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FOREWORD TO DOVER EDITION

HIS book is intended to convey information concerning the
Tpractical application of optical principles. In recent years

optical instruments and optical components have been used
increasingly in scientific and industrial work, and it has become
evident that there are still many who may not be familiar with
optical technique. It was felt, therefore, that if the latter was ex-
plained in practical and concise form, this might prove helpful
both to the student and to the industrial physicist.

It is a well-known truism that theory should be supported by
experimental verification, and to this end experiments and optical
working models are set out in some detail in these pages, so as to
enable the theoretical principles to be grasped and also to enable
one to understand better the action of the lenses and prisms, etc.,
often hidden by the external tubes or casings of the finished instru-
ment.

Whilst the book is of a practical nature, sufficient theory is given
to enable the experimental illustrations to be carried out intelli-
gently.

Since the book was first printed in 1947, two additional chapters
have been introduced, one dealing with the human eye and one
concerned with optical projection apparatus.

It is hoped that the section on optical glass and its working will
prove of value and lead to a fuller appreciation of the art and skill
required in producing high quality optical components.

It was felt that the practical application of fundamental optical
principles to almost every branch of science and industry is now so
far-reaching that the existence of the third edition of this book
would be justified.

For those who have to teach these principles, for the users of
optical instruments, and for those who do research work, it is hoped
that these pages may contribute in some small way to their work.

: B.K.].
Imperial College, London, 1960.
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PRACTICAL OPTICS

CHAPTER I
REFLECTION AND REFRACTION OF LIGHT

Ray-projector.
Some of the more introductory principles of reflection and refraction
ay be conveniently illustrated and verified by utilizing oW
o
drawing“board. a method whereby
of light can be seen on the white paper be&x\g & flected to

moved about on a

or, fromy, mirrors or 'fhrough rgf'rb%ﬁﬁtlnéj systg,ln}saﬂwgi ott 'd'xe
principles in vivid fashion; and a morelasfing impression is made in

the student’s mind than by doing such experiments by other methods.

FG. 1.
Ray Projector for use on a Drawing Board.

‘The ray-projector, as it will be called, consists of a 12-volt, 36-watt,
motor-car lamp bulb (with line filament) situated at the focus of a
cylindrical lens rectangular in form (about 334"/13"), with provision
for interposing metal plates (having slots about 4" wide) in front
of the lens, the whole being suitably housed in order to screen off
stray light. The device is illustrated in Fig. 1, which will be found
self-explanatory.

1




2 Practicar Orrics

Fig. 2 shows some of the accessories which may be used with the
ray-projector in order to carry out the experiments which follow.

Laws of Reflection.

In order to prove experimentally that the angles of incidence and
reflection are equal for rays meeting a reflecting surface, a method
similar to that depicted in Fig. 3, may be employed. Draw a semi-
circle of six inches radius and mark off intervals of ten-degree angles

™ Fe. 2.
Accessories for carrying out * Ray ”’ Experiments.

round a semi-circle of the circumference. Place a piece of plain
mirror (preferably surface silvered) cemented to a wooden block
along the diameter of the semi-circle with its face perpendicular to
the drawing paper. Place the ray-projector round the circumference
of the circle so that a narrow beam is projected along the 30 degree
line; observe the angle at which the beam is reflected from the mirror,
which should of course agree with the angle of incidence, namely,

30 degrees. Repeat the experiment for a number of different angles
of incidence.

Angular Magnification by a Mirror.
Re-position the ray-projector so that the beam makes an angle
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of incidence and reflection of 30 degrees as before. Now rotate the
mirror through 20 degrees until its face coincides with the line marked
70 on the left of the diagram. Find the new direction of the reflected
ra}(I).bs,erve that the reflected ray moves through #wice the angle m9ved
by the mirror. In a sense this may be termed a for.m qf magnifica-
tion, inasmuch as the method facilitates the determination of small
angular movements by doubling the effect through the mediun.l of an
attached mirror to the moving part; for example, in measuring the
rotation of a galvanometer suspension,

Image in a Plane Mirror is same distance behind Mitror as Object
is in Front.

Replace the silvered mirror by a piece of plane glass (s1.1pported

at its end) along the line 90,90. Insert a pin at some such point as A.

FiG. 8.

Looking into the plane glass mirror place a second pin at A’ so that
the latter appears to coincide with A. Join AA’. Measure AX and
A’X. Note that these distances are equal and that AA’ is perpendi-
cular to the line 90,90.

Reflection by two Mirrors Inclined at a Finite Angle.

A ray or beam of light reflected in two mirrors in succession will
be deviated through an angle equal to twice the exterior angle between
the mirrors. :
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Set up two mirrors perpendicular to the drawing paper, but with
their edges adjacent to one another. (See Fig. 4.) Arrange them
so that the angle between the mirrors is 135 degrees. Draw a line
AB so that it makes an angle of incidence of 80 degrees with the
normal to the first mirror. Direct the ray-projector so that a narrow
beam travels along AB, and mark the direction CD on the paper
as it emerges from the second mirror. Remove the mirrors, produce
the line AB to P and produce CD until it intersects ABP in the
point O.

FiG. 4.

Measure the angle POD with a protractor and compare it with
the exterior angle between the two mirrors, namely, 45 degrees. The
angle POD should be twice the latter.

Mirrors at 90 degrees.

Arrange the mirrors to be at right angles to one another, and direct
a beam from the ray-projector so that it meets one of the mirrors at
any angle of incidence. Note that the beam reflected from the second
mirror is deviated through 180 degrees and returrs parallel to the
incidence beam. Observe that the reflected beam maintains a con-

stant deviation, no matter at what angle the incident beam strikes the
first mirror.

Mirrors at 45 degrees.

Arrange the two mirrors to be inclined at 45 degrees (i.e., exterior
angle 135 degrees) and direct the ray-projector towards one of the
mirrors. Note that the beam emerges from the second mirror after
having been deviated through 270 degrees and therefore at right angles

REFLECTION AND REFRACTION OF LIGHT 5

to the incident beam. Move the ray-projector round a little so that
the beam strikes the first mirror at a different angle of incidence and
observe that the deviation always remains constant. This illustrates
the principle of the ‘‘ optical square "’ as used in surveying, and. the
pentagonal prism as used in range-finders. If one of the latter prisms

.
AR~
e
s

/ Sikvered

Silvered

Fi1G. 5.

is available (see Fig. 5 and Fig. 10) this should be placed in the
incident beam and rotated.

Reversals caused by Reflecting Systems.

Place a three slit diaphragm in front of the condenser of -the ray-
projector instead of the single slit and then arrange two mirrors as
indicated in Fig. 6. Mark on the paper the incident rays 1, 2 and 3,

L__4__1 L_q.__ ]
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3
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Fic. 6. FiG. 7.

and observe that they emerge from the second mirror un-reversed.
The simple periscope and the sextant are examples of the instruments
which utilize this principle.
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Binocular Prigm.

Place the second mirror so that it opposes the first. (See Fig. 7.)
Note that in the plane of the paper the rays are reversed.

If instead of the three slit diaphragm a transparent letter R mounted
on an opaque background be placed in front of the condenser of the
ray-projector and a four inch focus lens arranged so as to produce
an image of the letter R on a ground glass screen mounted on the
drawing paper, it will be found possible to observe reversals ** up
and down "’ as well as ‘‘ right and left.”’

. Ground gloss

3 screen lens ray projector
I

T

Nt
N
S\ R
Imoqe produced by

(2
- Q&
lens clone. @—.—.—@
(Inverted and reversed) ‘

Imoge correcked
by double nurror
Ssystem.

— Fi1G. 8.

In this connection, by mounting two other mirrors, as in F ig. 8, on
wooden supports and placing them so that the line joining the centres
of the two mirrors is perpendicular to the plane of the paper, and
then using the ground glass screen as indicated, the double reversal
will be clearly seen. This illustrates the way in which two right-
angled prisms are employed in the prismatic binocular, known as the
Porro prism system. It should be remembered that in telescope lens
systems the object glass gives an image which is reversed up and
down *’ and ‘‘ right and left,”” and in many
cases this has to be compensated for by some
form of reflecting system.

Roof-Edge principle.

Fig. 9 shows two plane mirrors mounted in
a suitable wooden base so that they adjoin
one another along the so-called roof edge EE.

If the beam from the illuminated letter R is allowed to fall on the
two mirrors resting on the drawing board so that the roof edge EE is
parallel to the drawing board, but at 45 degrees to the incident light
and the ground glass screen arranged to receive the reflected image,
it will be seen that the latter is both reversed and inverted. This

Fi1Gc. 9.

LB i < s o o ene
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principle is of considerable importance, for it is adopted in making

many forms of prisms which are employed in telescope systems
required to give an erect image of the object being observed. Some
types of roof prisms are illustrated in Fig. 10.

FiG. 10,

rahedron. Erecting Prism. Three

Tetra (One direction only) Forms
Lehman Prism. Pentagonal Prism. of

Binocular Prism. Roof

(Porro) Prism.

Reflection by Roof Mirrors combined with one or more Plane Mirrors.

Set up the illuminated letter R and the roof mirrors as in the
foregoing experiment, and then reflect the beam on to the ground
glass screen by means of one plane mirror. Observe that one reyersal
is now corrected, but if a second plane mirror is placed as indicated
in Fig. 11, the reversal and inversion remains complete. This is the
principle of the periscope erecting device utilized in telescopic systems,
and is due to Lehman. It is important to note that when a roof
reflector is employed with plane reflectors, the number o.f the latter
must always be even in order to give reversal and inversion.

TSN P
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One form of a Lehman prism is shown in Fig. 12 and in Fig. 10.

Number of Images in two Inclined Plane Mirrors.

'This is denoted by (860/6) —1, where 6 is the angle between the
mirrors. Set up two mirrors inclined at 90 degrees on a piece of

Ve

fRooF mirrors ,

Ground. glass

screen.

ﬂ

Plona
mireors. \ ROOF/
- m " edge.
Fic. 11. Fic. 12.

white paper. Place some object (e.g. a piece of red sealing wax
about }-in. wide) between the mirrors as shown in Fig. 13. Note
that the number of images is three. Set the mirrors at some other
angle, calculate and observe the number of images. When set at 60
degrees, the principle of the kaleidoscope will be illustrated.

Corner Cube or Tetrahedron.

Arrange t.hret? mirrors such that they are all at ﬁght angles to one
another as in Fig. 14. If one then looks into the corner of the solid

FiG. 18.

~ right anglfe, an image of the eye will be seen, and, no matter how
t?xe h§ad 1s moved about, an image of the eye will always be seen
right in the corner, thus showing that the incident and reflected rays

¥

Pt e 1
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travel along identical paths. A piece of glass made with three silvered
faces containing a solid right angle is sometimes made and is called
a tetrahedron prism. (See Fig. 10.) If a beam of light be directed
towards such a prism in a darkened area, an observer will see the
reflected beam only if his eye is in line with the projected beam.
Therefore such devices are made use of by fixing them to the rear
of motor vehicles, for example, or to the stern of ships at sea, or as
road signs, so that a beam of light striking them makes them appear
brightly illuminated to the driver of following vehicles.

Concave and Convex Mirrors.

By directing the ray-projector (with seven slits in front of the
condenser) towards a cylindrical concave mirror of about 6in. radius,
the rays will be seen coming to a focus (see Fig. 15). The latter

)\
— m ~
-~ . N\ ~ S~
—

— - e -4%— - —p - i
centre O F A _ - ~-°F cantre of
e o -7, Ve curvotue

; s
td
I
Fic. 15. FiG. 16.

can be marked on the paper and a line should also be drawn round
the inner edge of the mirror. Remove the mirror and find its radius
of curvature by trial with a pair of compasses. Measure the distance
AF between the focus and the mirror and show that this is equal
to half the radius.

If the mirror is made from a curved metal strip and polished on
both sides, it may be reversed and used as a convex mirror. As
before, send on to this a set of paralle]l rays and note that they now
diverge after meeting the reflecting surface. (See Fig. 16.) Mark
their directions on the drawing paper, also the circumference of the
mirror. Remove the latter and produce back the reflected rays until
they meet the axis at F. Then AF will be the focus of the mirror,
which should again be equal to half the radius.
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Laws of Refraction.

N,Th.is experiment illustrates in simple form the relation N. sin i=
. sin r where 7 and » are the angles of incidence and refraction for

a ray of light passing from a medium of refractive i
refractive index N’. retractive index N to one of

Fic. 17.

A semi-circular glass block (Fig. 17) is laid on the drawing paper
so that the flat polished surface coincides with the pencil line XpY
At the centre .point O, draw a line AO, making an angle of (sa :
45 degrees) with the normal OZ. Direct the ray-projector so thajz
the narrow beam from a single slit passes along the direction AO
(It may be advisable to screen off all but an eighth of an inch o%
the surface at O.) Where the refracted ray emerges from the block
mark some position B in the illuminated beam. Remove the las;
block, join BO. Along AO measure off a distance OA equal in leigth
to OB and drop perpendiculars AZ and BZ’ from the points A and
B to the nf)rmal ZZ'. The length AZ divided by BZ' will then gi
thc;,2 refractive index of the glass block N'. e

epeat the experiment for other valu ; i
each case that the relation N. sin i=N’ zisnorf izh: :gfiia:ltand role

Critical Angle and Total Internal Reflection.

In the special case of the law of refraction when i becomes 90

REFLECTION AND REFRACTION OF LIGHT 11

degrees, both its sine and the refractive index (N) of air being equal
to unity, the equation then assumes the form sin r= I%—' This par-

ticular value for the angle # is called the critical angle for the glass
concerned with respect to air. To measure this experimentally,
direct a single narrow beam from the ray-projector in the direction
BO into the semi-circular glass block (Fig. 17.) Having marked
the position O on the drawing paper, rotate the block about this
point (making the angle BOZ' gradually larger) until the emergent
ray OA becomes parallel to the flat surface of the block (i.e., grazing
emergence.) This will be found to be quite a sensitive setting.
Measure the angle BOZ/, which will be the critical angle, and from
this the refractive index of the glass may be obtained.

If one continues to rotate the block, it will be noticed that the
ray is internally reflected and emerges with the angle of reflection
equal to the angle of incidence.

The above experiment may be repeated with a block of higher
refractive index material, such as a dense flint glass or, alternatively,
with a semi-circular glass trough containing a liquid such as carbon
disulphide.

Refraction through a Prism.

Direct a single ray along the drawing paper and mark this direction
on the latter. Insert a small angled prism (e.g., between 10 and
15 degrees) in the beam and mark the direction of the refracted
ray. Remove the prism, join the lines and produce them to intersect
one another; measure the deviation (D) thus produced, also the angle
of the prism (4) by means of a protractor. Observe that for small
angled prisms D= (N-1) 4 where N is the refractive index of
the prism which may be taken as 1-520.

Secondly, insert a prism (preferably of dense flint glass) having a
sixty degree angle—it may be necessary to place a green filter in
front of the single slit of the ray-projector in order to eliminate the
other spectrum colours. Rotate the prism about an axis parallel to
the refracting edge and observe that the deviation reaches a minimum
and then increases again, even though a continued rotation is given
to the prism. Determine the position of the prism, which gives
minimum deviation and make pencil lines along the edges of the prism

PR TSR NCRR PR SEE




12 PracticaL OpTICS

faces. Also, make two marks on the drawing paper in the paths
of the incident and refracted rays, join these respective points and
draw a line so that they meet the lines indicating the prism faces.
At these intersections draw normals to the prism faces and measure
the angles of incidence and emergence, also the angle of deviation,
and note that when the latter has a minimum value, the angles of
incidence and emergence are equal. With the numerical values thus
measured, the approximate refractive index of the prism may be

obtained from
sin( A+ D)
2

sin A/2
If the single slit is illuminated with white light and a screen placed

in the emergent beam at some distance from the prism, a spectrum
will be seen.

Action of a Lens.

Fit the ray-projector with a five-slit or_seven-slit mask in front of
the condenser so that a number of parallel rays are seen traversing
the drawing paper. In the path of these rays interpose a plano-
convex slab lens (the curved surface being about 10 cm. radius) and
arrange the central ray to pass along the axis of the lens undeviated.
Observe the way in which the other rays are refracted and made to
intersect on the axis at approximately the same point. This point
is called the focus of the lens and its distance from the latter is
known as the focal length, namely, 20 cm.

Similarly, a concave slab lens may be rested on the drawing paper
in the path of the parallel rays. It will be noted that the rays diverge
after passing through the lens; if the direction of these are marked
and produced back until they intersect on the axial ray (after the

lens has been removed) the distanice between this intersection point
and the lens will give the focal length.

Lens Aberrations.

If the semi-circular glass block be used as a lens and placed with
the convex surface towards the incident parallel rays, the spherical
aberration will be sufficiently great to enable the distance between
the position at which the extreme marginal rays cross the axis and

that at which the paraxial rays meet the axis to be seen clearly on
the paper.
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If the central rays are stopped out and only the extreme margipal
rays are allowed to pass through the lens, the chromatic abf:rratlon
may be observed by first putting a red and then a blue filter in front
of the ray-projector.

By returning to the set-up with seven incident parallel rays, the
semi-circular block (now acting as a lens) may be rotated on the
paper, when it will be noticed that the rays from the margir‘xal parts
of the lens no longer intersect on the axial rays, but are displaced,
illustrating the aberration known as coma.

Telescopes.

The path of rays through a telescope lens system may be clearly
illustrated by means of the ray-projector. Using the 20 cm. focal-
length slab lens in the path of the incident parallel. rays, locate the
focus and place a much shorter focus positive cylindrical slab lens
(of about 4 cm. or 5 cm. focus) in some position beyond the focus
of the first lens such that the rays emerge parallel after leaving the

second lens.

Fic. 18.

Repeat the experiment by substituting a short focus concave
lens as the eyepiece lens, but in this case it will be found necessary
to place it between the first lens and its focus in order 1.to .render
parallel the emerging rays. This experiment shows thg principle of
the Galilean or terrestrial telescope, whereas the former illustrates the
astronomical or inverting type of telescope.

Now, alter the direction of the ray-projector so that the central
ray passes through the centre of the first lens, but making an.a.ngle
of, say, 5 degrees with the axis. (See Fig. 18.) The d1re¢t10n of
the parallel rays leaving the eyepiece lens may then be marked and
the angle they make with axis of the telescope measgred.

This angle is that under which the final virtual image would be
seen by the eye, whereas the angle under which the object would be
seen directly (neglecting the length of the telescope) would' be the
initial 5 degrees. The former angle divided by the latter gives the
magnification of the telescope.
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Erecting Prism.

The combined effect of refraction and reflection is utilized in one
form of erecting prism depicted in Fig, 19 and F ig. 10. The reversing
effect may be beautifully shown by directing a single ray parallel to
the hypotenuse of a right angled prism, first near the point A and
then gradually move the ray-projector (with its single slit) across
the drawing paper, keeping the incident ray parallel to the hypotenuse.
It will then be noticed that the ray incident near A emerges near C,
and when the incident ray is near B it emerges near D (all rays suffer-
ing refraction at faces AB and CD and total internal reflection at
AD), thus producing a one-way reversal. If the incident ray is moved
on beyond B, the refracted ray at the first surface is internally reflected
on meeting the face CD and therefore does not emerge beyond CD;
hence the effective aperture of the prism may be obtained as indicated
by the line BC.

~
7 N

L
____,____A’\so)\\
/ \\ \c
——ipt vt —
(’\\
A ()

FiaG. 19.

——

In all the foregoing experiments in refraction, should it be possible
to have the glass blocks, lenses, prisms, etc., made in uranium glass
or other material in which small particles are held in suspension, it is
then possible to see the path of the rays in the glass and not merely
where the rays enter and where they leave the material, Admittedly,
this may seem an unnecessary luxury! But, nevertheless, the fact of
seeing the rays throughout their journey conveys the effects more
forcibly to the student.

Ray-Tracing Methods.

It may be necessary in certain optical problems to trace rays
through such systems with greater accuracy than the ray-projector
methods would allow, and, indeed, with lens systems ray-tracing
methods can be distinctly useful in providing information about the
design of a lens in the initial stages. The methods given in this
chapter deal with two graphical methods and one strictly exact method

e ——— e
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by trigoriometrical means. In order to illustrate theF.pro<2:<(e)dur(;l ' i;l1
hown in Fig. 20, whic
, let us take some such example as s W
:::h ’:;:sfooked upon as telephotographic lens, and trace an mc1df:nt
rayyparallel to the axis through the lens system of the following

specification:—

LExNs (1)
Refractive index (N)=1-550
Radius 7, = + 60"
Radius r,=—6-0" ,
Axial thickness=0-70
Diameter=4-0"

LENs (2)
Refractive index (N)=1-750
Radius r,= — 6-0”,
Radius r,= +60 )
Axial thickness=0-20
Air space between lenses=3-0

T 1% lens 2™ jens
Ale
o} - l
4 — == D
e o ¢ %.
Rs ) ) B TR Re
l air ———J oc.lf I
space cal
l 2 i * lengrh i
uivolent r
[ ocol ]
r lc,nseh.
Fic. 20.

One of the better and more convenient of the graphi?I metgods; hxz
i i truction. On
11* and consists of the following cons
3::wti(r)1gD;:;Zr near the diagram of the lens system (already set out)

Fi1G. 21.

describe circles éorresponding in radius to unity ~atntc)lleth:c arlf;specztsx::
ive indi to some suita .
fractive indices of the two glass .
1.Feig 21.) (Unity being taken as 10 cm. makes a convernient scale

* J. H. Dowell, Proc. Opt. Convention 979, 1926.
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in order to give reasonable accuracy.) Frem the point o draw a
line oa parallel to the incident ray OA. At a, draw ab parallel to
the radius AR,, cutting the N=1'550 circle in b. Join ob, this gives
the direction of the refracted ray in the glass of the first lens. Draw
AB parallel to ob.

From b draw bc parallel to BR,, cutting the unity circle in c. Join
oc and draw BC parallel to oc. This will be the direction of the ray
as it leaves the lens. Then draw cd parallel to the third radius CR,
cutting the N=1-750 circle in d. Draw CD parallel to od. And
finally draw de parallel to DR, cutting the unity circle at e. Join oe

Fic. 22.
Graphical Ray Plotter.

and make DE parallel to this. The point E will represent the focal
plane of the lens system, and if ED be projected back so that it inter-
sects the initial parallel ray, the dotted line PP will give the position
of one of the principal planes of the system and the length PE is
known as the equivalent focal length..

B.K. Ray-plotter.

The second graphical method for ray-tracing consists in using a
ray-plotter*, an idea suggested by the writer and illustrated in Fig. 22.
This device has the advantage that no auxiliary constructional
diagram on the paper is required, as in the foregoing method. The
ray-plotter consists of a sixty degree set square made in some trans-
parent material on which is arranged a special scale calibrated in
terms of refractive indices ranging from 1-0 to 20 (i.e., covering
most transparent materials).

