inverse Square Law,
Light Standards, Photometers,
Comparison of Light Sources,
Percentage Light Transmitted

(Absorption).  Refer 30, 42 and H=a.

5. Verification of the Laws of Reflection. Refer 12, paze 21,

or 16, page 31.

6. Curvatures of Concave and Convex Mirrors.

Focal length = .IE radins of eurvature,
Foeal power = 2 (eurvature of surface.)

With Optical Bench. Refer 16, page 102,

With Spherometer. Refer Chapter V.

Magnification, m — :f For verification refer 16, page 103,
Also refer 59 d., experiment 10.

7. Verification of the Laws of Refraction. =, sin i =un,sinr
Refer 16, page 58, or 12, page 48.
Both laws of reflection and refraction may be verified with the aid of

the instrument called a Goniometer. Refer Chap. 1V,



112

P

t.

100,

EXPERIMENTAL OPTICS,

Determination of Refractive Indices. (Solidsand Liquids).

.\ Microscope Method. Refer 16, page 79.
a. In Rectangular form- _ ; e
([wrn}:lm-u] s 8 Lo A

 Giraphical Method.

Minimum Deviation Method, with Goniometer.
Refer Chap. IV.

Normal Incidence Method 1E{lrt'cr 59 b.

I(‘I‘itir.‘l[ iy A J

Return Path (_thu} i

b, In Prism form

“ Microseopie Method.

¢.  In Lens form J Deduetion Method. [F=(n,-n,) (R, - R)].
{ Refer ["|]u1|. V.
Chalmers’ Method. Refer 58 b,

.

. By Total Reflection. 1Por special methods refer 25 and 39,

Focal Power of Lenses. I (focal power) = 1 (focal length)

in dioptres. I in metres,

Conver and Concave.  (Thin lenses).

Giraphical Method, employing law of conjngate foei. Refer 12 page, 111.

Drysdale’s Method.  Refer 59 .

Dednetion Method.  [F=(n,—an,) (R, - Ry) ]

Neutralization Method. (Contact method).

Symmetrical Planes Method. ( Unit magnification, convex lenses only.)
Thiel: Conver Lenses.

]‘:lllli\'Llli’I]t Focal Power and Nodal Points.  Refer {',‘h;i_lh_ VIII.

Sir qard Grubb's Me s
Sir Howard Grubb’s Method ﬁ_ Refer 7, puge 208.

Moéssard’s Method |

Drysdale’s Method (Cx and Ce).  Refer 59 e.

Magnification m = “T measurements from optical centre . thin
o

lenses) and respective nodal points (thick lenses in air). For

verification arrange conjugate foei method upon optical beneh.
Curvature of Small Lenses. (Short focal length). Refer 59 d.
Spherometer.  Abbe's design, made by Zeiss of Jena.

Note that diameter of lens is limited by power.

Use of the Vernier. Refer 41, page 152.
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EXPERIMENTAL OPTICS, 113
Testing of Optical Surfaces.
Reflection Method (direet observation).
']1t*11'.-'=:-ut|£‘ Method.
Contact Method (adhesion),
Newton Ring Method (contact). Refer 12, page 408.  Also i8¢,

and 5% h.

Lens TEEtiﬂg’. Refer 5, .‘\]JIII"IH]E.\' II.. and 7, [,']t'.lp, V. Also refer

58d, 59e, 59f and 59 g.

Test for Strige and Strain in Glass. Refer 5, Appendix I1.
Also make use of pair of Nicol Prisms to detect strain.

The Consideration of the Nodal and Principal Planes
of Lens Systems. Refer Chap. VIII. Also 58e.

Eyve-Piece Systems of Lenses. Refer 20, or 12, Chap. X,
and 581,

The Camera Obscura. Refer 16, page 140,

Construction of Simple Microscopes. Refer Chap. IX,
20 and 21.

Construction of Compound Microscopes. Refer Chap. X,

and 15,

For methods of determining magnification and size of minute objects
refer also 15,

The Camera Lucida. 15 or 16, page 166,

Construction and Magnification of Prism Binoculars.
Refer Chap. 1X., also 58 f.

Construction and Magnification of Refracting Tele-
scopes. Refer Chap. IX., also 38 f,

Construction of Reflecting Telescopes. Refer 16, page 163,

and 20,
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EXPERIMENTAL OPTICS.