Manufactured by Messrs. Wray Ltd. (Optical Works), Bromley, Kent.
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On a line parallel to the hypotenuse edge, small holes are situated
at A and B. These holes are spaced at a distance equal to unity
corresponding to some suitable scale. (In this case 10 cm.) Further
along are two adjustable slides with other holes C and D and corres-
ponding index lines reading off the main scale. If the instrument
were to be used for tracing from air to glass or from glass to air, only
one adjustable slide would be necessary; but by having two variable
slides it is possible to utilize the plotter for tracing from one glass to
another with no intervening air space, and, consequently, the device
is of umiversal use for all problems connected with graphical ray-
tracing in optics.

The Instrument in Use.
Procedure when tracing from air (refractive index 1-0) to glass
(refractive index 1-52).

a
FiG. 23.

Imagine a ray OP incident at the surface at P (Fig. 28 a and b)
XY are normals to the surface at P. Place the ray-plotter such
that the hole B coincides with P and A lies on the incident ray. Insert
a pin through the hole at A (and with the adjustable scale set to
read 1:520), rotate the plotter about this point until the hole C is
immediately over the normal to the surface. The direction AC is now
the direction of the refracted ray and by placing a ruler along one
of the edges of the set square the hypotenuse edge may be brought
on to the point P and the refracted ray drawn from this point.

When tracing from glass to air, the hole C is made to coincide
with the point of incidence of the ray at the surface and A placed
on the ray direction. As before, the plotter is rotated about the point
A but now it is B which must be brought over the normal to the
surface. Thus the hypotenuse edge of the set-square again gives
the direction of the refracted ray and only requires sliding to the
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point of incidence of the ray at the surface, when the refracted ray
may be drawn.

Procedure when tracing from one glass (e.g., refractive index=
1:750) to another (e.g., refractive index=1520) (see Fig. 24.)

Set slide D so that it reads 1750 and slide C to 1'520. Then place
the ray-plotter so that the hole D coincides with P and the hole A
lies on the incident ray in the medium with N= 1:750. Insert a pin
at A and rotate the plotter until the hole C lies immediately over the
normal (i.e., the radius) to the surface. As before, the hypotenuse

Fic. 24.

edge of the set-square will now give the direction of the refracted
ray in the medium with N=1-520 and only requires sliding to the

point of incidence P at the surface to enable the refracted ray to be
drawn.

General Rule for Use of the Instrument,

From the foregoing examples it will become clear that the general
procedure is as follows:—

When tracing rays from left to right (the usual practice) the plotter
is placed with the hole (corresponding to the refractive index of the
material to the left of the surface concerned) over the point of
incidence P and the hole A on the incident ray. With the second hole
already set on the refractive index scale corresponding to the material
to the right of the surface, rotate the instrument about the point A
until the second hole lies immediately over the normal to the surface.
Then slide the hypotenuse face of the set-square up to the point of
incidence P at the surface and draw the refracted ray.

This procedure may be continued surface by surface throughout the
entire optical system under consideration. The method proves to be
exceedingly simple and rapid when in operation,
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Trigonometrical Ray-tracing. ‘
When greater accuracy is required, one has to. resort t'o trigono-
metrical methods, and the lens system shown in Fig. 20 wx.ll .be used
as an example for tracing a ray trigonometrically through it in order
to illustrate the methods of doing this. The five fur_ldamental formula
for this purpose can easily be deduced from Fig. 25 and are as
follows:—
(1) sin I=sin U. (L—7)/r
(2) sin I'=sin I. N/N'
8) U=U+1-T
(4) L'—r=sin I'. r/sin U’
(5) L'=(L'—r}+r
The manner in which these formulz may be ut1h.zed for tl}e
calculation is shown on page 20, where the procedurfz is set. out in
detail. There are a few minor points of explanation which are

necessary relating to the sign convention employed. Disfcances
measured to the right of the pole of the surface A are considered

positive, whereas those to the left of A.are negative. ’ljhus.“ftc));
example, in the specification of the lens given on page 15 it wi ;

noted that the surfaces 2 and 8 have radii », a.n_d r, with a negefl ive
sign. In the case of angles, rays meeting the- axis are mc?asur.ed rom
the axis to the ray, and if this is measurec! m.a .clockw1se. dlre;tlo.n,
then the angle is positive in sign; or negative if in an aph-clo}? w1s<te
direction. When a ray meets a surface away fror.n the axis, suc las a
P (Fig. 25), then we measure from ray to radius, and, Sfmllai{ _v,. a
clockwise direction indicates a positive angle .and an ar.ltx-.cloc w1s<:
direction a negative angle. A further point, is that 1_t is unpo‘rtan'
to note that when taking out the logarithm of a negative quantity it
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is advisable to indicate this in some way; generally by putting a small
letter n after the log.

Ist 2nd 3rd 4th
Surface. Surface. Surface, Surface.
L ¢ 15-990 1-790 4-080
—r +6-000 +6-:000 —6-000
(L-7) 21-990 7-790 -~ 1920
logsinU Y=140 89266 9-4260 9-0627
+log (L~7) 1-3422 0-8915 0-2833n
log(L —r)sin U* 0-1461 0-2688 0:3175 9-3460n
—log » 07782 0-7782n 0-7782n 0-7782
log sin 1 9-3679 9-4906n 9-5393n 8:5678n
+log N/N/ 9-8097 0-1903 9.7570 0-2430
log sin I 91776 9-6809n 9-2963n 8-8108n
+ log 7 0-7782 0-7782n 0-7782n 0-7782
log » sin I’ 9-9558 0-4591 0-0745 9-5890n
—logsin U/ 8-9266 9-4260 9-0627 9-1554
log (L'—7) 1-0292 1-0331 1-0118 0-4336n
Angle register
U 0-0' 4° —50-5/ 15°—28/ 6° — 38/
+1 13° —29-5/ —-18° -2/ —-20°-15 —2°-7
U+l 18°-29-5' —138°—11-5/ —4-47 4°-31/
-r 8° -39 +28°—-39-5' +11°-25' 4+3°-—-425
U 4° — 50-5/ 15° — 28/ 6° — 38/ 8°—-13-5/
L—»r 10-690 10-790 10-280 —2.714
+ 7 6-000 —6-000 — 6000 +6.000
L 16-690 4-790 4-280 3-286
— axial thickness 0-700 3-000 0-20
new L 15-990 1790 4-080

Equivalent focal length=1log ¥ —final log U’=0-1461 —9:1554 =0-9907
Antilog 0-9907 =9-788"

Back focal length =3-286"
* For Paralle]l Light use log Y.
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* In the example given, only four figure logarithms and trigono-
metrical functions have been used, giving an angle accuracy of one
minute of arc. This will be found ample for introductory work;
but if serious work on optical design is contemplated, one second of
arc accuracy will be called for. But this is a much bigger problem
and requires considerable study. A book to recommend in this
connection is Applied Optics and Optical Design—A. E. Conrady.

It would be desirable if the student sets himself another example
as well as that worked out on page 20 in order to become familiar
with the process and also carry out a graphical ray-trace. In this
way an opinion may be formed as to the relative accuracy and useful
ness of the two methods for any particular problem in question.

CHAPTER 1 1
FOCAL LENGTH MEASUREMENTS

Description of Optical Bench; Optical Bench Experiments.

~ An optical bench of the type here described is distinctly convenient
in a laboratory; its combined simplicity and comparative accuracy
make it valuable for both instructional and commercial work. Fig.
26 shows the general appearance of the bench and, as will be seen,
it consists of a metre steel rule supported in a vertical plane along

Cross Line Lens Ground-6/ass £
Obyect Holders Screen Q%I/s(g'm
Q [0}~
=
Fic. 26.

which all other necessary fittings slide, A group of these fittings is
shown in Fig. 26A such as the cross-line object, ground glass screen,
lens holders, mirror, etc. It will be noted that the base of all these
fittings is cut away in such a manner that readings may be taken
directly from the steel rule without any appreciable error being
introduced. Where more accurate readings are necessary, a correction
rod may be employed. The lens holders are designed to carry lenses
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from any ordinary spectacle trial case, so that for experimental work

a large range of lenses may be available.

The ﬁttings th.at support the steel rule in a vertical position are
also shown in Fig. 27. These are adaptable not only to the metre
rule but to shorter lengths such as a foot rule when experiments only

Cross-Wire lens Fyepi 8 ¢
%qct Holder  (R3medan Tpe) Gmggfee(f’bss Cor/v?':;t/an

—

19f

Achromatic leas
n Mourtt

Fic. 26a.

i.nvol.ve small ranges. Scale drawings of the lens holders are shown
in Fig. 28. From these illustrations (Figs. 26 to 28) a general idea
of the optical bench may be obtained.

Measurement of the Radius of Cutrvature of a Concave Mirror or
Concave Lens Surface.

For this experiment, a concave mirror of about 20 cm. radius

’,l’l’l’l'l’l'l’l"‘ ,|',”’,',’

N s
N 3]
X}

p—
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(consisting of a negative spectacle lens silvered on one of its surfaces)
may be utilised. It should be held in one of the mounts and arranged
on the optical bench together with a cross-line as object (see Fig. 29).
By illuminating the latter, the mirror may be moved to and fro until
a sharp image of the cross-line is seen back-reflected on the whitened
back surface of the cross-line mount, when the reading of this and-
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the mirror mount may be taken. The correction rod (of known
length) should then be placed between the cross-line object and
mirror, and both of them brought into position so that they make

A Concave
Trial Case Lens 1s R Mirror is
put inhere,and clamped by this sliding fitting Watch Spring, showndotted

Bevelled edpe
intine with
centre of Lens
Iro‘/; which
reddings are z :

faken ofF Milled Head  Slot for
steel rule 2BAThread  Steel/Rule
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Slot for Steel Rule

contact with the spherical ends of the rod and the readings from the
optical bench scale taken once again. The difference between these
two sets of readings will give the
correction to be applied to the direct
readings of the mirror mount and
cross-line mount in order to give the
correct radius of curvature of the
mirror.

If a concave lens surface (i.e.,
unsilvered) is to be measured, the
same procedure is adopted with the exception that the surface not
under test should be covered with some material which will prevent
light being reflected therefrom. (Vaseline smeared on will be found
suitable for this purpose and may be easily removed without damaging
the unused, polished surface of the lens.) It will be found that the
back-reflected image of the cross-line from the unsilvered surface will
not appear as bright as before, but amply so for satisfactory measure-
ments.

opal bulb Concave
lomp

mirror.

Fic. 29.

Radius of Curvature of a Conivex Mirror or a Convex Lens Surface.

Arrange the apparatus on the metre optical bench as shown in
Fig. 30. O is the cross-line object at the end of the steel rule. Aisa
lens (held in one of the lens holder fittings) which forms an image
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ot the cross-wires on the ground glass screen. Determine the reading
on the optical bench of the ground glass screen S when the image is -
sharply in focus. Interpose the convex mirror to be tested M in the
position indicated and adjust its position until the image back-
reflected by the mirror M is coincident with the plane of the object.
The reading of the mirror is then taken, and the distance SM is the
radius of curvature of the surface. For, in order that the rays

+
A M S Origin
342@5% =t —f—
Fic. 30.
Fi1c. 31.

leaving O and A should retrace their paths after reflection from the
mirror and form an image at O, they must strike the mirror normally;
and this is only the case when the distance SM is equal to the radius
of curvature of the surface. A number of independent readings should
be taken for the position of M and the mean obtained.

For the determination of the radius of curvature of a convex lens
surface, the same method is used, but with the back surface of the
lens covered in some such material as mentioned in the previous
experiment.

The Solving of ¢ Thin *’ Lens and Spherical Mirror Problems.

Simple formule may be derived on the Gaussian principle giving
the relation connecting the positions of object and image and the
focal length of the lens or mirror.

In the case of spherical mirrors, the relation is

1/f=2/r=1/v+1/u
and in the case of thin lenses, the relation is
1/f=1/v-1]u
where f is the focal length of the mirror of lens
u is the object distance
v is the image distance.
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In order to apply these formula correctly, it is necessary to employ
a suitable sign convention. Many and varied forms of sign convention
have been used in the past, and much confusion in the mind of
students has arisen on account of this. In order to clear up this
matter a selected committee appointed by the Physical Society has

Jdiscussed this whole subject, and its recommendations are given in

the Report on the Teaching of Geometrical Optics (1934) (published
by the Physical Society). One of their conclusions, and possibly
the most convenient one, is to treat the lens or mirror as being situated
at the origin of the ordinary Cartesian co-ordinates (see Fig. 31)
with the proviso that ‘‘ the positive direction is the initial direction
of progress of the light.”

Distances are then measured from the lens or mirror, those against
the incident light being negative in sign and those with the incident
light being positive.

For distances measured off the axis (such as image heights, when
measuring magnification) those below the axis may be reckoned
negative and those above, positive.

A further recommendation by this committee is that illustrative
diagrams should as far as possible be drawn with a left-to-right
progression of the light, since the sign convention of the diagram will
then coincide with that of ordinary graphical work.

On this system, the focal length of a converging lens is a positive
quantity and that of a diverging lens negative, so that the signs of
the focal lengths agree with the signs of the powers.

This is the most generally accepted terminology in commerce at the
present day, but for student’s problems connected with lens and
mirror equations, the system suggested in the Appendix (page 220)
may be found more satisfactory.

Focal Length of a Convex Lens (Thin).

(i) Place a+5D spectacle lens in one of the lens holders on the
metre optical bench. Direct the optical bench at some distant bright

:object, for instance, a lamp placed in a long corridor—the distance
should not be less than 50 yards. Place also on the bench a ground
.glass screen in its holder and receive an image of the distant object
-produced by the lens on this. The difference between the readings

of the lens holder and ground glass screen holder will give the focal
length of the lens. Make a number of independent settings and
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measure the distance in each case. See how nearly any one measure-
ment is likely to be correct.

(ii) After having used a distant object, use an object comparatively
near to the lens. This method involves the use of the formula
1/f=1/v—1/u, where f is the focal length of the lens, u the distance

from the lens to the object, and v the distance from the lens to the .

image. Due respect must be made to the use of signs when employ-
ing this formula, and it should be remembered that: distances to the
left of the lens are reckoned as negative, whilst those to the right of
the lens are positive. Set up the cross-line object O (Fig. 32) at one
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end of the optical bench and illuminate it with a lamp. Place the
5D lens L (in holder) at a distance of about 45 cm. from the object
and receive an image of the cross-line on the ground glass screen.
Take a number of independent readings for the position of this screen.
Measure the distance « (lens to object). In this case it will have a
negative value. Also measure v (lens to image) and this will have
a positive sign. From these values calculate the result for f.
Move the lens to another position and repeat the experiment.

(iii) Auto-Collimation Methods.—It will be seen from Fig. 33
that if light diverging from the object O is rendered parallel by the
lens L, reflected back by a mirror M, and again brotight to a focus
at O, the distance OL will be the focal length of the lens. Set
up the object O at the end of the bench as before and illuminate it; -
place the lens about 20 cm. from the object and further along the
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bench place the mirror M in position, If the mirror has plane surfaces,
its position relative to L is immaterial. Carefully adjust the lens
holder until an image of the object is sharply focused on the whitened
back of the object. (The mirror may require tilting slightly.)
Measure the focal length OL. Take a number of independent readings
for the position of L.

(iv) Telescope Method.—A small auxiliary telescope may be made
up by utilising the achromatic lens and eyepiece fitting (shown in
Fig. 26A) and arranging them on the right hand end of the bench
at the correct separation such that a distant object is sharply focused.

L Telescope
_ — 1\ _ =
0 \/
A
F1G. 34.

Then place the cross-line O and the lens L at the left. On observing
through the telescope move L backwards and forwards until a sharply
defined image of the cross-line O is seen (see Fig. 84). The distance
OL will be the focal length of the lens. As before a mean value for
a number of settings should be taken, and the results given by these
four methods may be compared.

Focal Length of ¢ Thin ** Concave Lenses.

Set up the cross-wire object O (Fig. 355 at one end of the optical
bench, and form an image of this by means of the lens A on the

A el
o A L S,

Se
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ground glass screen S,. Place a — 3D lens from the trial case in one
. of the lens holders and insert this in the path of the convergent beam
. at L. Move the screen until the image is again focused, as at S,.
The image produced at S, by the lens A serves as the object for the
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negative lens, so that the distance L S, is » and is positive in sign,
while the distance L S, is v and is also positive. Using the formula
1/f=1/v—1/u as before, the focal length of the negative lens may
be determined. All values of readings taken from the bench should
be the mean of a number of independent settings. Move the negative
lens L to a fresh position and repeat the experiment.

Lens Systems—Two ¢ Thin *> Lenses in Contact.

In order to show that for two thin lenses in contact the combined
power is equal to the sum of the powers of the individual lenses, the
following experiment may be carried out:—

c L L Sz S
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A collimator (Fig. 36a) is first set up on the optical bench, the
lens C (of about 15 cm. focus) being set in its proper position by
means of the *“ mirror method *’ shown in Fig. 33. In the path of
the parallel beam thus produced the lens L, (a+4D spectacle lens)
is placed, and the image of the cross-line received on the ground glass
screen S,, the distance L,S, being recorded. Then, insert a lens of
+3D in another lens holder and place it on the optical bench so that
the two lenses are as close together as possible and move the screen
until the image is again sharply focused. Record the distance between
the screen and the centre of the two lenses. By dividing this distance
L,S, in centimetres into 100 the power of the lenses combined will
be obtained, when it will be found that the two lenses in contact will
give a combined power of +7D.

Then, replace the +3D lens by a—1D lens (see Fig. 36b). Note
that the screen S, has now to be moved farther from the position S,.
Record its position when the cross-line is in focus and measure the
distance L,S,. As before, obtain the power of the lens combination
and note that this should now be +3 dioptres.
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This principle is the basis for the determination of the power of a
lens by ‘‘ matching ’ it with a lens of equal and opposite power.
For example, if we have a lens of unknown power and we have a
spectacle lens trial case at hand, a lens can be picked out from the
latter which when placed in contact with the former will produce no
movement of the image of an object looked at through the two lenses
held and moved in front of the eye.

Two “ Thin *’ Lenses Separated by a Known Distance.

An example demonstrating the meaning of ‘‘ equivalent focal
length *’ and ‘‘ back focal length *’ of a lens system with an experi-
mental verification of the two relations:—

_ fxfz __fz(fl_d)
. fE—.fz'*'fl'."d and fn_fz"'fl_d
may be shown in the following way.
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The lens system L (Fig. 37) may be made up of two trial case
lenses A and B of +6D and —6D respectively, mounted in the lens
holders on the optical bench and separated by a distance of 8 cm.
If this be placed in the path of a parallel beam formed by means of
the collimator C (having two parallel wires as object) an image of
the object will be formed on the ground glass screen S, the distance
BS being the back focal length.

To determine the equivalent focal length, first measure the separ-
ation of the two wires imaged on the screen S, then remove the lens
system L from the bench but keep S in a fixed position. By suitable
trials a single lens E may be found which will give the same sized
image as that given by the lens combination L. When this has been
attained, the distance ES will be the equivalent focal length. From
a knowledge of the focal lengths of lenses A and B the two focal
lengths f; and f; should be worked out from the formulea given, and

. a comparison made between these values and those obtained experi-

mentally.
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Focal Length Measurement by Newton’s Method.

A lens formula given by Newton states that the product of the
distance of an object from the first focal point of a lens or lens system
and the distance of the image from its second focal point, should be
equal to the square of the focal length of the lens. Thus, referring
to Fig. 38 the relation x.x'=f2 is valid. Making use of this equation,
the focal length of a lens system L (consisting of two similar lenses of
+4D power separated by 10 cm.) may be conveniently carried out.

+4D
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It is first necessary to find the position of the two focal points F and
F’ (Fig. 38). This can be done by temporarily inserting a + 5D lens
C at the correct distance from O such that OC forms a collimator and
gives a parallel beam emerging from it. Placing the lens system in
the path of this parallel beam the position of one of the focal points
F’ can be located by the ground glass screen and recorded, for at this
position an image of the cross-line will be focused. As the two
lenses of this system are similar ones the position of F will be at the
same distance to the left of the front lens as F’ is to the right of the
second lens; if desired dissimilar lenses may be used, in which case
F and F/ must be found individually by placing each end of the
combination in turn towards the collimator.

Having, therefore, fixed the two positions of F and F, the
collimating lens C is removed, and the cross-lines O moved so that
the distance OF is (say) 15 cm. The screen S is then positioned until
an image of the cross-line is sharply in focus and the distance F’ S
is measured. The square root of the product of these two distances
will give the focal length of the lens system.

¢ Thick * Lenses and Lens Systems.

Whilst the foregoing experiments have dealt with supposed
infinitely thin lenses and the application of ** thin lens *’ formule,
we have in many cases to deal with lenses of finite thickness and
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~ sometimes of a complex character. In these cases the thin lens

formule no longer hold. The general principles of the Gaussian
treatment of thin lens problems may, o

however, be applied to those of thick P "g'";:::'y

lenses provided we use Principal

Points and Principal Planes within
the lens from which the usual dis-
tances may be measured. For
example, in Fig. 39 object distances
would be measured from P, and |, _fecel

: : langth.

image distances from P,. The Fio. 3.

positions of these principal planes

are found by the intersection point of an initial parallel ray
and the corresponding finally refracted ray projected forward and
backward respectively (see diagram). Thus a ‘‘ thin "’ lens placed
in the plane P, would have a focal length equivalent to that of the
thick lens, namely, the distance P,I. Modemn requirements demand
rather greater accuracy than that obtainable on the simpler form of
optical bench already described, so that for more advan.ced work
better apparatus is required. Fig. 40 shows a form of optical bench
suitable for such work, and consists of a rod and bar type support
one and a half metres long (divided in millimetres) on which the
holders carrying the fittings slide. - Some of these fittings are shown
in the illustration.

AN

Focal Length—Magnification Method.

This method can be particularly useful for measurements on com-
pound lens systems of all kinds. The theory will be made clear from
the Gaussian diagram of Fig. 41 in which an object placed at h,
will be imaged at k,’ and the magnification thus produced will be
m,=h/[h = (v,~f)/f. Similarly if the object is moved nearer to the
lens so that the object distance is now u, the image will be formed
at a distance v, and the magnification will be m,=h,'/h, = (v,~f)/f;
by combining the two equations we get

V=7,

f=- my;—m,
Utilising this formula in practice, a millimetre scale on glass is placed
on one side of the lens at %, and its image is measured by means of a
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micrometer eyepiece situated at h,'. The magnification may thus
be obtained; this is repeated for a second position of object and image.