The Photographic Camera.
Refer Lens Testing. Experiment 13,
Determine Size and Value of Stops.
State Principle and Use of Telephoto Lens.
Give Advantages and Disadvantages of Pinhole Photography.

Befer 5, 7, and 59 1,
The Projection Lantern. Refer 57.

The Spectrometer and Spectrum Analysis.
Purity, Brightness, and Resolution. Refer 38 and 29,
Determination of the Optical Constants of Glass, Refer 22 and 59 b,
Ifor numerous other 1'.‘i!u't'i1tlt'|i1:-: refer 29,

To produce a pure speetrum on a sereen, refer 16, page 187,

The Polariscop& For pmmerons experiments on polarised light,

refer 29, 33, and 56,
The Sextant. Refer 14 and 41.
The Theodolite. Refer 41.

The Eye and Vision. Refer Chap. VII.  Also 16, page 145,

and 47 and 52,

e ————— S EEE T S




A

Aberration of licht

Index.

FPAGE

Abszolute refractive index

Achromatic system
Aids to normal vision
Ametropic eye ...
Angle of deviation
Anrular measnrement
Aperture of mirror
Apex of mirror ...
Aplanatie difference

Y]

Apparent magnification ...

Astizmatic eye ...

Astirmatizm by reflection

Astronomical telescope

Binoecular maznifier

Calorescence R
Chromatie aberration
- difference
Collimator
Collinear lens
Concave mirror
Conjugate foci
points ...
Contact lens

Conventional maernification

Convex mirrors

Corrective lenses ...

Cornea ...

Critical angle

Curvature of a circle
" svstem

wEE

o1

14
16
44

Fall

41

Deflection ...
Diffraction
Dioptre ...
Dioptric power
Direct optical centre
Dizgpersion...
Dispersive power
reciprocal
Drigplacement

Efficiency ...
Emmetropic eye
Equivalent planes
Ether e c
Eyepoint

[I
L]

Far point of eye ...

Fi st conjugate distance...

Fluorescence
Focal planes s

Frequency of vibration ...

(s
Galilean telescope
Gauss system
Goniometer

H
Hyperopic eye

|

Incident lizht

Intensity of illumination

Interference
Interval of Sturm

Irrationality of dispersion

115

PAGE

a5
13

a3
33
35

, 47

12

25

51
14
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28
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L

Latent error
Law of conjugate foei . .
Lawsz of licht
reflection
.. refraction
Lens measure

M

Masrnification e

Manifezt crror

Mean dispersion ...
refractive index

Measurement of enrvature

Minimum deviation

Mirror tformulze

Mirrors i 2
Monochromatic lizcht
Myopic eye

N
Natnre of lizht
Nodal points

()
Ocular refraction...
Opera glass i e
Optic axis
Optical centre ... 2

constants of the eye

11 l'!i]..."-i'l.‘l.'l‘l..‘l'l'.i{"]!t e
notation ...

l)

Parabolic mirrors
Path of licht
Perizcopic ...
Phosphorescence ...
Plane mirror
Polarization
Pole of mirror
Presbhyopic eye
Principal axis

e focns ...

o planes ...

INDEX.
PAGE PAGE
| Prizm i
20 binocular ... SERCH.
8 Properties of lizht i
4
110 I
1]
Radian : 2
Ray of licht |
Reading slass ... ST |
.38, 85 Reduced eve FEER
Gl Reflected licht ... 1
11 Reflection ... can E
11 Refracted licht ... 4
13 Refraction Eee e
a7 Refractine anels.,. ok thmea
34 Refractive index ... T |
16 Retina esean B
o fi
b, 81 S
Schematic eye ... o L 6
Second conjugate distance Lo B
o Secondary axis ... . 03
. spectrum it e )
;G2 : :
Sectional optical centre ... e
Separated lenses ... R L)
Spherical aberration ... e 4B
= Spherometer e !
.'; Symmetrical planes ... (]
18, 35
35 ih
i Terrestrial telescope ... ... 92
| Thick lenses S L
I Toroid = 55
Total reflection ... S B
o1 U
1 Unit of eurvature 2
34
14 v
1
1 Velocity of licht ... 7
18 Vibration of licht waves 0
53 Virtual image ... s 18
15, 35
18 W
(53 Wave length of lisht ... 7
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The follmwing list givez the prices af which wmany wuseful avticles
. . ) o .