Lens Object Eyepiece with &
/e ding t
Holder Holder 5% ,ft,/;a o/f’]ga 0
Millimetre:
r qrrr i
tangular Steel Bar. Supports.
Rectang o 177
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Divisions engraved on top of Rod. Girculor Steel Rod.
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The other requirement, in order to determine the focal length is
(v,—v,) which is the distance moved by the micrometer eyepiece

o

h ST : ey

i e i s === LR
Lo—————u-n————l;\'_—-L/—'f-"l
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along the optical bench.

U, — U,

f= 1/m,—1/m,

The result given by the first formula may be checked by that given

by the latter.

It will be obvious that the formula may
be derived in terms of the object distances #, and u,, in which case
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Negative Thick Lens.

The foregoing formule may be applied for the determination of
the focal length of a thick negative lens or lens system. The
arrangement of the experiment is that shown in Fig. 42 in which an
auxiliary positive lens is used to form an image at I, of a glass
scale. This image, which can be arranged to be of the same size
as the object, serves as the object for the negative lens when it is
interposed in the convergent beam. When this has been done, the
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image will lie in some such plane as indicated at 1, and can then be
measured by means of the micrometer eyepiece. The ratio of the
size of the image at I, to that at I, will give the magnification m,
for use in the formula,

If the negative lens is now moved to the position shown in dotted
lines, the image will move to I, and the magnification m, can be
obtained. It should be noted that in determining the value (v,-v,)
this corresponds to the distance I, to I, plus the movement of the
negative lens from its first position to its dotted position; similarly
(u,+u,) will be equal to the distance moved by the negative lens
alone. :

Foco-Collimatot.

This instrument is one of the more convenient devices for focal
length measurement, chiefly on account of the simplicity and rapidity
of the procedure, and it is therefore ideal as a workshop tool. It

- consists of a collimator tube at one end of which is mounted a good

quality achromatic lens of about 10 in. focus and at the other a
glass plate on which are ruled two fine parallel lines A and B about
2 mm. apart (see Fig. 43) situated in the focal plane of C. These
two lines subtend an angle 6 at the lens C and this angle can be
measured accurately by means of a theodolite. Thus, two parallel
bearns emerge from the collimator inclined to one another at this
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angle, and if the lens to be tested is placed in the path of these beams
it will form images A’ and B’ in its focal plane, the separation of
which can be measured by means of a micrometer eyepiece. From
the geometry of the figure the triangles ABC and A’B'P are similar
ones and the angle 6 is common to both. The angle 4 is equal to

(5] 4 B‘

I
o>

.A'
F —
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A'B'/f in circular measure, and if 8 has already been determined,
the focal length of the lens under test f=A'B'x1/6. This latter
term, namely, the reciprocal of the angle 4 in radians, may be worked

out as a simple multiplying factor and engraved on the collimator
tube.

An additional asset to such an instrument is to have the graticule
ruled with five lines each spaced at 1 mm. intervals, with factors
worked out for the maximum separation and intermediate separation

of the lines; so that lenses of widely different focal lengths may
be accommodated for by the one instrument.

- foia/io//imator Mica Nicroscope
el

F1c. 44.

N.B.—A word may be said about the
accurately at the focus of the lens C in

this remark may apply to the focusing of all collimators. The
familiar *‘ mirror method *’

_ is employed, with the refinement that
the location of the lines proper and their images in the same plane
is carried out by viewing t

he graticule with a microscope having a
small depth of focus; the method is depicted in Fig. 44,

positioning of the graticule
the collimator, and indeed
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- A useful modification of this instrument intended for quite short
focus lenses (e.g., 21in., 1in. and less ?.uch as eyepieces 'and even
microscope objectives) is shown in Fig. 45. . .The co}hm?to_r is
attached to the stage of a microscope, and the microscope ftsel views
the image A’B/; the latter is received qn a 'scale sitnated m.the eye-
piece. Taking into account the ma'gmﬁcatlon M of the microscope
objective, the multiplying factor will then be (1/Mx8).

Nodal Slide Method. . )
The nodal points of a lens are points on the axis of the system. sulc
that an incident ray passing to the first nodal p01.nt under a particular

angle with the axis will leave the second

nodal point under a similar angle. For

example, in Fig. 46 the ray ON, mak.es an

angle 6 with the optical axis XY, th'ls ray
J| will then emerge from the nodal pomt.N2
! under the same angle §. When the medium
on each side of the lens system is of the same
refractive index, the nodal points coincide
with the principal points (see Fig. 39).

# Graticule

Fic. 45.

From the above principle it is easy to see that if the. lens w;x;
arranged to rotate about the point N, tl}e image of an ob]ec(t1 .v:o;xce
remain stationary; and if the incident light is parallel the ;Is awaS
N,I will represent the focal length of the lens. If, ho.wever,I R v
not over the centre of rotation of the lens, then the image v(;rot <
swing from side to side. This therefore gives us a method .for. e ;1
mining the focal length of a compound lens sy§tem, for it is rc:ic :1
necessary to have a lens mount which has rotatlor} about a ve o
axis and a means of moving the lens to and f.ro with .respect t’c} \
axis; a collimator, and an eyepiece for observing the image. ese
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are mounted on the optical-bench and the lens adjusted until the
image at I observed with the eyepiece (or maybe a low-power
microscope) appears to remain stationary, then the distance between
the centre of rotation and the image plane will give the focal length

s o e

Fic. 47.

of the lens. In order to get an absolute value for this, it may be
necessary to use the correction rod so that the direct readings from
the bench may be converted into their true values. Fig. 47 shows
a pictorial view of the optical bench set up for measurements by
this method, including the nodal slide mount.

CHAPTER III
THE EYE

The human eye is the organ by means of which we obtain most of
the knowledge we are concerned with in optical matters, and thesefore
a description of its construction is desirable. It will not be dealt with
here from a physiological aspect, but more from the standpoint of an
optical instrument.
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- Figure 48 represents a horizontal section of the human right eye.
The eye is spherical in form, approximately one inch in diameter,
and is surrounded with a tough, opaque outer layer known as the
sclerotic. At the front of the eye is a more steeply curved spherical
transparent layer, called the cornea. It is about one half of a milli-
+ metre thick, its two surfaces have an average radius of 7-2 mm., and
it has a refractive index of 1-38. The space immediately behind the

RETINA

VITREOUS
HUMOUR

RIS
VEA
MaCULA CENTRALIS
CORNEA
AQUEOUS ' X op
HUMOUR \ N ON?*C,,E

cornea is filled with a fluid, the aqueous humour, having a refractive
index of 1-33. Following this is the crystalline lens, which is double
convex in form and is composed of a number of transparent layers
varying in refractive index from 1-41 at the centre to 1-38 in the outer
layers. Under the action of the ciliary muscle the lens can be made
to change its shape, and the power of the system is adjusted to focus
images of objects at different distances on to the retina. This focusing
-effect is known as accommodation, and in normal eyes enables objects
from infinity to ten inches from the eye to be seen clearly. The radii
"'of curvature of the front and back surfaces of the crystalline lens when
‘the eye is focused on a very distant object are about 10 mm. and
6 'mm. respectively, and its thickness is approximately 3-6 mm.
. The space immediately behind the crystalline lens is filled with a
transparent, jelly-like medium, known as the wvitreous humour, having
a refractive index similar to that of the aqueous humour.

Directly in front of the crystalline lens is the iris which auto-
matically controls the amount of light entering the eye. The circular
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aperture in the iris (known as the pupil) can be varied in diameter
from about 8 mm. to 2 mm. '

The inner layer adjacent to the sclerotic is called the choroid which
contains dark pigmented cells for absorbing any light which might
penetrate the sclerotic, thus preventing any such stray light from
reaching the retina.

The innermost layer situated between the choroid and the vitreous
humour is the retina. This may be looked upon as the sensitive
receiving screen on which sharp images of external objects are formed.
It consists of a transparent tissue covered by closely packed nerve
endings from which the stimulus is conveyed to the brain, via the
optic nerve.

A little to the right of the position at which the optic nerve enters
the eye is a small area of the retina called the macula lutea, in the
immediate centre of which is a region known as the fowea centralis.
It is here that vision is most distinct, and is the area on which the
image is arranged to fall when one is trying to resolve fine detail of
an object, '

Figure 49 shows a diagrammatic drawing of the human eye when
treated as a centred optical system. Although the centres of the

various surfaces and the pupil
-g—-@p

axis we may for most purposes
consider the eye as a centred
system. The positions of the

FiG. 49. cardinal points are indicated in
Cardinal points of the Human Eye the diagram; the two principal

do not lie exactly on a common
F T A\p

NF/=15 mm, FA=12.8 . . .
AN=7.9 lﬂlm_ AP=29 nrl’,lnm points and the two nodal points
PF/=20 mm. are in each case so close together

that they are represented in the
figure as single points P and N respectively. Some distances of
importance are also shown in the diagram.

Emmetropia and Ametropia.

When the optical system and the axial length of the eye are such
that light from an infinitely distant object is focused exactly on to
the retina when accommodation is completely relaxed, the eye is
said to be emmetropic, and the condition is that of emmetropia.
When this is not the case the eye is said to be ametropic, and the three
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types of ametropia are myopia, hypermetropia, and astigmatism. The
first two named defects are usually due to variations in the axial length
of the eye-ball; and the last named due to lack of sphericity in one
or more of the refracting surfaces of the eye, most frequently that of

% the cornea.

Figure 50 illustrates the case of emmetropia (a), myopia (b) and
hypermetropia (c).

In myopia, or short sight, the
refracting power of the eye or its
axial length is too great and light from
a very distant object is focused in front
of the retina. In hypermetropia, or
long sight, the refracting power or the
axial length is too small and incident 4)
parallel light is focused behind the
retina. In the case of astigmatism,
the refracted beam from a point object
will be imaged in two focal lines which
may occupy any positions with respect
to the retina, but in no case will the
object be seen distinctly. F16. 50.

(2)

——

—

Near and Far Points.

The object point conjugate to the retina, when accommodation is
completely relaxed, is known as the far point. This will be (a) at
infinity in the case of an emmetropic eye, (b) a real object in myopia,
and (c) a virtual object point behind the eye in hypermetropia.

The conjugate point to the retina when accommodation is exerted
to its fullest extent, is termed the near point; and is the nearest position
at which an object can be distinctly seen,

The Correction of Ametropia.

Myopia, or hypermetropia may be corrected by placing in .front
of the eye a lens that will give the light from an inﬁnitel}f distant
object the necessary vergence for it to be focused on the retina. 'As
will be seen from Fig. 51 (a) the necessary condition for the correction
of myopia is to place a diverging lens in front of the eye of such a
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power, that the light is now brought to a focus on the retina instead
of in front of it; whereas in the case of hypermetropia, a converging
lens of suitable power will be required (see Fig. 51 (b)).
: If astigmatism is to be correc-
ted, it is necessary to position in
(@) front of the eye a cylindrical lens
opposite in power to that existent
on the refraction surfaces of the
eye (e.g. on the cornea) but
with its axis parallel to the
cylinder on the latter.
(N.B.—The usual distance of
the correcting spectacle lens from
the cornea is about 20 mm.)

(¢)

Fic. 51.

Correction of Myopia and
Hypermetropia.

Working Model of the Human Eye.

The preceding remarks concerning emmetropia and ametropia can
be conveniently illustrated in practical form by setting up a working
model of the human eye on the optical bench.

Utilizing the metre optical bench and fittings of page 21, we may
set up at one end a +10D spectacle lens from the trial case and a
ground glass screen 10 cm. away (see Fig. 52) to represent the eye.

MODEL EYE
{ris ———
diophagm ¥ +7 77N g

N

1" digmeter

Coltimator

. c el ground-glass
LETTERED screen

OBJECT retina

Fic. 52
Working model of Eye.

At the other end of the bench a collimator is arranged, in order to
produce a very distant object for the model eye to ‘‘look at.”” The
collimator, which may consist of some bold letter on a piece of clear
glass as an object and a lens of about 10 cm. focal length, is focused
for infinity as mentioned in chapter II. If the object is now
illuminated with a diffuse source of light, an image of the letter should
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be seen sharply in focus on the ground glass screen (representing the
retina). This illustrates the case of the emmetropic eye, with accom-
modation relaxed, looking at an infinitely distant. object (i.e. the far
point at infinity).

Another lens L, (in this case of 20 cm focus) is placed on the
optical bench and arranged to slide between L, and the ground glass
screen. By alteration of the distance between L, and L, the power
of the lens system is changed, and this produces in effect the “‘accom-
modating power’” for the model eye which in reality is carried out by
the automatic change in curvature of the surfaces of the crystalline
lens in the human eye. If, therefore, we bring the lens L, up in
contact with L,, this would represent the condition “of maximum
accommodation; and if the collimator lens C is then removed, the
letter object may be brought towards I, until a sharp image of the
letter is again seen in focus on the screen. This position of the object
will represent the near point for the model eye. (Approximately
23 cm. from L,.)

ERCER S

Let us now make the model eye myopic by increasing the distance
between L, and G to say 12 cm. 'If the collimator is again put in
position at the other end of the bench, it will be noticed that the
letter object is no longer seen sharply defined on the ground glass
screen, thus illustrating that in the case of myopia it is not possible
to see very distant objects clearly.

By removing the collimator lens and bringing the object to a position
where its image is seen in focus on the screen G, this will be the
position of the far point (approximately 65 cm. from L,) for the
* myopic eye in model form. And by placing the lens L, in contact

ith I, (i.e. with full accommodation exerted) the object can be
brought still nearer to L, until its image is again seen on the screen G.
The near point thus determined will be found to be 16 cm. from L,.

+We may now attempt to correct this myopic eye and restore it to
the condition for normal vision. It was shown earlier that this can
be done by the use of a suitable diverging (concave) spectacle lens
placed in front of the eye. So that, taking the optical bench model
(as we last left it) namely with the myopic eye viewing its ‘‘near
point’’; we can insert a number of diverging lenses (from a trial case)
in turn in fron of the eye until one is found which will restore the
“‘near point position” to that already determined for the emmetropic
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eye in the first experiment. (A - 1-5D lens will Be found suitable. )
The lens L, should then be removed and the collimator re-inserted,

when it will be found that the thus corrected myopic eye can now focus

very distant objects on its retina.

A similar experiment to the foregoing one may be carried out for
the illustration of hypermetropia.

In this case the length L,G of the model eye-ball may be decreased
to (say) 8 cm. If the collimator is again set up, the image of the
letter object will fall outside the retina screen G and it will be necessary
to insert the correct converging lens (a +3D lens) in front of the eye
in order to focus the letter sharply on the screen G. Thus the hyper-
metropic eye model will have its ‘‘far point’’ restored to the normal
infinite distance, whereas when L, is now placed in contact with L, (to
give the effect of full accommodation) the normal distance (23 cm.)
for the ‘‘near point”’ will again be found. The collimator lens is

removed of course and the object brought towards the eye as before
to obtain this reading. ‘

To illustrate the effect of astigmatism, the lens L, and the screen G
should first be re-set to their positions for the model of the emmetropic
eye as in experiment No. 1. The lens L, should then be placed in
contact with L, and the object brought up to the position of the near
point. The letter object, however, should now be changed for one
consisting of radial lines (see Fig. 53). The model eye may now be
made purposely astigmatic by introducing a weak
cylindrical lens, (such as a - 0-5D) immediately in
front of lens L,; and on viewing the ground glass
screen G (i.e. the retina) it will be noticed that
instead of all the radial lines now being in focus,
only one or two will appear so,

Fre. 53. The correction of this defective eye can then be

carried out by making use of the spectacle trial case,
choosing a suitable correcting cylindrical lens (namely a +0-5D cyl.)
and whilst placing it in front of the eye, it must be rotated in its own
plane until all the radial lines are again seen in focus on the retinal
screen G. When this has been done, it will be noted that the correcting
cylinder is one which is opposite in power to that present in the
defective eye but with its axis parallel to the axis of the cylinder
contained in the eye.

by various subjective measurements.
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Rn;olving Power.

One of the more interesting points connected with vision is_ th&;
resolving power of the eye or its limit in ability to see ﬁ.ne detail o
the object being observed; sometimes this is called the Visual Acuity

of the eye. t -
Hooke, during the latter end of t‘he seventeenth.cefn ur};,h p nted
out (from his astronomical observatlon§) that the llmlt. in j heatv sual
acuity angle was of the order of one minute of arc. Sn;f.e hat tme
Helmholtz* and many other workers have substantlatfad t. is s i
Although this limit may be
considered by some to be rather low: i? does neve.rtheles: Sew:o:; :
useful standard. This visual acuity limit of one mlm'lte o atrc orres
ponds to an object interval of one and a half feet being just res ohved
by the eye at a distance of one mile, or 0-075 mm. (s:y on{al Lenth
of a mm.) at the nominal near point dlst‘ance of 1.0 inches. arious
subjective tests may be made ;co qiterm};lst ilgsti:fl:u:;aar.::xtzl ooy
emmetropic eye, such as the familiar si d— o ate block
ophthalmic opticians) .wh)ch are so arranged t ?or o complele block
fttr subtends five mmu::ﬁil:f ?1:; :;n:h:vifli,; of the letter subtends
an angle of one minute. (See Fig. 54). For
tests at the near point, a number of screens
consisting of alternate opaque 'and trans-
parent lines illuminated from behind may.be
employed. A range of such screens having
from 50 lines per inch up to 300 h'nes per
inch increasing in steps of say 50, will cater
for the testing of a visual acuity angle of
from 4 to 1 minute of arc. . o
This experimental determinatiocrll o_fd t.he:i reziso‘llz?gedp%v;e; (;heo r;
be well supported and indeed ve .
EZ;ZSHO;Y’;? gi}:;meter of thgr;to)veal cones in relation to t:u:n diameter
of the Airy diffraction disc given by the eye as a lens sys e. .h y
By measurement of photomicr(ogragl}s tgl;;ni;b):n anZy 11; 1:}1!2(;, ;ntlhat
ion of the retina (see Fig. .
Z:zhfo;?: ;‘;Esla diameter of 0-0025 mm. or 2.5 microns. Now the

—I'"
-

i i . 176.
* Helmholtz, Physiological Optics (English translation), Vol. 1, p
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diameter of the Airy diffraction disc of a lens system may be taken as
1:22A
N’ .sin U'y
and in the case of the eye the refractive index N’ of the medium in
which the image is formed can be
assumed as 1-34, whilst U’y can
be deduced from the average
semi-diameter y of the pupil
divided by the focal length f of
the eye (see Fig. 49), namely
y_2 _,
—f =20 =0-10.
The wavelength (A)=0-00055
mm.
Thus, the diameter of the Airy
diffraction disc on the retina of
the human eye
1:22 x 0-00055
=~ T134x0°10

The theory put forward by
Hering* was based on the
assumption that if two diffraction
Transverse section of Cones in the GiScS (corresponding to two very
Foveal Region of the Human Retina close object points) were formed

—Pé]f,f:}:;’;;r.o rzgh ;) %,6(%: F. on the foveal region of the retina,

it would be necessary to have at

least one foveal cone between the centres of the diffraction discs in

order to carry a stimulus to the brain which would enable the discs

to be seen separately; or in other words that the two object points
might be resolved.

This very natural assumption is illustrated in a diagrammatic
drawing in Fig. 56 in which two diffraction discs are shown super-
imposed on the foveal cone mosaic and separated by a distance equal
to twice the diameter of a foveal cone; that is, with one cone
separating the centres of the discs. The distance between the centres
of the diffraction discs would therefore be 5 microns or 0-005 mm.

The angle which this distance subtends at the optical centre or
nodal point of the eye is equal to 0:005 mm. divided by the length

=0-0050 mm.

* Hering. Leipzig Berichte, 1900, pp. 16-24.
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0-005

FOVEAL CONE

NF' (see Fig. 49) or =0-00033

radian. This corresponds very closely
indeed to an angle of one minute of
arc, which is also the visual
acuity limit determined by subjective
measurement.
\gj Thus it would appear that the fore-
Grnce e omeTer  going is likely to be a satisfactory
OF A CONE (it 5x) theoretical explanation of the resolving
FIG. 56. power of the human eye. There are,
however, other modifications of this
i theory based on more recent researches, and the reader will do well
: to consult a number of references given in W. D. Wright’s Perception
of Light (published by Messrs. Blackie and Son Ltd.).

CHAPTER 1V
THE TELESCOPE

The telescope, in its various forms, is of such general use that
its principle should be thoroughly understood. This is best done by
making up working models of the varying types of telescopes by means
of the optical bench and spectacle lenses from a trial case already
described, for in this way one can have access to the various optical
components and vary the distances of the latter and so illustrate the
effects clearly. The external tube or mount of the complete telescope
frequently hides the internal lenses and only mystifies the student; so

t whilst it is, of course, advisable to take measurements on and to
dissemble the complete instruments at a later period, it is more helpful
in the earlier stages to make the necessary diagrammatic sketches and
calculations and to make up the models according to the specifications
“thus arrived at. The following experiments are arranged with this

iiodel Telescopes.

*The experiment consists in setting up a simple astronomical or
inverting telescope and taking measurements in connection with the
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instrument and then re

telescope. peating the measurements for a Galilean

Astronomical Telescope,

mTiIse la metre optical bench for the experiment. At the left hand
énd, place a lens (from the trial case) of fairly long focal length

I
object ~ \\\\\ X
glass. 6, ~ \\\\\ < Eyepiece
A \
e oo At 5 = )] — _
( h
o T
| Fos “tpshesd
'fEP -fu-

Fic. 57.
Path of Rays in Astronomical Telescope (Diagrammatic)

€.8., a+2D, in one of the lens holders. Recei i
' - Keceive an image of
iilstan’c objecclzt ;})lroduced by the lens on the ground glass scregen li?:::
a second holder and on the other sid .
e of the ground gl
Screen a short focal length lens, such a ioal
) s a+12D. Tumn the optical
:)}:::ch completely round and again focus the distant object cl:n to
e grou;d glass screen by adjusting the position of thjs lens
2ol er. .hefl remove the ground glass screen from out of its mount
ﬁx;e 1{153‘; in 1fts place a metal diaphragm having a hole in it of abou';
-é1ghths of an inch in diameter. Now look at i j
. the distant ob
_through the systt?m of the two lenses. This is a simple form of igvii(t:-t
xgg or astronomical telescope; the + 2 D. lens would be known as
; e object-glass, while the +12 D, is the eyepiece. (See Fig. 57.)
ome form of cover placed over the optical bench between the lens;:s

will help in re i i :
the ims gI; ' moving stray light and thus improve the contrast of

Observe that:—

(i) The image is larger than th j
e object a i i i
subtends a greater angle at the eye. : ¢ seon divecty. e it

(ii) The image is inverted and reversed.

t I\ieastuxje the distances, off the optical bench, from the object-glass
6 the image, and from the eye-lens to the image, and compare these
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values with the nominal focal-lengths of the two lenses as given by
the focal power engraved on the lens ring.
- Focal length (in cm.) =100/power (in dioptres).