JHH'I-I'J" .lrrr' lI,l'!f-l'.I"'l''|'r|'l'-"-"~'|”"l'r_'—

ENELLEN'S TEST TYPE. four different sheets, varions letters and

arrangements, paper 21 inches hy 9 .. per sheet
SNELLEN'S TEST TYPE. four different sheets, on cards with metal
edge to top ... per card, 1/-; per set

SNELLEN'S TEST TYPE, reversed for use with Mirror ... per cawd

TEST TYPE, white letters on black ground
(as illustrated} ... per card

SNELLEN'S READING TYPE, § x &8,

distances in feet

JAEGER'S TEST TYPE, folding 14 x 11,
distances 1 centinetres T P P

THE “ORTHOPS" CHART 5 M C B
Ordinary Type, 40 X 4 XK B E R
Reversed Type ... < .v Y F P T

Portable Chart, 18 x 123 ... e D00 s

2 extra cards for

ASTIGMATIC FAN, Large
size paper

ASTIGMATIC FAN, Linen,
monted on rollers...

ASTIGMATIC FAN-CARD...

ASTIGMATIC CLOCK FACE
(az illustrated), 18 x 15 ...

ASTIGMATIC STAR

TEST TYPE (after Dr. Pray)
for Astirmatism, circles

TEST TYPE (after Dr. Pray)
for Astivmatizm, letters (as

illustrated) ...
N 7 Q0 aelk T2 e : - =
PINHOLE DISC, black bronzed metal. in == =F N

nickelled steel frame, with ebony handle

— e wp o giny,
STENOPAIC SLIT, mounted as above il |.Il [ ¥
: il fm'ﬁ *I:/’:Jﬂ
TN RN g

STENOPAIC SLIT, adjustable for various
el l&\‘ N

widths

REVOLVING SLITS & PINHOLES of variouns

gizes, with spring clip and groove for holdine . e
le ; g P g% Py ET
IS i e - o

LA

]

(1]

0
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{18

J0A.

31
a2,

33

DISC OR LENS HOLDER. nickelled steel,
ebony handle ;

TEST RING. with wvivid blue, =reen, or
opagque ¢lass ...

MADDOX ROD for testine mmzcular
insufficiency (as iflustrated) i

MADDOX MULTIPLE ROD for testing
muszcular insufliciency

MADDOX PRISM mounted in Test Ring... |

CHROMATIC TEST in mnickelled ring,
with handle

JACKSON'S CROSSED CYLINDER 1n
nickelled ring, with handle

NEAR POINT MEASURE. boxwood
TEST CARDS for Near Point Measuore...

RETIXNOSCOPE, plain or concave mirror,
with ebony handle...

THORINGTOXN'S RETINOSCOPE
Cers illustrated.)

QUEEXN'S PRACTISE EYE for practising
Retinoscopy ...

ASBESTOS RETINOSCOPIC CHIMXEY

MACKINNEY'S
OPHTHALMIC
BRACKET, with
electric or ras fittinges.
This is very simple in
construction, and s

self-fixing in position
by merely releasing
the handle which is
attached to an eccen-
tric cam. The hars
are telescopic, and
the whole iz highly
finished in dead black

L T ——

(Frice doez not include Chimney,
which is No. 30 in lizt)

MORTON'S OPHTHALMOSCOPE, best English make

MORTON'S OPHTHALMOSCOPE., foreign make (to order only)

MANIFOLD PRESCRIPTION BOOKS, of 100 pages ...

LY ]

| 24

]

i

i
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ANALYZING 2 2 CHART ‘

J

|| FOR ANALYZING IN ANY
AND L~ % . COMBINATION
CENTRING et | BTy (s oF
LENSES i e SPHERES

By CM Dacrier FSHC |
CARLISLE o |

£ g d.
3+. DALZIEL'S CHART for analyzing and centering lenses (us illustrated) 0 3 G

COMBINED PRISM SCALE.