Observe that the distance apart of the lenses when the telescope is
focused for parallel light is equal to the sum of the focal-lengths. In
this condition the telescope is said to be in ‘‘ normal ”’ or ‘‘ afocal ”’

. adjustment.

Find the position with a ground-glass screen of the image of the
0.G. aperture projected by the eye-lens. This image is variously
known as the Ramsden circle, the eye-ring, or the exit-pupil. Note
that for comfortable visionr this image must fall on the pupil of the

eye of the observer.

Magnifying Power.

This may be defined as the ratio:—

angle under which the image is seen through the instrument
angle under which the object is seen by the unaided eye.

In order to understand clearly the way in which the magnified
image is produced by means of the telescope, the student should make
a diagram for himself on the lines shown in Fig. 57. Parallel rays
from the distant object are drawn meeting the object glass under
an angle . The ray BI passes through the optical centre of the O.G.
and is therefore undeviated; the ray Al is parallel to the axis. Where
these two rays intersect, the image I (of the distant object) will be
formed. This image is at the focus of the eyepiece and therefore the
ray Al, if continued on parallel to the axis, will, after passing through
the eyepiece lens, intersect the axis at the other focal point of the
latter, and all other rays passing through I will emerge parallel to
this direction. The virtual magnified image seen through the tele-
scope will be seen under the angle ¢/, which may be expressed as
h’/fep Where k' is the height of the image at I.

The angle under which the object is seen directly by the eye alone
is (neglecting the length of the telescope) h'/foq.

!
Hence, the magnifying power = }i,/—f£= foo
R /foa  fer
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Magpnification—Direct Determination.

Use the telescope as already set up, observe through it with one
eye a distant vertical scale (see Fig. 64) whilst with the other eye
view the scale directly. Note how many divisions of the scale, seen

by the unaided eye, are covered by a single division as seen through
the telescope. The number of divisions thus seen in the space of

. —— ¥
g:d ""/fw’_’Jrf‘;*ll

3\055
screen,
Fic. 58.

Ray . Path for Formation of Exit-Pupil.

one magnified division is equal to the magnifying power of the tele-
scope. Compare this result with the calculated value of the magnify-
ing power obtained by dividing the focal length of the O.G. by that

of the eyepiece lens.

Determination of the Magnifying Power from the Diameters of the
Entrance- and Exit-pupils.

Illuminate the O.G. with diffused light, by placing a frosted lamp
close to it. Place a ground-glass screen in one of the optical bench
fittings, and receive an image of the O.G. aperture projected by
the eye-lens, on to it. Measure the size of this image with a milli-
metre scale, using a hand magnifier to help in observations. Also
measure the diameter of the O.G. (with a pair of dividers). Then,
diameter of entrance-pupil

diameter of exit-pupil.

The reason for this will be clear by referring to the diagram in
Fig. 58. The exit-pupil A’B’ (being an image of the object-glass
AB formed by the eyepiece) will be found by drawing rays from
A and B passing through the optical centre C of the eyepiece lens;
these rays will pass on undeviated. And by drawing rays from A and
B passing through the focus F: these will emerge parallel to the axis.

the magnifying power=
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their intersection at A’ and B’ will give the position and size of the
exit-pupil, and from similar triangles
AB/ab={oa/fszp (and A’B’=ab).
From previous experiment foq/fgzp = magnifying power.
Diameter of entrance-pupil

Therefore AB/A’B'=Magnifying Power=—:
Diameter of exit-pupil.

Measurement of Field of View.

Direct the telescope towards some distant wall (not less than 50
yards away) and observe what positions on the latter just appear on
the ex?reme edges of the field when viewing through the eyepiece
A.n assistant can mark these positions with chalk. By measuring th<;
il;stagcg L ;f;\;:;rt of the chalk lines and the distance D of the wall from

e O.G. of the telescope, the value L ill gi
o etas £ald o in)e 9 alue /2D will give the tangent of the

°bj°§foss. Eyepiece

Joo

L ”—-A—f”
F1c. 59 )

Path of Rays in Galilean Type Telescope (Diagrammatic).

By determining the diameter of the diaphragm placed in the focal
pla.ne of the eyepiece and dividing this by the focal length of the
object glass, this will also give the angular field, and may be used
as a check on the previous determination.

Galilean Telescope.

. Set up on the metre optical bench, a+4D. lens in a holder at about

the middle of the bench. Receive an image of a distant object
b produced by this lens on a ground glass screen. Puf a—10 D. lens ix;
. a holder and place it on the bench between the O.G. and the. ground
glass screen, at a distance equal to the focal length of the negative

lens (namely, 10 cm.) from the latter. Observe the distant object
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through the telescope and adjust the position of the eye lens until |

¢ _ .
he object is sharply in focus. Place a cover over the space between

the lenses. This is ; )
Fig, 59 now a simple form of Galilean telescope. (See

Observe that:—

(i) The image is lar :
ger than th : : .
subtends a greater angle at the eye. e object as seen directly, i.e., it

(ii) The image is erect and not reversed as in the case of the simple

by moving the e : :
. ye from side to side an extended
obtained, although its angular value remaing constanf field may. be

A
Auvxi vary
positive” lens .
/ ’l

¥ Real ,
Eyeprece exit -';337 of

ExiT- pupiL

Object glass

" F1c. 60.
easurement of Exit-Pupil for Galilean Telescope.

Re
peat the same measurements with the Galilean telescope as

mentioned before with the .
results, astronomical telescope, and tabulate the

Angle under which image i in Fig. 59. ificati
ge 1s seen through tel ’
- et L gh telescope ¢ '
Anﬁlle under which object is seen by unaided eyep =9 = :Z,//% = foa
telescz meelllsurement of ﬂ_le exit-pupil, in the case of the tgalilefzz
Pe, has to be carried out in another way to that employed

:isczlg:c; rflz;is S;:d'e of t%xe negative lens and not outside the
the ool I:-,f .th 1g..60 1l¥ust.rates the ray diagram for finding
A pooion e ex1t-9up11, In which one ray is drawn from
o fy frzc;::gll; ;::S igptltc};all cel}lltrclal C of the negative lens, and a
€ through the focus F, Thj i
:;nnif: r;;laralielA fo the axis and if projected back v:islllaigferrsr:c); EE
cormer fy at A’ To measure its size Place a positive lens at F
qual 1n focal length to CF, ang arrange a ground glass screen to
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receive a real image of the exit-pupil. This image will not necessarily
be of the same size as the exit-pupil, but the diameter should be
noted; and having determined afterwards the magnification given by
the auxiliary positive lens with the ground glass screen at the same
distance as used in the experiment, the true size of the exit-pupil may

be obtained.

Huygenian Eyepiece.

This form of eyepiece is employed in many sighting instruments
which are used for observational work, chiefly on account of the
absence of colour fringes to the image in the outer parts of the
field. In other words this eyepiece suffers less from chromatic differ-
ence of magnification than other forms. The eyepiece consists of two

Diophragm.

' Object glass.
FiG. 61.
Huygenian Eyepiece Model.

plano-convex lenses, the field-lens having approximately twice the
focal length of the eye-lens, with a separation equal to one-and-a-half
times the focus of the latter.

A model of this can be made up by employing two spectacle lenses
of +6D. and +12D. arranged in holders on the optical bench and
separated in distance by 12-5 cm. (See Fig. 61.) At the focus of
the +12D. (namely, 8-3 cm. from it) place the diaphragm of five-
eighths inch diameter aperture. The telescope objective (i.e., the
+2D. lens previously used) should then be placed on the optical
bench and adjusted so that its focal plane lies in the plane of the
diaphragm. In this way one can observe the appearance of some
distant test-object and compare the results given by this telescope with
those given by the telescope with one eye-lens only. The effect of
the field lens (the +6D. lens) may be clearly seen and it will be
noted that the exit-pupil moves up much closer to the eye-lens and
thus facilitates the location of the eye, whilst at the same time its

size has been changed.
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Ramsden Eyepiece. i

In this type of eyepiece, field-lens and eye-lens have similar focal
lengths, but are separated by a distance equal to seven-tenths of
the fo-al length of either lens. Set up two +7 D. lenses and space

Huygenian
Erector. ,___ﬁy}«ﬂffi—\
P
+6.D +12.0

125 —“v
cms.

Model of Four Lens Terrestrial Eyepiece (Ray Diagram).

Fi1c. 62.

them by a distance=7/10 x (143 cm.) =10 cm. (This will give the
same power of eyepiece as the Huygenian.) Place the diaphragm
on the bench and adjust it so that it appears sharply in focus when
looking through the eyepiece system. Again put the +2 D. object-
glass at the other end of the optical bench and focus a distant object
on to the diaphragm. Note the position of the exit-pupil in relation
to the eye-lens, also its size and observe that the focal plane of the
complete eyepiece is outside the lens system, whereas with the
Huygenian type it is between the lenses.

Four-Lens Terrestrial Eyepiece. .

The introduction of a two-lens: erector placed between the object-
glass and eyepiece of a telescope is one way of converting the astrono-
mical form into the terrestrial type of instrument. The principle of
this so-called four lens eyepiece can be conveniently illustrated on
the optical bench and the arrangement of the lenses will be seen from
Fig. 62. The inverted image of some distant object is first formed
on the ground glass screen at 1 by the +2D. object-glass. The
erector in most cases consists of two lenses of similar focal length
and separated by a distance equal to one-and-a-half times the focal
length of either; whilst the image 1 is situated at a distance of one-
half the focal length of either lens of the erector in front of the first
lens; so that we may make up a working model by placing two +10 D.
Jenses in their holders on the optical bench, separating them by 15 cm.
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and arranging the front lens of the erector to be 5 cm. from the image
plane I. Then in two more holders set up the Huygenian eyepiece
(already described), with its field-lens 12:5 cm. from the rear lens
of the erector. Now return to the erector system and proceed to insert
?)etween the lenses a diaphragm, the position and size of which is
important; to determine this, illuminate the whole area of the object
glass by means of a diffuse source of light and find the position of a
ground glass screen placed between the erector lenses so that a sharp
image of the O.G. is formed on the latter. Record the position on the
bench and measure the diameter of the image, which will be found
to be a_bout 7 mm. Remove the ground-glass screen and replace it
by a dla’p.hragm with the above diameter hole in it. The terrestrial
'felescope is now complete and by viewing through the instrument, the
;x::gze :;f distant objects will be seen to be correctly erected and

Reflecting Telescope.

In order to illustra.te in practice the principle of the reflecting
telescope, the Newtonian form of this instrument may be set up with

Fie. 63.
Reflecting Telescope.

the aid of the optical bench, as this is easier to demonstrate than the

Gre.goria'n or Cassegrain types, which require an opening through the
main mirror.

Fig. 63 shows the arrangement of the optical parts: M is a surface-

- silvered mirror of about 40 cm. radius. Strictly this should be of

parabolic form, but for small apertures a spherical mirror will be

. found quite satisfactory; and, indeed, a silvered concave spectacle lens

mounted in one of the fittings may be utilized for this purpose. At
about 17 cm. from the mirror is mounted a small diagonal plate P
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(surface-silvered) to reflect the convergent beam out at right angles v
to the eyepieee which observes the image at I. The whole may then
be directed towards a distant object and used ag a complete telescope.

‘means of the squares, triangles and circular holes of decreasing sizes,
The improvement in the chromatic aberration wil] be noted when &

- . X
’ itati having alternate light and dar
d quantitatively by a glass plate .( . . .
:trxjipgs) which can be rotated about its mid-point R. A black pointer

9

—
AEORFIH] |
CKBSTUD
FG LNZME =
l‘.n ‘7-' I~

(-] '. z. 3. 4. 5-
Lﬁn L 0 0,
- .A.’l.'-a

X!

_

Fic. 64.
Open Field Objects for Telescope Testing.

R

R
o° 10° #°
[ |

NN

yards) from an open window at which the observations are made, FIG. 65,
Fig. 64 shows a suggested form of such test objects which have proved Altazimuth Mount for Telescope Testing.
satisfactory in practice. A horizontal white board with black lines 1 o

. . . . - -called collimation
at intervals corresponding to degrees of angular subtense, will be on a white ground is suitable for tests on téle t: Cathe cun’s image
useful for the determination of the angular field of view of telescopes; of telescopic sights, and a mercury bulb re ;Crrafions of the lenses.
whilst an arbitrary wertical scale will be found best for the estimation serves well as an artificial star for testing the abe

It is advisable to have a rigid form of support for holding the

of magnification. Black letters on a white ground, radia] lines, and
s g telescope to be tested; this may consist of two V brackets attached to

a broad white band on a dark background (all illuminated by day- ay ¢ in Fig. 65
light from mirrors at the back) serve as definition tests relating to a suitable altazimuth mounting illustrated in Fig. 65.
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Magniﬁcation——Direct Observation.

vertical scale of the open-

Having directed the telescope towards the ument is

j i i through the instr
biects (Fig. 64), the image seen tr¢ ‘ :
gign::; (t)o ]be su(perimposed on the scale divisions se€n dlrectlydwxgl;
i ber of the latter covere
ther eye. By counting the num over
t(t;:y()) one d}i,vision of the magnified 1mage of the scale, will give the

magnifying power of the telescope.
This simple method sometimies

R2
presents difficulty to the observer due — —>— ~ —%
to inability of superimposing the two
images, although this is generally ‘
possible after a little practice. How-

_———— — %*

1
[}
ever, an alternative method is to use _
l__‘_‘_'_lt

a device shown in Fig. 66, which
consists of a plane glass reflector R,(i Fro. 66,

i reflector R,, arrange .
igdbz 21::§egver the end2 of the telescope eyepiece. By 1thls rxele::;
one eye alone can see the image of the scale th.rough the. te esfcoRp and
simultaneously the unmagnified image; by a slight ro‘f:;ltlo:} 0 re; o
cidence of any two lines may be made and the magnificaion .

Magnification—Entrance- and Exit-Pupil Method.

The telescope may be supported ir.l a v_ertical pgsxtlo.xtlh ov;:re a:-
illuminated white surface, and the exit-pupil observe.d .w1d 2 ten{hs
piece in the focal plane of which is mougted a scale divided 1n b
of a millimetre. The diameter of the exxt—p.upll can thus bebr.neis e
and this value divided into the measured diameter Of’th(:i ot 11ec V-vgh01e
will give the magnification of the telescope, provide e

diameter of the O.G. is being atilized. In order to check this latter

point, a millimetre scale on glass may be held in contact with the

front of the object glass and the exit—pupil observed whergr an :I:;iz
of this scale will be seen; the effective diameter of the 0.G. ca
be measured. .

In place of the scaled evepiece a tr'?welling rr.ucroscope magl tgz
employed, and indeed this is advisable if attemptl.ng to measur he
diameter of the exit-pupil of a telescope ﬁtted'wuh a conca:;l ybe
piece (e.g., 2 Galilean binocular) for the exit-pupil can y
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focused by using a fairly low-power objective in the microscope as it
lies on the internal side of the eyepiece. -

Exit-pupil.

The diameter of the exit-pupil given by the instrument is of import-
ance; for the brightness of the image with respect to that of the
object is dependent on the area of the exit-pupil and the area of the
eye-pupil. The iris diaphragm of the human eye varies in diameter
according to the external illumination; for example, in bright sunlight
it may be as small as two millimetres and in dull weather approxi-
mately four millimetres; whereas at night it may be as large as eight
millimetres in diameter. As the area of a circle=a7?, it will be seen
that the light-gathering power of the eye is sixteen times greater for
night-vision than for day-vision. Consequently, a telescope intended
for night use should have an exit-pupil of at least 8 mm. in diameter,
whilst for average day use 3 to 4 mm. is advisable. If the exit-pupil
is smaller than the eye-pupil opening for any given conditions of
illumination, the object would not appear as bright as the object seen
directly by the unaided eye (neglecting losses due to absorption and
reflection by the optical parts of the instrument). Thus, the ratio

of brightness of the image to that of the object= area of ex1t-pup.11.
area of eye-pupil

Angular Field of View.

If the telescope is set up on the altazimuth mounting and directed
towards the field-object horizontal scale already calibrated in angular
divisions, the field of view (real) may be read off by observing the
positions at which the diaphragm of the eyepiece appear to cut the

g scale. (For a magnification of times 5, the field is generally of the

order of five degrees, whereas for times 25, the field may be reduced
to about one degree).

The apparent field of view is obtained by observing where the
virtual image of the eyepiece diaphragm appears to cut the open field
as seen with the other eye open. Having noted the two positions

where this occurs, the angular separation of the latter is measured

either by a direct reading off the scale or by setting the cross-line
of the telescope in turn on these two points and reading the angular

:amount off' the azimuth scale. The apparent field should be equal
to the real field multiplied by the magnifying power of the instrument.
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.. Ramsden types (already described) still hold their place, although
the former is more generally employed on account of the small
chromatic difference of magnification inherent in this type. For
higher-power eyepieces and when wider fields of view are required
'it is necessary to employ rather more complicated systems, such as

Types of Telescope Objectives and Eyepieces.

Th.e chief forms of telescope objectives likely to be met with j
fractxce. are depicted diagrammatically in Fig. 67. The mosTtwusu::l1
o(;rm dstlll ericountered (originally designed by Fraunhofer) consists

a double-convex crown lens and a concave flint lens with nearly

Plane last surface. In this objective the primary chromatic aberration

z3

from coma.
Crown - l———]
. Flint . Borosilicate
Flint Fling !
Crown  Crown. Boryta Flint.
@ (b) (©)
Fiint. [ cromn Fio. 68.
Achromatized Eyepieces.
—_ -
- those indicated in Fig. 68. Type (a) is the Abbe orthoscopic eye-
& piece, whilst (b) and (c)-are two forms of the achromatized Ramsden
eyepiece. The previous remarks relating to the design of the object-
FRAUNMOFER STEINHEIL Gauss Coone glassg:s also apply to these lens systems.

Frc, 67.

‘ Definition Tests.
Types of Telescope Objectives. s

The optical performance of a telescope is necessarily of primary
importance, but the judging of the quality of definition given by the
instrument is not always an easy operation and depends largely on
the experience of the observer. For example, highly trained men
can tell (by directing a telescope towards a set of objects similar to
those shown in Fig. 64) whether the instrument is giving ‘“‘first
quality ** definition or not and also in many cases they can tell what
is the cause of inferior definition should this be manifest; this judge-
ment may be facilitated ,if an auxiliary telescope (giving an excellent
performance) is kept as'a standard of reference and mounted along-

The type in which the fij i
Lt : e flint lens is situat d i i
P Steinheil. S} lated in front is due to
i the r. ;: lShghtly steePer- curves are required for the surfaces, but
o e 0\{3 of the aberrations can be carried out to much th s
degree as in the Fraunhofer type. © same

In the Gauss form, the crown lens is in front, bu

surfaces do not have similar radii. Th; ot ontact
' adii. This permit
of freedom in the removal of the aberr v, Tor eanreater ogree

experience of the actual computing work involved

. In con.nection with eyepieces which are most commonly found in
ommercially-made telescopes, the well-known Huygenian and

side the instrument under test so that alternate observation can be
made and the results compared.

For less-trained observers, however, the star-test will afford an
easier means of both testing the optical performance and determining
the nature of the aberration if the instrument is defective.

This test consists in directing the telescope towards an artificial
star and in examining the expanded out-of-focus image on both sides
of the best focus. The artificial star may consist either of a steel ball
reflecting an image of the sun or of a minute hole suitably illuminated
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Inside
the focus

Under-
Correction

PEDRMANE =

Fic. 69. .
Star Test Illustrating Spherical Aberration.
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in a dark corridor. (Methods for producing various forms of artificial
star have been described by the author in the Optician, February,
1925, Vol. 69, No. 1769, pages 5-7).

The defects which may be present in a telescope objective are
(i) chromatic aberration
(ii) spherical aberration
(ili) coma
and (iv) astigmatism.

A two-lens achromatic objective (intended for visual work) 1s
generally designed so that the red (C line) and blue (F line) are
brought to a common focus, whilst the focus for green light is found
nearer to the lens; consequently the expanded images of a white star
would show (within the focus) a purple outer ring with a green centre
and a green outer ring and purple centre outside the focus. An
apochromatic objective—in which red, green and blue are brought to
one focus—would show a white circular patch on each side of the
focus.

For the examination of the lens for the presence of spherical
aberration a monochromatic star may be used (preferably green).
By referring to Fig. 69a (which is a grossly exaggerated diagrammatic
illustration of the union of the rays in the image formed by the
objective) it will be seen that if the rays from all parts of the objective
coincided in one point (i.e., freedom from spherical aberration), the
appearance of the circular patch of light on each side of the best focus
position would be similar.

If, on the other hand, appearances are seen resembling those in
Fig. 69 (b) and (c) ‘‘under-corrected’”’ or “‘over-corrected”’
spherical aberration would be indicated respectively.

The defect, known as coma, is caused by oblique rays through the
lens not intersecting on the oblique axis pr (see Fig. 70). This
produces a flared tail to an otherwise circular image of the star and
gives a distinctly unpleasant appearance to images seen at the edge
of the field. Should this aberration be present in the centre of the
field it is more serious and should not be tolerated; it may be caused
by a tilting or an error of centering of one or both the components
of the objective.

Astigmatism is also an aberration due to oblique rays and may
be caused by such rays in meridians at right angles to one another
coming to a focus at different distances along the oblique axis. For
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instance, in Fig. 71 the rays in a vertical
at a point A, whilst those in a horizontal]

show elliptical patches of light and this is a
of astigmatism,

Squaring-on Test.

The optical performance
by its incorrect mounting

F16. 70.
INustrating Coma (Diagrammaﬁc).

coma and astigmatism may be caused by the optical axis of the O.G.

not being co-linear with the axis of the tube. A device for checking
i be T (which fits wej
shed diagonal plate P

d in the telescope eye-

Vertical
line (Focos

[ in the'eyepiece tube of the telescope), a poli
I { and a pinhole H. If the device is now place

Horiyontal
n—';'e.3 focus

Fic. 71,
‘; Illustrating Astigmatism (Diagrammatic).
s

piece tube and the diagonal plate illuminated by a diffuse source

of a telescope objective may be impaired
in the telescope tube; for example, both
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as indicated in Fig. 73a. But if not squared-on the image would

ear as in Fig. 78b. By tilting the lens the appearance (a) fmay
;gprestored. Having secured this condition, the virtual images from

Fic. 72.
Squaring on Eyepiece.

the other lens-surfaces may be looked for; these are ger}erally tmutlzh
smaller (as they are produced by reflection from relatively steeir};
curved convex or concave surfaces) and if the lens-components

{”lwuunumnm mw

b
Appearances seen with Squaring-on Test.

{
/
)

properly centred, the images should all appear concentric, as shown
in Fig. 73c.

Stray-Light Tests. ‘
Tlfe pfesence of stray-light in optical instruments mai aifec‘;(nilrl:z
performance considerz’bly, 1_‘(\:hieﬂy on lacc;;;}ri: ;)Cfagleerel;canz rceﬁected
D e walls of o 1o OTI;: amngte;nter the eye when the instru-
froni t'heuzvezcllnisnofiaayltiegl;iic?fz., wien the iris of the eye is about 3 to
;n exlrllml.s in diameter), but in fading light or in darkness V\fh;ltl ﬂ:l;;:
pupil is expanded to perhaps 8 mm. diar}leter, sucb stray hg bi\;ﬁ
often cause troublesome eﬁects: amounting sometxmgs ttc;1 ufl'li]d y
of picking up distant objects owing to lack'of cox?trast 1}11 . et umém
A convenient way of testing this defect is to dlr.ect t e instr
towards an illuminated diffusing screen on which is mounted a
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circular black patch of opaque material (see Fig. 74). Its diameter

and distance from the telescope object glass should 1')’e such th;%t thg
exit-pupil of the instrument is just blacked-out '’ when viewe

i and magnifier. .
WIgln;hstray-ligit or ghost images will .be apparent by observa}'ilc:in
of the exit-pupil in this way and may, 1f. desired, be photograp teh'.
Fig. 75 shows such a photograph. and illustrafes how serious tnis
defect may be in a prismatic binocular.

Jissue
- Paper
Circuler
\-Discof
Wooden Black Paper
Frame]

Fi1G. 75. .
Exit-Pupil of a Prismatic Binocular
photogrgphed and enlarged showing
Stray and Scattered Light.

Fic. 74.

The proper use of screening the prism edges and the adeqpate
employment of diaphragms will help in the removal of reflected light.

Test for Strain. .

It is of importance that none of the optical parts o_f a telescfcl)pfa
system should show signs of being strained, for otl}eerse the c}e ni-
tion of the instrument may be impaired, sometm.les produf:mg a
doubling of the image if the strain is severe. .Stram can qultﬁ: \;n-
wittingly be produced by clamping a lens' to'o tightly in its cfe , ct)r
example, or a prism in its support. It is important, thereiore, to
avoid such distortion of the glass surfaces. . - .

Consequently, the various components (lenses or prisms) in the}r
mounts or the completely assembled instrument are exammed' in
polarised light, when strain will be revealed by t‘he presence of 1'1ght
patches or sometimes even colour in an otherwise dark field (i.e.,
when polariser and analyser are ‘‘ crossed ).
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A suitable form of polariscope may be made up by utilizing a
reflecting surface (at the appropriate angle) as polariser and a Nicol
prism as analyser. (See Figs. 76 a and b.)
W (a) A component of

the Optical System
e.g., the Objective

test .
(b) A complete In-
strument, e.g., a

Analyser N~ Prismatic Binocular
\b

Polariser (qglass)

under test.

Poloriser
Fi1c. 76.
Examination of Optical Parts in Polarised Light.

It is of interest to examine in the polariscope a number of lenses
in their mounts, especially those which may be held in their cells
by spinning the metal over the glass work. Should there be the
slightest trace of colour visible or even a dark cross on a light field,
this should not be tolerated. Only regions of dull grey should be

- permitted to allow a-lens through this test.

‘ Resolving Power.

Resolving power may be defined as the ability of a lens system to
‘reveal fine detail. It may be expressed as the angle which two just-

i “resolved images subtend at the objective, or in terms of the minimum
|- size of object just discerible at a given distance from the lens.

A very smal] distant object point viewed by a lens will give an
g Airy diffraction disc (see Fig. 77) at its focus. The diameter of this

e . . . 1.22A
¢ disc is given by — 22"
TS B BVER DY N,

.

where A =the wave length of the light; N*

the refractive index of the medium in the image space (usually
‘air, and therefore N’ is equal to unity) U’y is the angle that the
‘extreme marginal ray from the lens makes with the optical axis.
Hence, the larger the diameter of the lens for a given focal length,
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the smaller will be the Airy disc. Tt is now a generally accepted fact
that two close Image points will just be seen as two separate diffraction
discs when their centra] separation is equal to the radius of the

Airy disc. Calling this value, namely, ,(S) :;IJ, =k’ in Fig. 78, the
M

resolving power angle ¢ will be h'/f’ where f is the focal length of

the lens. From this jt can be shown that the Resolving Power of a

telescope objective is equal to 1-22)/4 where 4 is the full aperture of
the lens.

Awo Ailyrtﬁ-ocbion discs
J Jveb resched.
v
™M
= bl 7___ -
W ; |
Fic. 77. | F 1
Airy Disc. Fic. 78.

For a one inch diameter objective, this angle 6 is of the order of

6 seconds of arc, whilst for a 100” telescope the angle ¢ is slightly
less than 0-1 second of arc. These angles correspord respectively to

about one inch at g thousand yards, and 127 yards at 240,000 miles

(e-g., the distance of the moon). A convenient way of obtaining a

numerical value for the resolving power of 3 telescope is to direct

consisting of alternate clear and
oPaque stripes (in effect a course grating) illuminated by daylight
from behind (as indicated in Fig. 64) and then to rotate thj

S grating
about an axis parallel to the lines unti] the latter cease to b

e visible,

which the grating has been moved.

The experiment may be carried out ejther in the form of an open-
field type of object or in the laboratory, where 2 long corridor is
available. The set-up of the apparatus can be arranged as indicated
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f the
Such an object area may not occupy the whcl)le ‘anill]elazeﬁig ((:f e
is i ti it is only in

, but this is not essential as i : e

:ie l;dscgvlileere such a critical test as resolv.m{-; power wogld b(cle1 tﬁlizing

T; ating itself may be produced by painting black stripes e

:eircil for doing this) on a piece of plat(.e g}ass of 1the stlgz o
fn;icated making the clear spaces equal in interval to

portions. Grating {rotatable)
Plane mirror e =
M e —— ) -
I - e _ - l Telescope,
i D >
F1G. 79.

Resolving Power Test for Telescopes..

. i =200
For objectives of one inch aperture ancz :t ? dls‘-(zzlﬁeWZi d><eDWhilst
i i be one fifth of an i ,
he strips would require to ! ' vl
%’::d: ttvjo infh diameter lens the strip width would have to be
inch. '
r of a omne tenth of an inc . e
thi&: 1:[(}11‘; grating is also rotatable, the apparent separation of the ki
i lution ceases.
ay be decreased until reso . o e
mI}f] the experiment is to be carried out in a corridor indoors j)v:l’;h ctan
object at a much closer distance (e.g., D=25 yardss(,) lslrl?;i e
a piece of Process Screen (6in. square), having s per inch
u;e it d This mounted on a rotating table, such as a sp
on it.
1 . .
i 1d serve the purpose well. ' .
Clr‘gle'hw:rl: experiment is an excellent one, more especially 1£hz;x; :;1:
Yy jecti so
i tive of the telescope,
i m is fitted over the objec : fthe
dl:fl}\lrriarliz power may be measured for successive apertures o
re

lens and these results plotted.

Necessary Powler of Eyepiece.

In order to do justice to the resolving power of the11 ;Setle;clzzz

jective it is necessary to render visible to the eye the sma age
?b]ethe 1_t.15 n§ the O.G. This is done by using the appropri
o < fglveniec}f’e For example, the resolving power angle f;)/rlz;
Poein ;)1 cf' yfrfl)eter .objective would be 1'122x A /4= 1-2.2 x 0-000022 .
Ol’l(()e‘(l)r(l)((:)o27mr::1dians, and if its focal length is twelve inches, the value
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for the smallest image interval B’ in Fig. 78 will be 12 % 0-000027 = previous experience and knowledge of the size of such obj
0-00032 inches. interesting experi e of such objects. An
. . . . riment i . e
This distance viewed by the unaided eye at its ‘“ near point” distance g (sei Fig. s()n)'1 aglei);e;rrtl;d 0‘11:' o determm? the minimum
would subtend an angle of 0-(?0032/10 radians, but as the limiting r‘ another, it is possible to detect for vo 0 ]ect§ placed in front of one
angle for normal Visual Acuity is one minute of arc (or 0-0003 A, B, C (in Fig. 80) of the same di arious distances R. Three rods,
radians), the necessary power of the eyepiece mudt be 0-0003/0-000032 iameter are screened so that only a

—10 times (very closely). :
And as the magnifying power of an eyepiece may De taken as
Distance of distinct vision,

the eyepiece focal length will be one

T

Focal length of eyepiece R
inch. For slightly more comfortable vision it may be necessary to
use a two minute Visual Acuity angle, in which case the eyepiece
would have to be x20 or 0-5 inch focal length. The following
table (I) may be found useful:—
TABLE L.
THEORETICAL RESOLVING NECESSARY POWER OF EYEPIECE.
POWER. )
; _1 Object in- i i i . Fic. 80.
olf)‘%)nt;?:zi- (?A ;élg%al :‘:‘ ::;:i} ecjlu:i (Assig;mtr;%es\:;:)sl‘;;lw%cr‘llc;?g Oaftl) o . Stereoscopic Range for Binocular Vision.
Glass. radians. one mile. F[10 F|15 limited portion of them is visible to the observer through a rectangular
——-————1" : 000027 - 70 __,_..—————f——-’———“x ” s ;perture. _The centlie rod B is moved either in front or behind A and C
o 0-000013 0.85" 29 <15 y an a§51stant whilst the observer at a measured distance (say 50
3 0-0000089 0-57" x 33 x 225 -~ yards) signals when he can just detect that B is in front or b ¥,-"
4: 0-0000067 0-42" x‘é‘é xfz(s) A anc:) C. In this way, taking a number of settings, a v:lrue efolrm;
00000044 | 028" x x . may be obtai i '
_’6’/‘_’0___,.’/ ’. andylso y(:::;l.ned for distances of R equal to (say) 10, 20, 40, 80
Binocular Telescopic Instruments. 1
The chief advantage of the binocular telescope over the monocular 3 "8" - - -
type, is that both eyes can be employed for observation and the _ _ }oo
consequent stereoscopic power of the eyes maintained and in certain 7 Prism - -
cases enhanced. Moreover, by the use of prisms in the two tele- p Fro. 81
scopes the effective length of the instrument is reduced, making it W Angular Accommodation Test.
more compact; whilst at the same time providing a means for erecting W& For a binocular telescope, the limit of the stereoscopi
the image. 1 | - ted L be taken as Rx M x O/E) where scopic range may
. The stereoscopic range for norma binocular vision of the unaide f' Ris the limit of i : .
P? eyes varies from the Near Point (namely, ten inches from the eyes) E 350 yards), the stereoscopic range for the unaided eye (1.e.,
J up to approximately 350 yards. Beyond this distance, it is difficult M is the magnification of either of the telescope
to decide (for example) whether one object (similar in size to the O is the distance apart of the object-glasses pes,
other) is nearer of farther from the observer, except only by our " and E the distance apart of the eyepieces.
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be 9, 85 and 140 yards respectively.

Angular Accommodation,

Th ; . ;
€ use of binocular Instruments requires that the two optical axes | 2

of th
straine ot:li;COPeS ShO}IId be‘ set to within certain limits otherwi
images. Su ceh flfye§t will be imposed in attempting to fu’se the t‘:vs(f):
. 1mits are decided by what tol
. e erances ca i
by a Chang'e ",l, axis direction of the unajded e}’esnct:e P‘ermltted
accommodation ** ag it ig sometimes called » or angular

« - —
\\MZ 2&_\‘\}”
~__

' Fic. 82.
Inclination of Telescope Axis.

Ane i i
! )g;irgnenf to_ 1llustre.1te and determine thege tolerances can he
Yy Viewing a distance object (e.g., one of those depicted

angle prisms* j
p ?’Flgp ;;?Sm;n f;ont of one eye. In this way the angular deviation
10 fuse the run ?'m e gradually Increased until it is no longer possible
prism is pointin iagesé Thl-s Sh?md be done when the apex of the
of the tom & esg Snwar s.(as.m Fig. 81), giving induced convergence
divergence ofy the ccondly, with the apex pointing outwards, causing
o dewmmocd axes, finfi.thlrdly when the apex is pointing upwards
rds. The hmltmg value of 8 for the above conditions

lmIp{ose on the induced angle of accommodation js:—

orizontal convergence 8=2° 18’ (j 3

‘ = 8 (i.e., 4 pri i

Horizontal divergence 8=1° o ~§i e, 2 prism dioptres)
and Vertical vergence 3==34-5 (i.e., 1 prisr,r,l dioptr;:’) )

* A selection of such pri
i . prisms ma . .
Case varying from 1 to 10 di};)p]i:esf.o und in a good quality spectacle trial
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- The importance of the foregoing facts has a bearing on the
construction and adjustment of binocular instruments; for, whilst in

ractice perfect parallelism of the two telescope axes may be unattain-

‘able, the eyes will be able to adjust themselves to give a single

impression of the object observed, provided the error of parallelism
of the axes does not exceed a certain amount. The relation between
this amount and the angular accommodation limit of the unaided

eyes can be deduced in the following way.

pum—— '\\ | —
ol 0_ - L — :
- ——_ Q}—/, F - ===

Collimator Telescope
‘\

- iTaEIe i
0] ‘EL, o gomethic  remena

slide.

collmator
graticule.

‘ FiG. 83.
Apparatus for Testing Axis Parallelism of Binocular Instruments
(Diagrammatic).

Let the inclination of the telescope axes be « (Fig. 82) and M their
magnifying power. Then the emergent beam from the eyepiece will
be deviated by Ma. Therefore the deviation 8 from the parallel
will be B=Ma—a=0a (M—1). Thus, if 8 is the maximum angle
through which it is safe to induce angular accommodation; then a (the

angle between the telescope axes) is
e B
M-1
The following table gives the permissible error in parallelism of
the optical axes of the two telescopes for a binocular instrument,
based on the values of 8 given on page 70.

TABLE II.

Permissible error in Parallelism.
(minutes of arc)
Magnification. Horizontal Allowance Vertical
' . Allowance.
Convergence. Divergence.
x3- 69’ 34 17’
x 6 28’ 14 7
% 10 15 8’ 4
x 12 18 6’ 3
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Apparatus for Adjusting Binocular Telescopes.

Various mechanical devices have been made for testing the parallel-
ism of the telescope axes, but the main principle consists in having
a collimator and telescope arranged so that they are co-axial (see
Fig. 83) and adjusted so that the image of the collimator cross-line

Mounts with 3" ‘Capstan’ screws
for adjustment of cross-lfines

db

Collimators {1
: |
Supports on l
which table
swivels e —
o Adjustable
! ! /table
Milled Head V| Mitied tead
for raising—4—| S for lateral
or lowering adjustment
the table of table
. Slide for
Telescope
Te/es{ape
( F =6"about)
Fic. 84.

coincides with the cross-line graticule of the telescope. The instru-
ment to be tested is clamped firmly on to a suitable table, which is
mounted on an accurately made cross-slide so that each half of the
binocular may be brought in turn between the telescope and colli-
mator. If the graticule cross-line of the telescope is marked with
divisions corresponding to a known angular subtense at the object-
glass (e.g., 3 minutes of arc), the error in parallelism of the axes
(both lateral and vertical) may be read off directly. The instrument
can then be adjusted until both errors are within the permissible
tolerances. An alternative device is shown in Fig. 84, in which two
parallel collimators are employed and the telescope is made moveable.
A form of testing-bench which is more generally practicable, however,
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is depicted in Fig. 85, which incorporates the advantages of both the
foregoing examples; for by having both table and telescope moveable
(as illustrated) a more varied type of binocular may be accommodated
irrespective of the distance apart of the object-glasses or eyepieces.

Rotation of -Image.

When testing prismatic binocular instruments on such a bench i

Fic. 85.
Binocular Testing Bench for Prismatic or Galilean Forms.

may be noted that the image of the collimator cross-line appears
rotated with respect to the telescope cross-line. This defect (some-
times known as incorrect inversion) is caused by the two prisms of
a Porro system (for example) not being
at right angles to one another, as indi-
cated in Fig. 86. The angular rotation
of the image will be just double that of
the prism error, so that adjustment in
this respect is critical; for rotational
effects cannot be tolerated.

Plan view of 2 right-angled Prisms
asused in a Binoculsr showing
an error ‘6’ which produces

Wide Field of View Sighting Telescopes.
bad inversion effect.

Most normal telescopes, having mag-

F1G. 86. nifications of from about twenty times
' to three times, usually have fields of
view extending from one and a half degrees to about nine or ten

" degrees. In certain cases, however, it is necessary to have a larger




on L
€ cannot give, in a book of this size

of these various instruments » the full optical details of each

that jecti
enters the objective (e.g. if fy= fa and the distance AB=BC

gt - (C: -

e ofy ——l, 2f, — . -,

[
.f‘ '—"—an——

-"°' = < = . - 7
I

. FiG. 87,
Wide Angular Field Telescope,

next lens in the optical traj i
kengh of tho extemal ube of the e, > 7 95574
. mo\gél c}f tf}(;):n;i) }tlelpful to illustrate this principle by making u
bial case e ; Il':hsteel rule optical bench and using spectaclg
detmitr the. ough such lenses will not give such good
lay ot s b rep(ric?lperly corrected ones, the general principle and
A adily tr'led out. The following lenses will be found
ens A (Fig. 87) use a +5D. lens; at a distancem:)f

» for example. Whjlst |

the genera] principles of their con- &
" front of the lens A a diaphragm having a hole (one third of an inch
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. glass screen. In place of the latter it is better to substitute an
¢ Huygenian eyepiece (a model of which is shown in Fig. 61) so that
the image at D will now have a +12D. lens at 8:5 cm. to the right of

t and a +6D. lens (as field lens) 4 cm. in front of it. The whole

- model thus set up on the optical bench may be directed towards the

distant angular scale and the image observed. By placing 4 cm. in

in diameter) a general correction in the whole lens-system will occur,
with a consequent improvement in definition. Added interest will
be given to the experiment, if lenses of +9D. and +12D. are sub-
stituted in turn for the lens A and note taken of the increase in
angular field of the instrument, but also of course the reduction in
magnification. :

Another way of producing a wide-angle telescope system is to
employ the optical parts arranged as in Fig. 88, which shows two

Telescope I Telescope 1
« e ~ — N Jh
7 NN — = .
= Inae
A B N oA D . E F
.}——r 50cms /4 =—‘ 100 cms.
(8pacing bo suit
(adjstable)
Fi1G. 88.

Another Form of Wide-Angle Telescope.

telescopes placed with their object-glasses facing one another. The
use of a reversed telescope (Telescope I) with Huygenian eyepiece
towards the object enables a fairly wide field of view to be taken
in, which may be varied by substituting a different power of eyepiece.
The magnification of the complete instrument will depend on the ratio
of the focal lengths of objective D to objective C (providing the
eyepieces are of the same power). As the light in the space between
these two last named lenses will be ‘‘ parallel,”’ a suitable separation
of the two telescopes may be arranged to meet the desired require-
ments. For example, this optical system is sometimes employed for
long periscopes having adjustable lengths, the latter corresponding
to a chanke in space-length CD; the separation of eyepiece and
objective in each telescope must of course remain fixed. When used
as a periscope, the optical axis would be vertical and right angled
prisms are mounted either between the lenses of eyepieces or just

outside.
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It will be found instructive to make up a model of this instrument,
and for this purpose we may use the steel opticgl bench as before,
but one of two metres in length (as deseribed in Chapter II).
The spectacle lenses required would be two +12D. and two +6D.
lenses to make up the Huygenian eyepieces at either end of the optical
bench. Lens C and D may be +2D. and +1D. respectively and
should be arranged so that their focal points lie in the plane of the
diaphragms in the eyepieces. The complete model (with exception
of prisms which are not necessary to illustrate the principle) can now
be directed towards the distant angular scale when the field-of-view
and magnification can be measured. One may then experiment in the
possible variations of this system by altering first the focal lengths of
the lens D; then by altering the separation between C and D and
finally by substituting a higher or lower power eyepiece for lens
combination AB.

Variable-Power Telescopes.

Under this heading is included telescopes which, as a self-contained
unit, are able to vary their magnification, and not those which alter
their power merely by the substitution of a different power of eyepiece.

The principle of two of the more usual types involves that of
interposing a moveable erector lens system between the image formed
by the object-glass and the eyepiece. In one case the erector and
eyepiece move in conjunction with one another by a suitable
mechanical device so that the image always remains in focus; in the
other case the eyepiece is kept stationary whilst the erector (con-
sisting of two lenses) both moves as a whole and simultaneously
the separation of the lenses is altered in such a manner that again the
image remains in focus.

We can make up working models of these two types by resorting
to the metre steel scale optical bench and the spectacle lenses. Using
a +3D. lens as object-glass placed at one end of the bench (Fig. 89)
and directing the latter towards the distant test-objects, an image
of these will be formed on a ground glass screen placed at 33.3 cm.
from the O.G. At the other end of the optical bench the Huygenian
eyepiece already described may be set up. As an erector lens, a
+10D. can be inserted at 13 cm. from the ground glass screen, and
if the latter is now removed the telescope thus produced will give a
magnification which can be measured directly (as explained on
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page 48. This will be found to be about x12. If the +10D.
erector is then moved to a distance of 16 cm. from the position pre-
viously occupied by the ground-glass screen, the eyepiece (as a unit)

Eyepiece
object glose focal r'z—*——\
! E
% ooy B
} _ . _ é' ag
. -
! |
[N b | v —y | S
r 3‘3’3 1 cEs ' 535 cm&e'3_‘|
....e - I _%_ ! -é—&
—- - -
! I

' F1c. 89.
Variable-Power Telescope (Optical Bench Model).

rgust be brmfght in from the end of the bench by 155 cm. The
d1§tant scale is again viewed and the magnification measured, which
will be found to be approximately x6.

Object
glaJ:sc (+3.0) Erector  (two+i0.0.lenses) Eyepiece.
| —— —h—
] ' !
—— - : — - -
'
BAN (
333 A 40cm: -
i
L]
i
]

Erector. |
T 28—
FiG. 90

Variable-Power Telescopes—Change i i
- ge in Separation of E
{Optical Bench Mogel). rector Lenses

. 'The.second type of variable-power telescope is depicted in Fig. 90
in which O.G. and eyepiece are separated by a fixed distance oi
§3.3 cm. on the optical bench. The erector system (in model form)
is made up by using two +10D. lenses, being separated in one case
by 5 cm, and in the other by 20 cm.; the distances of the front lens
of the erector from the focal plane of the objective being indicated

in the figure. The magnifications will be found to be x14 and x4
respectively.
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N.B.—It ma

of 0.3 in diameter

. at the a i
Ignses of the erector in order tgprr:cﬁéatih
the uncorrected lenses employed. )
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CHAPTER Vv
THE MICROSCOPE

I(r:;asut;nlg the angle which that object subtend
nodal point) of the eye. Thus in T
. ! . , In Fig, 91 i
::as?lbjzctb h is repr.esented by the m’suagl angg: e0apv€§Fe}? iy
Ted by expressing it in the term % /1 (in circula’r me:tcsurec)aln }) .
. In

[ t B
FiG. 91
Apparent Size of an Object.