CATEWLE OF BEFRECTRSG AFGLE
now o B LI B 7

I_,_‘__I_‘L_I.p+.|.i.}.I.p.i‘,i.‘},4.i14.1-11|r|‘l‘F-i*+ri*|"i"l:|"‘|"‘!|“|'=f"—l+'|"ff"+"|'1'| |

|
1 2 3 4 3 !

.I1|I=
sl

L]

bbbl i

}

|

34a. MACKINNEY'S PRISM CHART, for testine the prismatic power
of a lens in D of RA, D of D and P.D. Also uszeful for testing

muscular imbalance at a near distance ... 0 2 0



i,

87,

8

40

23-in., 2§ or 3 inch focus

24-in., in strong nickel mount...

LENS MEASURE (as illustrated),
for testing cylindrical and
gpherical lenses

The SPHEROMETER, a cheaper
form of measure for testing
spherical lenses...

BOXWOOD SCALE, with
centering  cross. and reversed
protractor for testing axes of
cylinders (ws illustrated)

CONDENSING LENS, diameter

CONDENSING LENS. diameter

1

d.

5
1

. BPE 'T;.J:LI;I ’—\ /
Froxt o
MEASURE, /

for testing |

£

heizht=, pro-
jection, and
centres of <
spectacles

with analy-

LENSES

o)
FROMT DOMM

y'h'("";':' 1] r-3 Ir‘.;

zing scale on '_'| N q . i [T]

reverse. L,

lees il wstrated) e
& . i

—

| '|'t'|'| [I||JI|I|I{I|1}I1 ||1.|1J[n

i 'f \

1. NOSE M,,_._,Mmm
CONTOUR ir 3
MEASURE. 1'.|:'|-||1.[||1|||=;| T AT L AT

((Regd.) A device by
which the contour of
any nose can be
expressed in  three
measnrements, 1rom
which a spectacle bridge can be
made exactly to fit. (ds
illwatrated. . s d

Boxwood 555 il M

Celluloid eus, S0

42, GL'RL SIDE MEASURE

(s illustrated ) R )

i

—

\\ —E:—. -] : 21 : "51'”
| ___": T::’ﬁ_‘_h ‘::' A ‘ " | ql.-fz‘u;*ﬂt.
g | = | 8 T 5 1 O 0]
e e
b-ﬂ' %.. = E-u-::-gi.-n. ag:u-.-u:ha-q
ko, e e S e e

sl ] Iy
=gz

-

._|._1_1_!._|_

-

_ll_.l_pj_r_'l_L-L-l—Ll—l-..I._lj
T IRtk el Lo e S ] e 1 b ,\J




43. FOLDING BOXWOOD METRE RULE, folds into 5} inches,
marked in millimeters and inches= ...
44. BET OF SIX TRIAL FRAMES, centres 2! to 2% inches, with six
different brideres, ticketted with details on each. Empty.  ...The set
45. SET OF SIX TRIAL FERAMES, centres 2} to 2! inches, with six
different bridges, measurements on ends in gilt letters, Empty.
The set
46, SET OF SIX TRIAL FRAMES, rlazed, measurements on ends in
_L!Li;t I‘L‘-ltl."'rh LR &as LR &48 LR LR CEES =
47. SET OF TWELVE TRIAL FRAMES, centres 2 inch to 2§, in
polished walnut case, with separate division for each ecentre,
measurements marked on frame in zilt letters «. The set
48, JOINT HOLDER (ax  illustrated ) for holding spectacle joints
while screw is turned, preventing injury to frame
49. SCREW DRIVERS (OPTICIANS'), two sizes, for ordinary and fine
joints, with strong handle ix ai ... each
5. SCREW DRIVERS, hizgh quality, two sizes, one for Gold work,
recommended. .. P A ... each
50A. SCREW SLOTTER. for cutting new =lotz in szcrew heads...
51. BRASS SOLDERING
CLIP (as illwstrated)
for holding spectacle
frame during repair.
52. BLOW PIPE,
B
flexible (as illws- =
trated ) very useful
for repairs.
53. SET OF OPTICIANS’
PLIERS (as illustrated ),
consisting of one pair each,
flat nos=e, half-round nose,
sharp no=e, and shaped and
slotted nose, for ||ﬂ]¢_1i]];.':
spectacle or eyeglass joints,
well nickel-plated.
g .
Per pair ... 1 6
54. The same SET OF PLIERS, in polished case, complete with flat file,
three-square file, and two screw drivers (one broad and one narrow),
forming a very useful set of tools for an optician per case
553. Or with best quality drivers ...