. : . object as ne i
compatible with distinct vision, i.e., at thétar E(‘)x:::r e}})’cf;i ats ’POS’SEEIC
s nt.””  This

Sta. (] Of d tlllcl 1 1 oW conver ltl()]lally ta,ke]l as 10

D,, in which case th i
€ maximu ; :
now be 4/D, (radiang). M apparent size of our object h will

.

Visual Acuity,

Pt to measure the smallest sized object
ye before .ca]]ing in any optical aid. To
hotographxcally) or obtain a number of

just visible to the human e
do this, one can make (p

y be advisable to insert a diaphragm having a hole
position between the two
e aberrations. produced by
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screens consisting of alternate opaque and transparent lines varying

from 100 lines per inch up to 300 lines per inch, increasing by steps
of, say, 40 lines per inch. If these screens are held in turn against
a fairly brightly (10 ft.-c.) illuminated matt surface at ten inches
from the eye, it will be possible to decide on which screen the lines
are just visible. Most observers find that they can see 260 lines per
inch (or about one tenth of a millimetre) which corresponds quite
closely to the accepted Visual Acuity angle of one minute of arc for
the human eye. Some, however, find they can only see 140 lines
per inch, which corresponds to a visual acuity of two minutes of arc.

Magnification.

Optical instruments which are used for magnifying an object, are
means whereby the retinal image of the object is increased and the
ratio of the size of this image to that of the object seen directly is
termed the magnifying power of the instrument. This may be

written:—
visual angle of image seen with
instrument

visual angle of object seen directly
Hand Magnifier or Simple Microscope.
If a small object is placed in the focal plane of a short-focus lens
which is held in front of the eye, a magnified virtual image of the
@; )

Magnifying power of instrument =

'\*\\\\

" ===
h
|

]Ig“" -

Fic. 92.

object is seen. This image isseen apparently at an infinite distance
(see Fig. 92a). If the object is placed just inside the focus the visual
image can be formed in a plane at a distance D,=10" (see Fig. 92b).
The inclination bf the principal rays (pr) leaving these lenses and
entering the eye, decides the angle § under which the final image
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is seen and therefore 6 is dependent on h/f in one case and h/u
in the other.

h
Hence the magnification (case a) = h;fD, = D,/f

. . hlu
and in case (b) magmﬁcatxon:m = D,/u

(where u=-(—1/—f—+1—0.—1—07 in inches). |
But as the distances f and u do not differ widely the magm'fymg
power of the hand lens does not change greatly, whether the v1rt'ua1
image is formed at infinity or at the *‘ near point.”” That .there is a
slight difference, however, will be manifest by the follonmg .Table
111, and if accurate measurements are required the magnification at

Principal
2. plones

="

Fic. 93. Fi16. 94.
Scaled Eyepiece. i

the distance D, should be taken; for in microscope work a standard
distance (at which the image is to be formed) must be fixed, and
this is quite naturally taken as 10 inches from t.he eye on a.ccount
of the fact that the object appears as large as possible at this distance
before optical aid is sought.

TABLE IIL
Magnifying Power.
Focal Object Distance when Image -
i I t Dy. |Image at Infinity
Length. is formed at Dy. UI:;ECDai/u. l%{:D./f.

2" 167" x 6 x5

1" 0-91” x 11 x 10
0-67" 0-625" x 16 x 18
0-5" 0-48" x21 x 20
0-4" 0-38” x 26 x 25
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There are many and varied types of ‘‘ simple microscope "’ to be
obtained. First, there is the ordinary hand magnifier mounted in a
suitable handle and intended for general observations on almost any
kind of object; many of these consist of single lenses, although most
modern types are corrected for chromatic and spherical aberrations and
are expected to have a flat field. The latter type are frequently
mounted above a microscope stage and used for dissecting work. A
further application is to mount a glass scale (usually 10 mm. divided
into 100 parts) in the focal plane of the magnifier so that the scale
lies in the same plane as the object, which is illuminated by a plane
glass reflector (see Fig. 93).

In order to obtain the magnifying power given in the last column
of Table III, a knowledge of the focal length of the lens is necessary.
To determine this, an object (consisting of a piece of white card 3 feet
long held against a dark background) may be set up at a distance of
about 10 feet from the eyepiece. The reduced image b’/ (Fig. 94) of
this is observed and measured by means of an auxiliary eyepiece

:i‘:”"%—a—e
O

B .% D

v

FiG. 95.

having a glass scale in its focal plane (as described above). By
measuring up the distance d, the three quantities k, k' and d will
be known, from which the focal length f can be found; for from the
figure f/W'=d/h. Alternatively, the focometer (mentioned on page
35) may be employed for this measurement.

A direct method for obtaining the values in column three of
Table III, is to utilize two millimetre scales on white celluloid, setting
up one at 10 inches from the left eye and observing the other scale
with the magnifier (see Fig. 95) and right eye. By suitable adjust-
ment the virtual image seen by the right eye can be seen super-
imposed on the scale seen with the left and the magnification read
off directly.

Compound Microscope.
" The formation of the image seen with the compound microscope

‘will be understood from the ray diagram (Fig. 96). The objective
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proje.zcts an e‘nlarged inverted image h’ of the ob
a primary (linear) magnification of

. K /h=g[f, so that K'=hxgl/f,.

The distance g between the adjacent f

fx‘nd ‘ eyepiece is known as the optica
primary magnification *’

W b= optical tube length

" focal Tength of obiective

The image k' is viewed b ot objective.
an

the resultant virtual ima Y an eyepiece of focal length, say /.,

' o1 foc and
g€ 1s seen at an infinite distance or at

any
Ol . ctive (‘l'e" L ') as deSII sd'

Optical buI%e length I‘l E,Yeg'g.c

f

4
FiG. 96,
Compound Microscope—Ray Diagram

In th.e former case, the angle under whic
seen is h'ff,, which from (1) gives hx g/
were viewed by the unaided eye at the
v1519n D,, it would be seen under the angl
fication of the compound microscope =

(visual angle of image seen with instrument)

(visual angle of object seen with unaided eye).

h the final image will be
(foxf.). But if the object
normal distance of distinct
e h/D,. Hence, the magni-

=w gXD'
(2/D,) BEASA

Alternatively, the total magnifying powe
?e expres;ed as the primary magnification
f:sregffeell‘ei;, tIhIeI la(;ter being that given in either column three or

able lll, depending on wheth i i
at D, or at infinity respective%y. Fher fhe final image s formed
As a standard optical tube |
ength of 160
adopted, Table IV gives the nofnti
range of objectives.

It will be understood that

obtained from the foregoin

r of the microscope may
multiplied by the power of

0 mm. is now universally
nal primary magnification for a

the values .for the total magnifying power
g€ are nominal values and will serve for

ject h, thus giving

(1)
ocal planes of the objective §
L tube length. Thus the }
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most observational work. But should more accurate values be
required, for example, when measuring the exact size of some object,
5 it is necessary to measure both the primary and total magnification
k. directly (as described later).

TABLE 1V
Focal Length of Primary
Objective. Magnification.

2" or 50 mm. 32

17 or 25 mm. 64

4" or 16 mm. 10

4" or 8 mm. 20

1" or 4 mm. 40
+" or 2 mm. 80

Optical Bench Model of Microscopé.

The principles of the microscope will be better understood by first
setting up such an instrument on the steel rule optical bench and
using thin spectacle lenses in place of the more complicated
objectives.

Referring to Fig. 97, a millimetre scale on glass may be set up at
one end of the bench and illuminated by a diffuse source of light;
at 97 cm. from this place a +12D. lens (stopped down to a quarter-
inch diameter) in a holder to serve as the microscope objective. This
will form an inverted primary image of the scale 76:5 cm. away, which
may be viewed by a Ramsden type eyepiece made up as on page 43,
namely, utilizing two + 7D. lenses separated by 10 cm. By placing
the eye behind the eyepiece the enlarged virtual image of the scale
divisions will be seen; this constitutes a working model of the
compound microscope.

Measurements. (Primary and Total Magnifications).

By inserting another millimetre scale on glass in the plane of the
primary image, the magnification at this stage can be read off and
will be found to be approximately 8 times.

If a piece of plane glass is placed at 45 degrees to the axis of the
instrument so as to reflect light from the object into the eye placed
as indicated in the figure, the virtual image of the scale divisions
may be seen proj'ei,ted on to a white screen at the ‘‘ near point,”
and a number of diVisions marked out. With the eyepiece used, the
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+ oupil (i.e., the position at which the eye must be placed) is
ik::tn?.ulf):‘lon(ll :h,e eyee-i)ens; so that the di_stance of the. screen from
the optical bench should be 21 cm. (see diagram), making 25 cm. or

in. in all=D,.
]OBl;rrlll;aturing up the image size on the screen .of a known numb;r
of divisions in the object, the total magmfy.mg power may’ e
obtained; for the angle under which the image is seen will be h.{i Dc,1
and the angle under which the object .would be seen by the Pfilalt.e
eye is h/D,; hence M =h/h. In this case the total magnification

will be found to be twenty times.

Plane gloss
1 peflector.

Millimetre +i12.0.

scale on (ljm?)“-agm

9\653 .

Fic. 97. )
Optical Bench Model of Compound Microscope.

As the Huygenian eyepiece is more generally u§ed in mxcroscoge
work (on account of the better state of correction .for chr.oma ic
difference of magnification) it would be we'll to subs.txtute this type
(even in model form) for the Ramsden eyepiece used in the foregomgf
experiment. It is interesting, however, to use the same pow:rﬂ?
eyepiece by utilizing a +6D. lens placed 4 cm. In frc;nt (;f th(:;
primary image plane and a +12D. lens 83 cm. beth -1
second glass scale is again placed in a holder at t‘he primary m;age
plane, it will be noted that the primary magnification h;s iﬁn
reduced (by the action of the field-lens) to (.5'2, .but wf end ‘e
measurement on total magnification is repeated it will be found to
be the same as that measured when the Ramsden eyepiece Wwas

employed. .
Iga\ing carried out such measurements on the optical bench they

may be repeated with a microscope proper, using prototype objec-
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tives and eyepieces. A stage micrometer and an eyepiece micro-
meter would be required, and when such values have been deter-
mined they may be compared with the calculated ones obtained
from the nominal figures given for the focal length of the objective
and the power of the eyepiece. The agreement between the latter
values and the former will not necessarily be close, and for this reason
(as stated earlier) it is advisable to take the direct measurement if
the dimensions of an object are required with any accuracy. It will
be helpful to a student for him to measure the particle size of some
object (e.g., lycopodium powder) by placing it on the microscope
stage after the magnification methods have been used. The average
diameter of these particles will be found to be 32 microns.

Correct Setting-up of the Microscope for General Use.

The setting up of the microscope in its proper manner is a matter
of importance and it is considered helpful here to enumerate the
various points to be attended to. Incorrect adjustment of the
instrument may lead to spurious diffraction effects in the image
causing a misinterpretation of the object.

1. Arrange the microscope and source of light (an opal-bulb electric
lamp in a suitable housing) in convenient positions—distance
of source about 6 inches.

2. With all optical parts removed, tilt the plane mirror until the
light is seen coming directly up the microscope tube.

3. Place the object on the stage, and observe same with a low-
power objective (say, a two-thirds inch O.G.) and a x 15 eye-
piece, setting the draw-tube to 160 mm. unless the tube-length
of the O.G. is known to be otherwise.

4. Swing in the substage condenser and rack it up until the
diaphragm in front of the source is seen in focus simultaneously
with the object—a pencil moved about in front of the source
will help this attainment.

(N.B.—If an immersion objective is to be used later, it is as well
to oil the slide to the condenser from the beginning—this is done
by placing a small drop of immersion oil on the top lens of the

condenser and then racking the latter slowly up until contact with
the slide is made and the oil spreads out as a thin film.)

5. Remove the eyepiece, and close the substage iris down as small
as possible. Observing the back of the objective the condenser

i e SN . S
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can now be ‘‘ centred (by means of the screw provided) unti]

the image of the hole in the diaphragm appears
the aperture of the objective.

6. With the eyepiece still rem
stage iris until three quarters of the aperture of the objective
is seen filled with light. If the object is a bold one and shows
good contrast the iris should be opened until just the fy]]
aperture of the O.G. is utilized,

7. Replace the eyepiece, and observing the object, adjust the size
of the diaphragm in front of the light source unti] al] but the
portion of the object immediately concerned is screened from
light.

8. The instrument is now ready for critical observation of the object,
A suitable light filter, complementary in colour to that of the
object, may be inserted in the beam from the source,

9. The same procedure, of course

objectives, and in this case it is better to carry out the first five
adjustments with 5 two-thirds inch objective

concentric with

down until *“ immersion contact *’ is made. Great care should be
exercised in focusing or much damage can result. It is best for
beginners to rack down the objective a little beyond the probable
focus while watching from the side, then search for an image of
the pencil point held in front of the s

ource whilst moving the fine-
adjustment in an upwards direction. If item No. 4 has been pro-

perly carried out, the image of the object will come into focus as
Soon as a sharp image of the pencil point appears.)

After use the oil may be removed fro
soaked in benzene and dried with a soft cloth (e.g., “selvyt’’).

Details of a suitable lamp housing, the substage unit and general
items concerning illumination of the object will be found in Chapter

V of Practical Microscopy, Martin and Johnson (Blackie and Son,
Ltd.).

m the lenses with cotton-wool

Focal Lengths of Microscope Objectives.

For the general construction
mination of correct tube-length,
thickness, etc., the reader is ref

of microscope objectives, the deter-
the effect of change in cover-glass
erred to Chapter III of Practical

oved, gradually open out the sub- B

, applies for the higher-power

7
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i 5 ut the determination of the focal-

?I;‘igrttl)lsi)?lyerfy s?sttl:;: ?)fJ;)l?crlllsos'I}ll)o’rtb focus is deemed advisable to be
e .
e s mt;oliiooilz Ogagszxcllerilx Of}tlecsprinciple described on page-'3;
un?:: ﬂrlr(lee heading of ‘‘ magnification method,”” and cax:) betegzta;rileis

i tice on the microscope itself. The' lens to be o
erewe i, the body tube, and an eyepiece micrometer is fitte ir
e dra mttobe ) (Th}; latter may consist of an ordinary Huygenian
e ('haw-tl}lle ﬁeld lens of which is vemoved, and a one-tenth mm.
eyeplece,1 laced in the focal plane of the eye-lens). A stage mlcr}cl)-
-~ " ehp ut on the instrument and focused, and the' size of the
fneter 1Sft el:ln(l))wn interval of the object is measured up with the eye-
Sioce- Ohal agnification being noted down. The microscope drz%w-
Plece_—t}f y gtended by, say, 30 or 40 mm. and the magnification
t“b‘? e zz If these two magnifications are denoted by m, and
agal:nzln :izu;lrst' and second positions of the d}-aWAtu~be by ¢, and v,
;::;pectively, then the focal length f, will be given by

fo=(v,—v,)/(my—m,).

Numerical Aperture. ‘ » )

It is now well known that the resolving power or structure dlff(;rertlse

ating power of the microscope depends nc:.t so”mlfl(tzlge Eg;ective

ifyi the *“ numerical aperture ”’ o .

magniiying power as upon Numerical aperture (denoted N.A.) is
v

an optical constant depending on .the
- T~  apical angle of the maximum cone of llght
) which the lens can take up from a point

Fic. 98. of the object. It is defined as beingdeqr:l
i e
to the product of the refractive index (N) of the medmrr; (1)'11;18: tt; Lhe
lens, and the sine of half the apical angle of the cone of lig
in by the objective, thus referring to Fig. 98.
N.A.=Nsin U

urement of N.A. . .
M?;e determination of this value is a.rele.ltlvelylsnge ﬁﬁ:d:::(;
especially for the so-called ‘“dry ”’ objectives. In t1s‘d fer <ase
the quantity N becomes unity (on account of the lc}u s’} ;is -
being air), and it only remains to measure t'he angleb .  his may be
done in several ways, but one methqd which can be caf ed out on
the microscope itself §s depicted in Fig. 99a. A piece o
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(with a line drawn on it) is placed on the stage and on it is rested
a metal distance-piece one inch in length. With the objective to be
tested screwed in the body-tube and an eyepiece in the draw-tube,
the top surface of the metal gauge is focused. The gauge and eye-
piece are removed and the back of the objective observed, when it
will be seen illuminated by the white card. Pencil marks may then
be made on the card at A and B, such that they appear to be just
on the extreme diameter of the objective, corresponding to the extreme

Oqective

--,I Me.tolagouge

distonce prece.

White
cord/

A c 2)

Fic. 99A

Measurement of Numerical Aperture.

rays which enter the lens. By measuring up the distance AB and
with the known length of the gauge, then

" (4B/2)/OC=tan U
from which U may be obtained. Its sine will give the Numerical
Aperture of the lens.

(In order to locate the eye when observing the back of the objective,
a small cap having a pin-hole in it can be placed over the eyepiece
tube. Sometimes a small auxiliary microscope is placed in the draw-
tube to enable an enlarged image of the back of the objective to be
seen).

This procedure may be used for all dry objectives up to and
including a one-sixth inch. Obviously the distance AB could be
calibrated in terms of Numerical Aperture and such devices known
as card apertometers can be obtained (see Fig. 99b) for this measure-
ment. For immersion objectives it is necessary to have a glass block
of known thickness and refractive index (preferably about 1-65). By
focusing on the top surface of the block (where an ink mark has

T 2
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been made) and by having lines ruled on the base AC (Fig. 100a), the
last ray fentering the objective (e.g., from A) may be determined by
observation of the back of the objective as mentioned before.

Then from the figure AC/t=tan U’ and U’ is related to U by the
sef:ond law of refraction, namely N’. sin U/=N. sin U=N.A. Hence
with a knowledge of N’ and ¢, the spacing of the lines along AC coulé

APERTOMETER DIAGRAM

A =1 inch.

/4 /////f@\\\\\\\\
®)

)

\N\s2%/,

Fic. 998
Calibrated Apertometer Card.

ag.ain. be calibrated in terms of Numerical Aperture. This is the
principle utilized in the Abbe apertometer (Fig. 100b).

Tl.le following Table V gives a list of objectives and their usual
nominal corresponding numerical apertures:—

TABLE V

Focal Length Numerical
(mm.) Aperture.

50 0-12

2§ 0-20

16 0-27

8 0-55

4 0-85

2 1-25

i. Resolving Power.

It has been mentioned in Chapter IV that owing to the wave nature

- of light a lens cannot produce a point image-of a point object. Instead

it. produc.es a l?right spot of light surrounded by one or more diffraction
rings, this being known as the Airy disc, and its diameter may be

Qtaken as 1-220 /N’ sin U',,, where A is the wavelength of the light con-

LR S T R e ':
L g
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cerned N’ the refractive j . . 3
U’y the angle that th:aa iﬁ:ex‘ Oflthe medium in the image space, and In order, therefore, to find the smallest distance between two
axis. Ifa Teinal ray from the lens makes with the JE objects conditional with resolution, b’ must be put equal to the radius g

n intensity curve ( diagrammatically illustrated in Fig. 101a) 1

i of the Airy disc, namely, 0-61A/N’. sin U’
’ IObjectn’/e I

Then,

0-61A .
in U=N’x U’
N.h. sin U=N’"x N sn g7 X S
but as the medium N’ on the image side is invariably air (of refractive

index equal to unity)

i Glass h thus becomes equal to
i Block ﬂ or Resolving Power=0-61A/N.A.
N.sin U .
F Hence, the resolving limit of a microscope objective is directly
Measurement IOG{ ;?:;eﬁca] A R proportional to the wavelength of the light employed and inversely
ture—Immersion Lences. per- Abbe z:;;r::r(::ter to the numerical aperture of the lens.
. al
: . . . . v
:}Illowmg tl}lle relative illumination of the central spot is drawn for "/-Q/( M N
€ case when two point objects close to : — po -
ther (Fig. 101b : - — 3
observed by the lens, it can b ge 8- ) are being h U ;
) e shown that the two j : (N) (N)
separated by a darker regi . images will be
gion only when their centres are at a dj Fic. 102.
at least equal to the radius of the Airy disc. ? distance Lagrange Relation.
@ _ (b) ; The physical constant 0-61 is a value which is subject to slight
I ?:Fu::el:::e reéiwhon § alteration, according to individual observation, but the formula given
dl'ahr?guis{\ the .| ) may be relied upon provided, of course, the full angular aperture of
two imoges the objective is utilized. In cases where the condenser has to be
I’ | stopped down in order to improve the visibility of the object, the
T resolution will consequently be reduced.
Diometgr - Road: Table VI gives the theoretical resolving power of a number of
- o . - 1V
iry disg. Airy disc — =% objectives calculated for wavelength 5555. A.
F Ary disc.
. 1G. 101,
Intensity Curves of Airy Disc. TABLE VI
, Ivf";lhl; physical condition be applied to the case of the microscope Resolving Power.
deduced eRSt;en.how th'e resolving power of an objective may be' Focal Length. N.A. Millimetres. Lines per Inch
- Referring to Fig. 102, the following relation is valid. (oprox)
where N and N’ N.h sin U=N'w. sin 17, 2" or 50 mm. | 012 000282 9,000
and N are the refractive indices of the media on the object 1" or 25 mm. 0-20 0-00169 15,000
: lmagc.f sides of the leng respectively, h and h’ th J_ £ or 16 mm. 0-27 0-00125 20,000
sizes of object and image, and U and 17 the corres e Tespective 3’ or 8 mm. 055 0-00061 41,000
the marginal rays make with the axi Tesponding angles that 3" or 4 mm. 075 0-00045 56,000
axs. 4" or 2mm 1-25 0-00027 94,000
, . T . 9%,
“~
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Practical Tests.

Practical methods for determining the actual resolving power of a
microscope objective consist of qualitative and quantative tests. In
the former category natural objects, such as diatoms (having minute
striations or dots) are frequently used: for example, Navicula lyra,
Pleurosigma angulatum and Amplipleura pellucida, being three which
may be employed for testing a 16 mm., 4 mm. and 2 mm. objective

respectively.
In the latter case, artificial objects in the form of ruled gratings
are sometimes used. In this connection rulings by Grayson may be (@) Fi. 114 .
used, which consists of a slide on which there are bands of rulings Comparison Photomicrographs taken in White Light (a) m(,d) in Wavelength
varying from 10,000 lines per inch up to 120,000 by steps of 10,000. 3650A (b)—Specimen: Cuticle of Iris Leaf—Magnification=41x . ¢
/Tpo{nbolihe,
/ |\ ,Condenser
=) ,
+ Colour Filter.
Torn =F el
bable .
Groting.
2 |mog'¢
ane
Silvered :P
cover g\uss._/-) '
|
L \Vertical ' ;
Objective . Wluminator plote. A=4500A.

Fic. 108.
Numerical Test for Resolving Power of a Microscope Objective.

Such slides are scarce and difficult to obtain, but an alternative
method has been suggested by the author (Journ. Roy. Micro. Soc.,
1928, Vol. 48, pp. 144-158), which gives a direct numerical value
for the resolving power with a minimum amount of trouble and
expense.

This method will be readily understood by referring to Fig. 103. A
microscope fitted with a vertical illuminator plate (of good optical
quality) is arranged to view a slide on which has been ceménted a
silvered cover glass. A photographically-made grating (having 600
to 700 lines per inch) is situated at the corresponding conjugate point

to the image plane and illuminated by a source of light and con- A=2749A., Fic. 115. A=2313A

Showing Differential Absorpti i i
; ption Effects when using various Ultra-Viol
Wavelengths (Specimen: Retina of owl (unstained)—Magniﬁcation145(;(::)‘.

To face page 9?2

TN g _m-v/ W A"-‘? 1
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. densing lens. The objective will then form a reduced image of the
grating in the plane of the silvered under-surface of the cover-glass,
this image serving as the object for the lens under test. By observing
his back-reflected image in the eyepiece the grating is now rotated
i on its turn-table, when the lines will appear to get closer and closer
"together until finally they cannot be resolved; at this position the
reading on the table circle is taken. If the angle through which
JB. the grating has been rotated from the normal is 6 and d, the size
L of the object interval when the grating is at right angles to the optical
. axis, then the object interval when resolution ceases will be d. cos 6.

By this means a direct numerical value for the resolving power of
a microscope objective can be obtained. The method is a particu-
larly sensitive one, for, by inserting various colour filters, different
rotations of the grating will be necessary, thus illustrating that the
resolving power increases as the wavelength of the light is reduced.

Relation of Magnification to Resolving Power.

Having determined what is the physicalr limit of resolution of an
objective, it is important to know what magnification is necessary
in order to render the resolved object visible to the eye. If we
assume the visual acuity of the eye to be one minute of arc, or for
more comfortable vision two munutes, then the closest object interval
just resolved by the microscope must at least subtend this angle at

the eye, thus the necessary magnification > Vlsual( Oa_lg;l;t/yNITl)tx D

A value ‘between these limits is usually known as *‘ useful
magnification.”” There is no advantage to be gained by further in-
creasing the magnification as no more detail in the object can be
made visible to the eye. Should this be done, it is referred to as
‘“ empty magnification.”” We can now, therefore, see what power
of eyepiece is required to go with any objective in order to do justice
to the resolving power. Table VII gives the necessary magnification
and consequent eyepiece power for various objectives.

Photomicrography.

The photography of specimens as seen in the microscope has the
advantage of giving a permanent record of the object. It may not
have the ‘‘ elasticity '’ of visual observation, in as much as change
of focus effects are éoncerned, unless, of course, a number of photo-
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graphs at different foci are taken. Buta photogra}_)h can .be examiped
at leisure, and in a detail which may not be possible with an object
which is not of a permanent nature.

TABLE VIL

| Necessary Magnification. Ilidx;rgnnal?_' %{;E:ﬁ%ﬁ
jective. N.A. . tion (for 2/ .
Objective Minimum. | Maximum. (Nc oaminal) acuity)
2" or 50 mm. 0-12 26 x 78 x 32 x }2
1" or 25 mm. 0-20 44 x 132 x 64 x ”
%" or 16 mm. 0-27 60 x 180 x 10 x e
3" or 8 mm. 0-55 123 x 369 x 20 X 4
1" or 4 mm. 0-75 167 x 501 x 40 x 8
# or 2 mm. 125 | 280x 840 x 80 x

In general, the microscope has to be set up in 2 .similar way and
with the same care as for visual work, and then it is only necessary
to mount a suitable housing—for carrying the photographic plate—
behind the eyepiece, focus the image carefully and exPose,Ehe plate.
It is usually advisable to employ a “ projection eyepiece,’”’ and the
focusing is best done by substituting a piece: of f:lear gl.ass for the
ground-glass screen; on the clear glass is an mk. line, w.hlch may be
viewed with a hand magnifier simultaneously with the image of the

object. .
¢ Op|hico| bube Eyeprece.

en bsh___ ________
A ‘ :.// F'/‘ h“

}‘f-*gfe*

YA A —— .
W
Fic. 104.

L )
Magnification in Photomicrography (Ray Diagram).

Cnmef-o

kngbh .

Objective

A diagrammatic illustration of the image fqrmation in ph'oto-
micrography and the way in which the magnification may be derived
in this case is given in Fig. 104.

Magnification (for photomicrography):

" R k"  Opt. tube length , camera length

P [ T .
From the diagram it will be seen that, strictly spea.kmg, the
“‘camera length’’ should be measured from the focal point F’, of
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the eyepiece to the plate, but in practice this point is very close to
the eyelens, and therefore one can measure from the metal eye-cap
without committing any serious error.

As an example of the use of the above formula, let us take a one-
sixth inch objective (i.e., f,=4 mm.) working at a tube-length of
160 mm, and with a x 5 projection eyepiece (i.e., f,=2 inches), then
the primary magnification m,=h'/h=160/4=40. And if a camera
length of 20 inches is to be employed, then
camera length

fe
thus giving a total magnification on the plate of 400 diameters.
Similarly, if the camera length be made 30 inches in length a final
magnification of 600 is obtained, and so on. The correct necessary
magnification to employ, however, is given in a later paragraph.

An alternative and advisable method of determining the magnifi-
cation is to mount a stage micrometer on the microscope and photo-
graph the scale divisions, and then to measure up on the plate the
size of a known interval of the object.

m,=h"[h'= =20/2=10

Apparatus for Photomicrography.

The general arrangement of the apparatus for photomicrographic
work is illustrated in Fig. 105. The illumination system on the left
of the diagram consists of a high-power source of light S (such as a
* Pointolite *’ lamp or an automatically-operating arc lamp) and an

Slot
cy I § o . ‘
s he i/ |
= e hand o
5L 1% I
l Hole ~
Fic. 105. Plone

Plan view of Photomicrographic Apparatus.

auxiliary condenser C fitted with iris diaphragm I,. It is sometimes
advisable to insert a cooling trough T containing water. The dist-
ance of the source and the position of the lens C should be arranged
so as to produce an enlarged image of the former of sufficient size
to fill the aperture of the substage condenser E. Having focused

C e ey
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the obj i i
€ of the iris diaphra I, i ] d
lane o S phragm 1s seen in fo i i
p ane of the object; by adjusting the diameter of this iris tff: Siul:llmtige?

ated area of the object is thus controlled.

The iris-diaphragm I, should then b j i
ing 1 B e adjusted in diameter - 3
thg mic;r)o Sr:og;:pl:hg on page 86. With the projection eyep?:cczznijn '-."
et s Corr,ect camera may now be brought into position and 5
necessary total ma Ca.rfn‘fra-length, which fulfils the condition of the I
bave e o gnilymng power (see page 97). It is convenient ¢ 3

. e of the camera arranged with three stee] balls, whic}? ]

carryi imi i
ng out prehmmary adjustments. After focusing the image i
e in

th : "
e plane of the plate (as mentioned on page 94) it is helpful to insert
nse 7

a m - i
ask three-quarters of an inch wide in front of the dark-slide and

by an amount equal to h
alf the depth of jecti
depth of focus of an objective canpbeotalizrr:lu:s()f the objective. (The

in th j :

objecet Zli)c]lch)fsp;lce,l anc; N the refractive index of the medium on th
0 e lens). In this way th S

will b ) . Yy the exact focus of the j

ity ee gct)lf)a;:e;if. thAn 1:;1'ppropr1ate colour filter placed at F (d:;elr:?i?fg
1t € object and sensitivi ' i

will increase the contrast of the final in‘;lage()f fhe photographic plate)

Necessary Magnification ijn Photomicrography

Th e L. .
limitae;iorxr::gorzlfilclzt?; r;ece;sa(;'y in this case is decided not by the

. € (as deduced on pa ,

" : ge 93), but by th
tg}:elr;r :ifnthfe phot9graph1c .plate. It is, of course, wel); kr?:::vr? ft}tzhc
e Size varies for different types of plate, and e

w1 that so-called fast plates hav , ¢ of sppront
mately 0-02 mm., whilst 3 s

o ow plate (e.g., P i
o p 8., Process plate
b :a:l?. fVe may tl}erefore take a mean size of 0-01) r}ri: “asa
photographii (; tthe spacing of the silver particles of. the a“/'e:: :
Rt e ‘1,) ate used. As, however, the particles are not uniform?
er a developed plate, it ig considered advisable tz
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arrange the magnification so that the smallest distance between two
points in the object should in the image cover at least ten times the

- grain size, in order to safely resolve the image. Hence the necessary

* magnification

_ 0:01 mm. x 10
"~ object interval resolved by objective.

P Thus, for " objective, magnification=010/0-00125=80 x
L3

”» » =0-10/0-00045 =220 x

R =0.10/0-00027 = 370 x
Whilst the above magnifications are suffizient to photographically
resolve the image of the smallest object interval discernable by the
stated objectives, it may be necessary sometimes to employ twice or
three times these figures in order to save enlarging the negative after-
wards for the purpose of more comfortable viewing. If, however,
shortness of exposure is important, it is advisable to keep to the

magnifications set out above.

’ ’

Illumination of Opaque Objects.

When opaque objects are to be examined with the microscope, the
substage illuminator is no longer suitable and other means have to
be employed. _

Considering first the case of low-power objectives, where the
working distance is relatively long (e.g., half an inch or longer), the
object may be illuminated by a number of 4-volt lamps suitably
arranged at four points round the object glass. (See Fig. 106.) Such
a method is also convenient for macrophotography.

With objectives having a focal length of between 25 mm. and
8 mm., and with a working distance down to approximately 3 mm.,
a “‘ring illuminator”” (Fig. 107) is frequently used. This consists
of a parabolic reflector which brings the incident parallel beam to a
focus on the specimen; the latter has to be small in dimensions in
order to allow the incident beam to pass; but the device is particu-
larly useful, for with the annular illumination thus obtained, all

shadows are eliminated.

Another method, which does not, however, necessitate the specimen
being small in dimensions, is depicted in Fig. 108. Here the illuminat-
ing system is arranged in an outer barrel surrounding the objective
and the light is focused down on to the object either by lenticular

prisms or a mirror system.

/
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All the foregoing methods have the advantage that the light for
illuminating the specimen does not pass through the microscope
objective, as in the case of the ** vertical illuminator ** described later.

This prevents light being back reflected from the lens surfaces and

Reflecting

Glass 4 ! parobolic
slide \ surface. 7 /

Specimen: | Condenser. \
. F1G. 106.
Paroll_o_\_‘_____
Boam = ; 5our¢i¢.
—

N\

——aeny

Fic. 107.
Ring Illuminator.

causing lack of contrast in the image. This problem of removing
back-reflection is a much more serious defect than is generally real-
ized, for in some cases when using metal specimens as the object so
much light can be reflected and scattered from the objective that it is
not possible to see the surface of the specimen

at all.* S J
Nevertheless, for the highest power micro- |

scope objectives it is almost essential to use '

the ** vertical illuminator.”” This consists '\

in its simplest form of a plane glass reflector
or right-angled prism (held in an adjustable
mount) situated immediately behind the S
objective (Fig. 109), and thus the incident

light is reflected down through the lens on

to the specimen. The light returned by
reflection at the latter again passes through

the objective and through the parallel plate

to form the final image. A prism illuminator FrG. 108.
(see diagram) can also be used.

* It is possible that the use of non-reflecting films (see chapter 8) on the
surfaces of microscope lenses may help to lessen this trouble.
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) The arrangement of the optical parts when using a ‘* vertical
illuminator ’* should be given consideration. In order to comply
with the condition that the source of light should be focused in the
plane of the object, the source or effective source should be situated
at a distance from the objective equal to that of the primary image,

T
= =

1 L-I, fa- _ lr'i‘s.
N P TR
(Poro\l\hol plate (Priam type)

ype ) . 109 : .
1G. . F1G6. 110.
Vertical Illuminators.

————

that is to say, in Fig. 110 the distances marked D should be similar.
Then by having an iris diaphragm in front of the lamp as indicated,
the illuminated area on the specimen can be controlled.

The distance of this iris from the microscope axis can, however,
be reduced by interposing a lens L (Fig. 111) in such a position that
a virtual image is formed at the long conjugate of the objective as
shown diagrammatically in the figure, thus it is possible to use a short
and compact side-tube to contain the vertical illuminator unit. A
second iris placed at I, (Fig. 110) enables the aperture of the
objective to be controlled.

: When it is necessary to have more light

available for illuminating the specimen, such

Virtvol image 23S, for instance, when photographic work is
u., of iris. being done with a high-power objective,
- another arrangement of the optical parts may

112. An image of the iris diaphragm (1) is
formed in the plane of the object as before;
the source (generally a carbon arc or
tl}ngsten arc, e.g., a Pointolite) and condenser L, are arranged to
give an enlarged image of the former on the lens L,, which in turn

Fic. 111.

Camp have to be employed. This is shown in Fig.
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for.ms an image of the iris
.ob]ective. By this means b
illuminated area of the spec
by alteration of the diaphra

oth the aperture of the ob

gm (2) and (1) respectively.,
Ultra-Violet Microscopy.

The formula governing the resolving power of a microscope objective

éixzﬁme:)y (?GIA/N -A.) indicates that finer detai] should be obtained
€r Dy Increasing the numerical aperture of the lens or by decreas

’ o _ﬁ_{ Ins 2

V"‘ Hinged

M ? “J(Qm
--E% LT&";‘?%‘"-‘“ A o\_

Woods dera-violet gloss. Fluorescent

F1G. 113. Screen

A .
Pparatus for Ultra-Violet Microscopy with Wavelength 3650A
;nd produce contrasts in .

1p: the image whi
his is a particular] ‘ e oth

erwise unobtainable,

. € way into the ultra-vio] .
to show up, and it may be helpful in some lolet these effects begin

. : work to us
(such as 3650A), which will still pass through the oid?n:vgvegl;:sigsl

(2) on the back lens of the microscope 1

: jective and the -
Imen may be controlled, this being done 3
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without absorption taking place, thus saving the use of quartz lenses

.. such as are required for wavelengths from 3000A to 2000A.

Thus the apparatus shown in Fig. 118 can be quite useful. A

¥ well-screened mercury arc M is used as the source of light and an
. image of this is formed by the condenser C on to the sub-stage
¢ illuminator of the microscope, the general set-up being similar to that

already described for photomicrography (see page 95). Having
focused the object with either an Hg green or violet filter in the
illuminating beam, a piece of Wood’s U.V. glass (about three-eighths
of an inch thick) is substituted for either of these. Such a glass has
a maximum transmission at wavelength 3650A and removes the
remainder of the visible and ultra-violet parts of the spectrum almost
entirely.

In order to focus the U.V. image in the plane of the plate, the
ground-glass screen is replaced by an opaque fluorescent screen and
the latter viewed from the front by means of an observation window
O. The intensity of illumination on this screen will be found suffi-
cient to allow of focusing the image with the microscope, following
which a number of photographs on one plate (see page 96) are taken
with fine adjustment movements corresponding to half the depth of
focus of the objective each time. Such a procedure enables the usual
range of glass objectives to be employed, for neither Canada balsam,
nor the immersion fluid, absorb at all seriously at this wavelength;
there may be some slight spherical aberration introduced by using the
lenses at the wavelength for which they are not designed, but it is
not sufficient to upset the definition very much. (This may be
corrected if desired by alteration of the tube-length).

For initial experiments a biological specimen of some kind will be
found interesting as an object, taking one photograph in visual light
and one in ultra-violet (A3650A). The absorption and contrast effects
in the two pictures will in general be quite marked. Fig. 114a and b
is an example of this.

U.V. Microscope Using Wavelengths 3000A to 2000A.

In order to further increase the resolving power and contrast effects
obtainable with the microscope, it is necessary to use shorter wave-
lengths than that mentioned in the preceding paragraph. Wave-
lengths, such as 2749 A, 2313A, 2144A and 1990A, are some of the
more prominent ones which have been used, when the resolving power

i "
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would be increased approximately twice and three times for the first
and last named wavelengths respectively. The_ a'dvan.tage to :l)e
gained when an unstained biological specimex‘l is illuminated \f\'lth
different U.V. wavelengths is clearly shown in Fig. 115, where various
stages of absorption can be readily seen.

¢| Electrodes
- -
™ Slit.

/ \ UV spectrum
ﬁ?, f‘orr‘% here.

:@;& !
oL sre= (]I}

prisms bulb

FiG. 116.
Apparatus for Ultra-Violet Microscopy with Wavelength 3000 to 2000A.

In order to carry out such work, however, it is nece§sary t.o haYe
the optical parts of the microscope made of some r'naterlal which will
transmit these radiations quite freely. Until quite recefltly', fused
quartz alone has been used for this purpose and the ob]cc‘_uves de-
signed for use with individual wavelengths, hence their name
“ monochromats.””  With such lenses it is necessary to use str}ctly
monochromatic light, in fact a line spectrum is .reqt'nre(.i to 11}um1nate
the object, bringing the line for which the objective is designed on
to the substage condenser of the microscope. ' ‘

Thus the arrangement of the apparatus becom?s as lllustratt?d in
Fig. 116; a monochromator (having two crystalline qugrtz prisms,
collimator and telescope lens) is shown on the left of the diagram, a'nd
provides the means of producing an ultra-violet spe‘ctrum from a high
intensity U.V. source (such as a spark discharge) in the plarge‘ of the
substage of the microscope. This spectrum can be made visible by
means of a fluorescent screen and by rotating the monc?chromator as
a whole the desired line may be brought into the microscope. It
will be understood that the object will have first to be' located and
focused in visible light by placing an opal bulb. lamp in some sqch
position as indicated in the diagram, but when 1t comes to focusing

in ultra-violet light, other means have to be employed. ”.l"his is
carried out by what is, in effect, a fluorescent eye held be}.und the
quartz eyepiece; this device is shown in Fig. 117 and consists of a -
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quartz lens Q with a piece of uranium glass U situated at its focus.
Thus the image through the microscope is formed on this screen,
which in turn is viewed through a Ramsden eyepiece E having glass
lenses. In this way it is possible to find the approximate focus of
the U.V. image before commencing to take a series of photographs
for finding the exact focus. This latter process is carried out by
inserting a mask in front of the plate (as already described) and
Microscope Fluor;escent

eyapiece (quarty) eyepiece \

_\_é><| QJ___Q:‘* 9”4_3
L) N ﬁg
I 5
Fic. 117.
Fluorescent Eyepiece.

D

moving the fine adjustment through an amount equal to half the
depth of focus of the objective for each exposure. A fuller descrip-
tion of this whole technique, including the method of producing the
spark source, the fluid for U.V. immersion objectives, etc., will be
found in Chapter XII of Practical Microscopy, Martin and Johnson.

With the advent of new optical materials, it has been found possible
to combine lithium fluoride with fused quartz and produce achromatic
ultra-violet objectives.* This will, in time, greatly facilitate the
methods of ultra-violet microscopy, for with such a lens focusing
difficulties disappear and the monochromator may be surplanted by

a source used directly in front of the microscope with appropriate
U.V. filters.

U.V. Microscope with Wavelengths 2000A to 1000A.

In order to use this range of wavelengths it is necessary to have
the instrument in a vacuum; for air (or rather the oxygen content of
it) absorbs considerably in this region. The most suitable optical
material for use here is lithium fluoride (Li.F.), as this transmits
radiations down to 1100A. quite freely, but as there is no material
which can be used for achromatizing the lens system, the latter must
be of the *“ monochromat ’’ form and therefore a monochromator must
also be employed for illuminating purposes. The arrangement of the
apparatus in this case is shown in Fig. 118, in which the entire optical

¥ B. K. Johnson—Proc. Phys. Soc.—Vol. 51—p. 1034—1939.
*B. K. Johnson—Proc. Phys. Soc.—Vol. 53—p. 714—1941.
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system (made of Li.F.) is enclosed in a metallic vacuum chamber.

The spark discharge used as a source is mounted externally and its
housing is flushed with nitrogen; this effectively removes the oxygen
between the spark gap and the Li.F. window, thus preventing

absorption and allowing the spark to operate satisfactorily,
Spark gop

in Nitrogen,

«s Nitrogen.

/Vocoum chambenr

B
' o
7
==} Eaa;—l ,
Yl
f Plate
FiG. 118.
Vacuum Microscope for Region 2000 to 1000A—Optical Parts of Lithium

Fluoride.

Focusing of the microscope and movement of the plate (for a
number of exposures) is carried out by controls A and B through
vac.-tight cone fittings. For the metal electrodes at the spark gap,
tin will be found suitable, for it gives strong and well-spaced spectrum
lines at the following wavelengths*: 1901, 1757, 1640, 1570, 1438,
1347, 1228, 1132, 1062A.

For work in this region it is necessary to use a special form of
Photographic plate as gelatin absorbs these particular radiations, con-
sequently a Schumann plate, or, better, an Ilford Q2 plate, will be
found suitable. It will be obvious that only * dry " objective can
be used in a vacuum, and this fact limits the useful numerica]
aperture of the lithium fluoride lens system to about 0-75: consequently
the absolute resolving power of such a microscope used with wave-
length 1100A. would not exceed that obtained with an immersion
objective (N.A.=125) used with wavelength (say) 2000A. Never-
theless, selective absorption and reflection effects in the object may
still be present; this field has to be explored.

Another type of optical system applicable to this work is a form of
reflecting microscope. Johnson!, Linfoot? and Burch? have al]
* B. K. Johnson—/Journ, Scientific Instr.—Vol. xv., No. 4—p. 126—1938.