£ 3
a 1
(b 5
5 et
018
1 7
i b
0
I |
A
g 1

013

015

0

i)
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55A. MILLED WHEEL, for

clearing evewiics of =older

or rough parts. Made to 0 2 6

serew on worle bench or

fit in vice.
56. GAUGE RINGS (American make, guaranteed accurate) for sizine

interchanceable len=zes no kAl s
57. GAUGE PLATES (American make, guaranteed accurate) for testinge

framez ... 0 3k

58. TOURMALINE PINCETTE for testing pebbles ... oo RGN0

50, SHANES OR NIPPERS for
edring  Spectacle  lenses,

previons to grinding

G0, BILSTON OR ADAMANT GRINDSTOXNE.
(s illustrated) ivon trough—

12 x 2 14 x 2} 16x3  18x3 20 x 3
12/- 14/6 17/- 26/- 31/-
Larger sizes guoted for.

61, CRAIGLIETH GRINDSTONE, in iron trough—
dexl o el - bl IS xIo 20l
19/- 23/- 28/6 40/- 48/6

TRIAL CASES. (T
POLISHED WALNUT CASE, with 158 convex and 18 concave u.'lmdul- £ & .

H..‘.'i-:l iu :)I:'U Er £4 8 EEEs EEEs

man ]

POLISHED MAHOGANY CASE, detachable lid, lined with satin.

32 pairs spherical cfx 25 to 20 I,
.3 2 LfL 23 | {8 4|:| 1.
Contents< (0] |'|1 o tinted glasses
2 dises (pinhole and slit)
1 single cell trial frame 3 e 2E1DD

POLISHED MAHOGANY CASE, detachable lid, lined with satin, good lock.

30 pairs spherical  ofx 26 to 20 I
30 cfe 25 to 20 D.
( 13--“1;.,1!. l.,\.ll:lulus.-u cjx 25 o T L,
Contents< 18 . ¢fc 2Bto 7D,
: 8 plano lmlr.rl glasses
& discs '-:-.Jm]nh. slit, pin-hole, efc.}
1 zingle cell trial frame
1 two cell graduited trial frame

S

POLISHED WALNUT CASE, fixed lid, contents as above ... S A N



POLISHED MAHOGANY CASE, detachable lid, lined satin, brass fittinges
& e and zood lock, all lenses mounted in test rings with pierced handles.

/ S0 pairs spherical ¢fx 25 1o 20 I,
30 "l.. 25 1o 20 [

lﬂ-hm tle 1.'-.l:ml|.1'-| cfx 2510 7 I

e | . cle 25t TD.

12 prisms 14 fa 12s

12 plano blue and smoke glasses

1 each plano red, white, green and yvellow glasses

4 discs (stenopaic slit, pin-hole, ete.)

1 single cell trial frame

Lo 1 bwo cell gradualed trial frame

Contenis

POLISHED MAHOGANY CASE, detachable lid, lined satin, brass fittines
and wood lock.

32 pairs sphertcal ofx 25 to 20 I,
cle 25 to 20 [y
13 I'l-.ll.l"w i.".1u|t11.r- clx 25 to T D.
18 " cfc 25 to T
12 prizms 1s o]2:
Contenls< 12 plano blue and smoke glhsses
1 each plano red, green. amber, and white
4 cliscs (slenopaic shit, pin-hole, ¢te,)
1 chromatic test
1 single cell trial frame
1 two cell graduated trial frame

All lenses mounted in fine test rings, with pierced handles

POLISHED MAHOGANY CASE. highly finished with bevelled plate glass
top. removable lid, tray for lenses to lift out, good fitting= and h:u.,l-.

] -.JU pairs spherical ¢fx 25 1o 20 I,

T cfe 25 to 20 D,
13 '-ulll,L,l: u.llmll.nn. xMWilo 7D
] ¥ 25 Lia T I:.
Contentss 12 Pr"""""' 12 to 12a

12 blue and smoke glasses

1 each plano ruby, amber, green, and white
4 dizcs

1 single cell irial frame

1 double cell graduated trial frame

All lenzes in fine test rings, with pierced handles

POLISHED MAHOGANY CASE, hizghly finiched, with bevelled plate glass
top. removable lid, tray for lenses to lift out, wood fittings and lock.

32 pairs spherical ¢fx -25 io 30 D.
2 cfc 25 1o 20 D.
18 |HLL‘- C‘.]II'I.IILI!"'-» cfx 25 to 7D
TRt s cfc €5t T
12 }1ri:~'1111al ; 1= htr 122
~ . 12 plano blue and smoke glasses
“ontenls 1 l—;u‘h plano red, amber, green, and white
5 discs
1 chromatic lest
1 Maddox rod
1 single cell trial frame
1 double cell graduated trial frame

LEATHER GO‘rERED, ﬁﬂﬁlf finished case, with velvet and leather ﬁttl"j.rﬁ.
all lenses mounted in tempered spun rims, and nickel plated.

/ 32 pairs spherical cfx 12 1o 20 D,
< cle 12 to 20 1.

Eﬂ P airs cylinders L{‘C 1210 6 D,
20 i c 12t 6 D,
10 |'|riﬁ|1|5 1 to 104

3 coloured glasses

1 Maddox rod

& stenopaic and occluding discs

1 double cell graduated trial frame
v 1 single cell trial frame

or with best standard tri :l 1r..|1'm_ adjustable '\hlu-.-

Cont L‘I:I‘l':iﬁ

whE

123

£ g 4.
T 00
8 8 0
8 0 0
916 0
9 0 0
0 0 a



WORKS ON OPTICS.

HARTRIDGE—" Refraction of the Eye™ II: #;
' The Ophthalmoscope ™ e |

Kl']"l':-l'l'l]ffli * The Optician’s Manual " SLER |
*The Optician’s Manual Supplement ™ S [

“Bkiascopy © ... AL |

TAYLOR —" The Manipulation and Fitting of Ophthalmic Frames™ 0 4
THOMPSON—" Optical Tables and I'ata ™ Sy
LAURANCE—" The Eye™ (Physiological and Anatomical) 0 3
“General and Practical Optics™ ... TR

TAYLOR & MACKINNEY-—"The Key to Sizght Testing ™" (2nd Edition) ... 0 10

CHARTS FOR ADVERTISING PURPOSES.

i,

ir

-
e

i}
i}
i
i}

i

Thi=z Chart illustrates the relative value of A € II 1| l ! Ii.“‘l '
)l (j ' 1 3

vertical and horizontal lines in deciphering letters,
and provides a rood means of explaining to clients

the significance of astigmati=m. - — —

The first and sec ines illustrate the differ- R
Fhe first and second line X D iUNA

(/%

ence  between a word |!L:L‘|'jtl_;.'{ the hovizontal

components of the letters blurred. and one in "
5y oW ' x O b |
which the vertical positions are indistinet. I | ]I I ! it -;I.I

In the third only vertical lines are shown,

and in the fourth horizental.

1/- each. L Y

¥

A =et of three charts, consisting each
of o seriez of tancents (at 10 intervals)
to concentric circles, These charts are
printed in black, red, and blue, and arve
delicate tests  for -iI‘J‘v:_"ul'.tl' astirmatism,
besides illustratine (by the different extent
of the blurring) the chromatic aberration

of the eye.

1/- ench ; 2[6 the set of three.




THE

Manipulation and Fittil]g

Ophthalmic Frames

s

Br HARRY L. TAYLOR.

— e

120 }“F.f‘rj}'f_‘.‘-{ with over 50 [Hlustrations.

Tug VADE MECUM or THE Pracricar. OPTICIAN.

'6IilH book supplies a long felt want in giving just that
information which is needed by the optician who has
studied the Science of Refraction, and lacks the experience

which constitutes the Art of Ophthalmic Frame Fitting.

G)'uHEN it 1s realized that 75 per cent. of ametropes are
" asvmmetrical in some portion of the face which a
frame fits, it will be evident how perfect adjustment is the

tfmnplmm-nt of ]url*FE(rt correction of visual defects,

PRICE 4[-; postage 3d. . . .
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J. ¢ H. - TAYLOR,

54, Tenby Street North, BIRMINGHAM ;

AND

J. & H. TAYLOR (London) Ltd., 33, Kirby St., Hatton Garden,

TL.ONIODDOIN,

And at CHRISTCHURCH, NEW ZEALAND.

&

PRESCRIPTION WORK. Mes:rs. Tavnor have every facility for dealing
with all kind= of speeial work, and were the introducers of the contour system
of bridee formation ; even stock frames being formed upon models provided
by tabulation of the actual measurements taken by leading opticians throughont
the country. This applies to gold, rold filled, stecl, and also all kinds of

rimmless work.

COLD WORK. The firm iz known as manufacturers of the very finest type of
rold work, the jointing of frames being unique for excellence, and all bridges
being modelled upon the contour system. In addition, wherever possible, work
1= Hall Marked.

GOLD FILLED WORHK. As pioneers in developing the highest grade of
British made =old filled frames, Mezsps. TAYLOR can now provide these from
stock, or as specials, without resorting to gilding any portion of a frame, and

consequently rive an absolute guarantee of wearing qualities.

STEEL WORK. In this department every pattern is made, and no less than
350 varietics and sizes of frames are stocked, any of these being made npon the

interchanzeable system if desirved.

RINMLESS WORK. The lichtest and finest British made zold and gold filled
rimles= spectacle and clip mount= can be made up at a day’s notice to any special
size or shape, and, in the finest work, at ordinary stock prices.

Catalogues and Samples on application.
i 2



The DAILY DISPATCH

OF JUNE 5th, 1907, SAYS :—
‘WHERE WE oy
BEAT AMERICANS.

‘It is comforting to learn that there is at least one branch of indnstry where
Enesland can still hold her own arainst all rivals, This fact is i11]l11'{'.-:4-.-|l on one by
a visit to the Optical Exhibition which waz opened yesterday at the Finsbhury
Town Hall, under the wris of the Worshipful Company of Spectacle Makers.

‘In the making of the finest optical instruments and the lichtest and daintiest
spectacles, England is pre-eminent, and, so far as ean be judeed, her lead is not
seriouszly challenged by any other nation.

‘The rimless glasses, first introduced from America, are fast erowing in
popularity. “ For a long time,” remarked a maker, ** Americans twitted the
English trade with being unable to produce these glasses light enonch,

FEOAL that time the trade over here, findine there was little demand for them.
did not ive them much attention, but now that Engelish optical introment makers
have realised there is a market, they have quite out-distanced the Amerieans.”

*The daintiest spectacles ever made are to be =cen on the stall of Messrs. J. and
H. Taylor, of Birmincham. They are of the new rimless variety, the fittines beine
in fine wold. So light are they that thirteen frames weigh only one ounce,

‘The hinges are of such delicate workmanship that the naked eye fails to
detect the joint, but they are strong and serviceable, nevertheless,

" They reprezent the trinmph of the art and skill of the Englizh workmen over
American machines, for they are hand-made thronghout.

CATALOGUES ON APPLICATION.

SPECIAIL PRICES

= FOR -

THIN CEMENT BIFOCAL LENSES.
DEEP MENISCUS LENSES.

THIN CRESCENT SLIT BIFOCAL LENSES
SPECIAL LENSES of every description.

ALL THE ABOVE ARE WORKED WITH EVERY REGARD TO ACCURACY, FINISH
AND BTYLE, AND MAY BE OBTAINED FROM—

J. & H. TAYLOR, 54, Tenby Street North, BIRMINGHAM,

. AXD .

J.& H. TAYLOR (London) Ltd., 33, KirbySt., Hatton Garden,
LONDOMN.



KRYPTOK

THE MASTER BIFOCAL

FUSED:

ONE INTEGRAL PIECE
OF GLASS FOR VIEW-
ING BOTH FAR AND
NEAR OBJECTS. . . .

A PERFECT COMBINATION OF
DISTANCE AND READING LENSES.

NO RIDGES,
CEMENT,
WAFERS,
DISTORTION, or
CLOUDING UP.

Every Lens is carefully tested
before dispatch.

A unique Sample Case,
containing 21 Lenses, will be
sent on receipt of trade card.

KRYPTOK, Ltd.,

Factory: 65, MOUNT PLEASANT,

P il CLERKENWELL,
®2963 HOLBORN. LONDON, W.C. &
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