'B. K. Johnson—Journ. Scientific Instr.—Vol, xi, No. 12—p. 3841934,

2Exhibition catalogue of Physical Society—]Jan., 1939—p. 228.
3C. R. Burch—Nature—Vol, 152—p. 748—Dec. 25th, 1943,
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described methods whereby the objective may c9nsist of a conct;;\:;
mirror accompanied by an auxiliary lens, a Schmidt plate or ano
MIITor. ‘ o - o
Let us take a method by Burch depicted in Fig. 119; tht? ob]ectl.:;:
consists of an ellipsoidal mirror and a spherical convex mirror, wi

L F

Condenser
=5

L F eyeprece

/.Elhpsoldo‘

micror  Figured

Frc. 119. _
A Reflection Microscope suitable for the Vacuum Region.

a hole in the former mirror; this enables the object slic.ie to ‘be plac;d
outside the concave mirror and to be qf pormal dlmensmni.a ) b}é
suitable ‘‘ figuring *’ of the ellipsoidal mirror such a sys;em an be
k' made free from spherical aberration and coma, although t et z;s] 1gS i’
I tism present only allows a small field to be us‘ed. T.he sys ee ; ,has
course, achromatic and if used as an ultra—vmlet. mlcros‘ct(')p b
the advantage that no change in focus from the visual seiting to any

i .V. wavelength is necessary. o
de'SI{lrlzd;ga;,ram, fromb the fact that Li.F. len.ses are sh9wrtll; nrr;}ilil:s
that this type of instrument could be used satisfactorily in .3 edbthe
2000A. to 1000A., and indeed down to. about 3'00A. provi _the
Li.F. was removed and a concave grating substituted for usﬂe e
monochromator. It must be remembered, h(?wever, that .the fe ec eg-
power of metals* decreases very rapidly with a reduction in wav
length and therefore exposure time may be very long.

Electron Microscope.

From what has been said in the foregoing }.)ara.gra};‘h 1tttbf:o§nte2
apparent that increasing difficulties are met leth in t.e areOVI:3r o
use shorter and shorter wavelengths with the Microscope; mo gere i; i
we go below 300A. we begin' to enter the region of X-rays, w

4B. K. .]ohnson—Proc. Phys. Soc.—Vol. 53—p. 258-—1941.
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impossible either to reflect or refract the rays, and therefore 1rr.1p<1551b1e
to form an optical image (as generally understood) of an f)b]ec f "
With, however, an increased knowledge of the behaYlour o e
electron in its passage in vacuo through an electrf)‘-magne,t,lc or eletctro-
static field, it has been found possible to focus a beam ' of electrons

and so produce an image by this means.

con

POTENTIAL

V+dV ow N

won N

(b) SIMPLE 'ELECTRICAL' LENS

LENS OF
HUMAN EYE

)

o0 <+20 4400

}
MICROSCOPE ‘ELECTRICAL" LENS
(d)
Fic. 120.

For example, if we imagine a stream of electrons imaéxal:ng ircf);r;c::
j i d b) and passing through the fields o
point 0 (Fig. 120a an : e e o < path
i 1 change their direction
t up by the coil, the electrons wil : o1 .
:;d Bbgnd " round until they focus at a p91nt I. An flectzxrci:i
lens >’ of this kind may be looked upon as.bemg made up o ; scase
of consecutive layers of varying refractive md.ex, much aslfmt 1: eﬁelds
of the crystalline lens of the human eye (Fig. 1f2(1<}:1). otent?al -
ied 1 lteration of the p
force are varied in strength by 2 .
i)}f\ro?lg}f the coils (see Fig. 120d) shorter focus electnc.al lenses 1may
be produced whose action can be likened to that of a microscope ens.

* L. C. Martin—Journ. Tel.e'uision. So
k 1934. V. K. Zworykin—Journ.
535—May, 1933. Busch—Ann

i i . 5—p.
Franklin Institute—Vol. 215, No
der Physik-—Vol. 81—p. 974-—1926.

¢.—Vol, 1, part 12—p- 377—December,
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Although the electron refraction laws* closely resemble those for
the refraction of light through glass lenses, the optical analogy is not
quite complete, but sufficiently so to enable a study of image forma-
tion by electron beams to be made. Electrical lenses, however, suffer
from the usual aberrations which are common to optical lenses and
have in fact to be used with much more restricted apertures in order
to obtain any sort of good quality definition in the image.

PRQJECTION

OBJECTIVE oL

COIL (Moveaste)
L o o

1
CATHODE T
fioteso.xva) i u——
o
i)

1 VISUAL

CONDENSER '
eon L1 wcroscore

151 STAGE IMAGE 2w STAGE IMAGE
luuonucuv scus:u] [nuou:sc:ur scnmo]
Aw

PHOTOGRAPHIC PLATE PND")G‘::NIC PLATE
Fie. 121,
Electron Microscope (Diagrammatic).

-

The wavelength (A) of an electron radiation may be stated as
follows :—

150 »
A=y ~ % 10~® cms.
where V is the voltage applied to the emitting cathode and anode,

and the constant 150 being a factor governed by the charge of the
electron and its mass (e/m).

If, therefore, we assume a potential V of 15,000 volts we find that
the wavelength becomes 0-1 angstromn unit; or fifty thousand times
shorter than the wavelength of green light of the visible spectrum.
Unfortunately it is not possible at present to have a numerical
aperture of the electrical lens exceeding about 0-01, which is approxi-
mately one hundred times less than an immersion microscope
objective. Nevertheless, by applying the resolving power formula
(0-61A/N.A.) to these conditions, we see that theoretically the fine-
ness of detail resolved should be five hundred times better than with
the visual microscope. As yet such a resolving power has not been
attained in practice; but only an increase of forty to fifty times that
of the visual microscope; in spite of this, however, a very distinct
advance has been made and valuable results will, no doubt, accrue
from work with the instrument,
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m a vacuum chamber. The vacuum has to be maintained at a
pressure of about 10-* mm. Hg. and as the volume of the container
is considerable, this involves experience in vacuum technique and
the use of diffusion pumps backed by a fast operating oil pump.
Also the maintenance of steadiness in the voltage and current in the
electrical lens coils and the electron source is of great importance.

For a more complete description of one form of the instrument,
however, reference may be made to the Journ. Roy. Micro. Soc.,
1939, Vol. LIX, pp. 203-216, and to Wissenschaftliche Veréffentli-
chungen aus den Siemens—Werken, 1938, Vol. XVII, part I. The

A variety of types of electron

. microscope ha
but their general principle is depi P ve been constructed,

- genera cted diagrammatically in Fj
from which it will be seen that the main components (v1yz corig;anlsil'
. r,

ic;b]te}ftlve ;.nd proje.ction coils) are similar to the optical components
¢ ordinary microscope, but the whole apparatus is containe(;

Fic. 128.
Zinc Oxide Smoke Particles x 11,500 (taken with above instrument).

necessary magnification required to resolve the detail given by the
electron microscope will obviously be high, and it may be of interest
to calculate this for the case mentioned here, namely, when using
15,000 volt electrons, and N.A.=0-01. The theoretical resolving
power would be 6 x 10-" mm, or 0-006u. If we used a Process Photo-
graphic plate (average grain size 0-005 mm.) on which to receive the
image, the necessary magnification

_ 0005 x 10

T 6x1077
which is approximately 80,000 times.

Elect . F1c. 122,
ctron Microscope at Royal College of Science, South Kensington
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If, however, we assume that under present conditions we can only
obtain one tenth of the expected resolving power due to the aberrations
in the electrical lens, and a consequent reduction of numerical aperture
to 0-001 (see page 98, line 21), then a magnification of 8,000 would
suffice. In either case such a demand requires that the instrument
shall be of rather long dimensions, owing to the fact that the electrical
lenses cannot be made of particularly short focal length. A photo-
graphic illustration of the instrument is shown in Fig. 122, together
with a photograph taken with it of zinc oxide particles at 11,500 times
(Fig. 123). Measurement of the diameter of the small spicules indicate
that the resolving power here is of the order 0-026y, that is about ten
times better than that obtainable with the visual microscope.

CHAPTER VI
PHOTOGRAPHIC LENSES

In order to appreciate the high quality of definition given by the
modern photographic lens, it is desirable to consider what the require-
ments of the ideal lens are and then to see how nearly such require-
ments can be fulfilled. An ideal photographic lens should have:—

No chromatic aberration

No spherical aberration

No coma

No astigmatism

No distortion

A perfectly flat field

Rapidity of exposure (i.e. small F/ratio)
Large depth of focus.

Large angular field of view.

It is impossible to design a lens which will satisfy all these conditions 1
simultaneously; and, indeed, it is difficult to correct more than a few 9
Moreover, as some of the require-
ments (for example, rapidity of exposure and large depth of focus)
are immediately opposed to one another, it is necessary to arrange .

of these aberrations at one time.

the design according to the purpose for which the particular lens is to
be used.

The meaning of the first four named aberrations have already been :
e is a defect which

explained in Chapter 1V, and distortion of the imag

e
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1 -
:XPSIZI; ai:icf;e.matory. Curvature of field, however, requires some
In Fig. 71 the line foci at A and B are known as the tangential
focus find the sagittal focus, whereas the minimum diameter gof th
constnctt.ad rays at C (which is midway between A and B) is knowe
as the disc of least confusion. The locus of these discs as the asn
from the centre to the edge of the field is known as the image ﬁelt}i’ ; %i ;
124 shows the shape of the latter, together with that of the astig;nati;

Curvature of

field.
L Sagttal Field.

Fic. 124.
Astigmatic Fields of a Photographic Lens.

ﬁelds'frequently encountered with a photographic lens. The diameter
of this disc of light decides the quality of definition given by the
photqgraphic lens and should not exceed about 0-008 inches for a plate
or print which is to be examined with the unaided eye; but if the

negative is to be enlarged afterwards the disc m
ay have to be
small as 00003 inch in diameter. ¢ ° *

Pinhole.

Although this chapter is devoted to photographic ‘‘ lenses,’”’ one
may at the outset make an exception and include the pinhole c’amera'
for ?lthough the quality of definition given by this device is no';
pzfrtlcular]y good, practically all the conditions enumerated above
with the exception of short exposure, are automatically satisﬁed:

For example, the absence of distortion, the large (almost infinite)

depth of focus, and the large angular field might render the pinhole

i e
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camera useful in certain cases for photographing architectural subjects

where length of exposure does not matter. The most favourable
diameter of the hole for a previously determined distance of the photo-
graphic plate can be obtained from:._

Diameter of hole == (\/E )
120

where d is the distance of the plate from the hole in inches and 120

a factor depending on the diameter of the diffraction disc given by a
small hole.

It will be found instructive to take a pinhole photograph with (say)

a quarter-plate camera fitted with a properly drilled hole of correct

diameter in place of the usual lens. It is of interest to take some

pictorial view in which there are both near and distant objects and

with wide angular separation; also to take a photograph of the chart

shown in Fig. 128 and to compare critically the definition on the plate

given in turn by the pinhole and by a well-corrected photographic
lens.

(@) Come

()

Fi6. 125,
Elimination of Coma by Movement of the Diaphragm.

Early Lenses.

The earliest form of lens used in cameras consisted of a bi-convex
lens which gave poor results generally. Such a lens had to be reduced
in aperture to about F /32 to give any satisfactory definition on the
plate.

Wollaston’s discovery (1812) for the improvement of definition by
using a stop in front of the lens was of great importance; for it can be
shown that by moving the stop with respect to the lens a position will
be found at which coma can be eliminated. Fig. 125, a, b and ¢,
illustrates this point which can be proved geometrically by means
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" of ray-tracing methods described in Chapter I. This fact is a basic

inci ilized i i i hotographic lenses. It
le utilized in the systematic design of p . -
:: (:12: be shown that a flatter field will be obtained if the lens takes

' the form of a meniscus shape rather than a bi-convex shape; and in

consequence the simple type of landscape lens (as it was then called)

* was usually as indicated in Fig. 126, c. This type still persists in

large numbers in ‘‘ box '’ cameras, and although the quality of

' ' definition is not good beyond F/16, the small number o.f air-flass
: surfaces (i.e., two) prevents reflected and scattered light from

reaching the plate and consequently produces good contrast 1rf1 :::
image. Hence the popularity of this camera in the hands o

non-technical person.

Dmphrogm .
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Fic. 126. o he Lons
Movement of the Astigmatic Surfaces with Change in Shape of the .

An interesting point in the design of this type of lens hls .t::t;ct;};
altering its shape without altering its power or focal lengtd 81 | other
words, by ‘‘ bending ** the lens) the astigmatic surfaces, an el
the curvature of field, may be changed.. For example., in .1g.h é
a, b and c, by making the lens successively more memscusd utl S| a;gs
the curvature of the field can be changed from bemg. c.urvef ) ;)w:to
the lens to being curved away from it. 'The best Posmor} 0 he c.asg
(for the elimination of coma) is shown diagrammatically in eatc) me;
and it will be noted that it approaches the lens as the latter ecc;I <
more steeply curved. Obviously, then, the design can be arrang
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such that a flat field and freedom from coma can be secured simul-
taneously.

Experiment.

An experiment to illustrate some of the foregoing remarks may be
carried out as follows: —

Using a short length (about 9 inches) of optical bench (suggested
in Fig. 27, mounted in front of some camera bellows) we can place
a +5 D lens in its holder and form an image of a page of print on to
the ground glass screen. Fig. 127 shows the general arrangement of

the apparatus together with approximate dimensions.
Viewmnaq

eyprece —~

’ ”

‘ 3—6 —— e

Holf gle-
17
Test chart. lcgmg‘g gz,llow-r

’ it

Short, length \Wooden block

optical bench.

]
H/ +5D.1ens" Gooind gloss
screen witl
concentric circles
drawn on.

Fic. 127.
Apparatus for illustrating experimentally the principles involved in various
types of Photographic Lens.

The object may consist of some good quality printed matter stuck
down on to a flat card or board; alternatively an object of the type
shown in Fig. 128 can be used. The latter is rather more helpful,
as it is designed for the purpose of telling what aberrations are causing
the defective image; for instance, the white holes on the black cross
will show flared tails when coma is present, the white crosses on black
circles will show up astigmatism, the rectilinear lines the distortion,
and the asterisks the effects of chromatic and spherical aberration;

whilst a measure of the curvature of field may be obtained by racking
the ground glass screen from the position of axial focus to marginal

focus.

Having set up the object test chart (suitably illuminated) about
aft. 6in. from the lens, the image is received on the ground glass §

PHOTOGRAPHIC LENSES 115

i;:ire(isfl, wthhichl has concentric circdles drawn on the ground surface
ing the latter with an eyepiece, the i ,
. , mage may be sharpl
Z%Zl;sted in the centre of .the field, the lens being at fullyaperture g)ey
abont ofxile-and-a—quarter mch'es diameter for a spectacle trial case ler;sj
e first part of the experiment. By moving the eyepiece outwards
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Test-Chart for Photographic Lenses.

from th i
som r(lac :en;re one can determine when the definition begins to fail
(by means of the concentric circles) the diameter of the

good field. Then place a diaph
; - ragm, havi i
diameter, in contact with thepfronf of e e, oy of oneball inch

the size of the well-defined field,

the lens, and again determine
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Finally slide the diaphragm along the optical bench until there is
no sign of coma present, that is when the white holes at the edge of

the field show no trace of flared tail on either side of them; this will be b
the correct position of the stop and observe the diameter of the good W
field. From the diameter of the latter and the known focal length of &

the lens, the angular extent of the field giving good definition mav be

obtained; also the ratio of the focal length to the diaphragm diameter

will give the F-ratio. These two numerical values are the important
factors to know in connection with the performance of all photographic
lenses,

(Instead of viewing the ground glass screen with an eyepiece,
photographs may be taken and examined critically afterwards.)

Achromatized Meniscus Lenses.

The next stage in the development of photographic lenses was to
achromatize the meniscus type mentioned above. At that period
(about 1860) photographic plates were chiefly sensitive in the region
of the G’ line (A=4340.A) of the solar spectrum and therefore the
design was so arranged that the D and G’ lines were brought to one
and the same focus, thus enabling the visual and photographic image
to be in the same plane; also, of course, the general definition was
improved because of the chromatic correction. The spherical aberra-
tion was not entirely corrected, for it is necessary to have some
residual outstanding in order to correct the coma (a distinctly worse
aberration as far as photographic lenses are concerned).

In the edrlier stages of this lens, hard crown and dense flint com-
ponents were employed; two forms of the achromatized meniscus type
are shown in Fig. 129 a and b. Later a third form of this type was
evolved (Fig. 129c) using some of the (then) new barium-crown
glasses, which enabled a considerable reduction in astigmatism to be
obtained,

In order to appreciate the great advance in lens design which
occurred when the barium-crown glasses were introduced by Abbe
and Schott in 1886, consideration of the Petzval theorem must be
made. The Petzval surface represents the curvature of field produced
by a lens as computed from paraxial formule, in the absence of any
astigmatism. It is more or less an ideal, for in practice astigmatism
is extremely difficult to eliminate; nevertheless the analytical methods
of this theorem help considerably in the choice of glasses for the design
of photographic lenses.

Co S

PHOTOGRAPHIC LENSES 117

The radius of curvature R of the Petzval surface for a lens of small

» - aperture may be taken asi—

1 _?[(N’—N)
R TLUr NN

where N and N’ are successively the refractive indices of t.he medium
on the left and right respectively of each surface. of_radlus 7. Eor
example, if we apply this relation to a single lens (in air) of refractive
index 1-52 and with radii », and r,, then

1 N/'—N N/'—N 1-52—-1-0 1-0—-1-52

R >+( >=( - +(r452

R 7, .N.N/ 7,.N.N’ r,.1-52 -]
from which it will be seen that in order to make R zero (1..e. to sec'\mai
a flat field) the radii », and r, would have to be equal in numenc'a
value and sign; and consequently the lens would have no power

"New  Achromat.

uOldu Achromats.

r A TN
' \ light dense
hard  dende G“" se  hard Flhgrit barivm
crown flint flint crown. crown
Grubb  type Chevalier type
(2) (&) ()

Fic. 129.
Types of Achromatized Meniscus Lenses.

(except due to its thickness) and would in effect be a curved parallel
plate. Thus the nearest approach to the fulfilment of.th‘e Petzval
condition is to have a meniscus lens with radii as nearly similar as the
conditions of focal length will allow. . '

Another way of stating this relation when applied to a single lens

is that 1 —(N_I)C
RT\UN
where C is the total curvature of the lens, but C=1/f.0N.» where oN

is the mean dispersion of the glass, v the reciprocal of the dispersive

power, and f the focal length of the lens; then
1 N-1 1 or v/N

RN ‘JNw O f

e e

2Ty e
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[ E.G. Assuming f=10 inches, N=1.520, and v=60.8,

_1 40 _, 066, and ..R=15.2 inches.
L then 1/R= 0 608 ’

When it is required to fulfil the Petzval and achromatism condition

simultaneously, as in the case of a cemented achromatic doublet for

example, we have
1 N,-1 Nl ¢

R- N, TN, i
where the suffixes a and b refer to first and second components of the

t, but
doudle uC =1/f.0N, (s ~ ) and C,= -1 /f-ONy (va— vy

where f is the focal'lcngth of the combination so that
S S Py
R™ Jma—w) LN, Ny N
For an achromatic lens with separated components, the condition
for zero Petzval curvature is that

%= R'—l:—) (), a-mr- (%))

i h
where # is the ratio of the separation of the lenses to the focal lengt

of lens a. y
From the foregoing it will be seen that in orde1 to secure a ﬂa.t1 af:;es

the requirements are that the v and N Xalues of thebt;:;c:v )gShows

should rise and fall together. A list of “old1 1 gl;s;.es .(Sse; n::rary Showe
i he v values fall. is i _

that as the N values rise, t ‘ 3 & o

requirements of the Petzval theorem, and ';11 hi; of .ne:jvvailla;sssziilfh .
i i in

i rown series) illustrates that 't e drop '

tt'1see t;lerlll*llmiscvery much less. A numerical examp}e will reve;lil tt::;

:nportance of these so-called ‘‘new”’ gl'asses, for with them a fia

field and less astigmatism may be obtained.

““Qld”’ glasses. “New”’ glasses.
N 7 U é Ig L N

H.C. 1.5175 60.5 39. .B
7 47.5 30.8 | M. o
L 1%l 36 204 |DBC. 16140 6.9 f
Let us assume we require a cemented doublet photograptllc 1e::i :g

ten inches focal length, and wish to know the I’D’etzval cxfrva ure

«old " and ‘‘ new > glasses; then for ““ old *’ glasses:i—

v v/N
. 15407 59.4 3867
B'.((::. 15744 59.4 386
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v/N v
D.F. 20.4 33.6 I/R=19.5/10 x 26.9=0.0725
H.C. 39.9 60.5 S R=13.8 inches.
Difference = 19.5 26.9

Thus it will be seen that an achromatized doublet using ‘‘ old ”’
glasses has a greater curvature of field than the ten-inch focus lens
of one glass only (see page 118),

Whereas utilizing ‘“‘new’’ glasses we have a considerably flatter field
(see below),

u/N v [
L.F. 30.8 47.5 I/R=4.4/10x9.4=0.0468
D.B.C. 35.2 56.9 ".R=21.4 inches,
Difference = 4.4 9.4

Furthermore, when using :‘ old *’ glasses the sagitlal field is in
most cases nearer to the lens than the tangential field, but the employ-
ment of the barium crown glass enables the tangential field to be
brought from behind the sagittal field to in front of it, thus giving
the possibility of superimposing the two fields (if desired) and
eliminating the astigmatism.

An additional point of interest is that if the v /N values were plotted
against the v values for all types of glasses (see Fig. 130) we could
select two glasses which would give a low Petzval sum by choosing
two which gave the least slope of line joining them; for the quantity

j Vi_ Ve
N. N,
l (Ya“ \"b)
represents the slope of the line joining the two glasses selected and

thus for a low Petzval value this slope must be inclined as little as
possible towards the horizontal. Thus in the figure the dotted line

] L joining the two sets of glasses indicates that a dense barium crown

combined with an extra light flint would give the lowest Petzval

b curvature.

It will be understood, of course, that the foregoing only gives a

. general outline of the way in which the Petzval theorem may be
 utilized for obtaining a choice of giasses when designing a lens system

which is required to give a flat field. The theorem, at best, gives a
theoretical approximation to the desired aim; and this must always
be backed up by exact determination of the aberrations as calculated
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by ray-tlaClng mEthOdS neveltheles 1t 1S (1151111(:t]y usetul 1 l
» S t
f ] n he ]nltlal

Symmetrical Lenses.
It soon became realized that a lens sy!
about a central stop is automaticall

and i .
y ddlnflage distance were the same. Such a lens is also automatically
eed Irom coma and transverse chromatic aberration.

Fic. 130.

Alt%lpoug%x the correction of these aberrations is only true for unit
magniiication, they are greatly reduced even when object and image
dlstance§ are not the same. No advantage is to be gained in axiil
chromatic aberration, spherical aberration, astigmatism, and curvature
of field, by utilizing the symmetrical principle *; n;vertheless th
fact that distortion and coma can be minimized }'xas led ery

great use of this principle. to a very

stem arranged symmetrically
y corrected for distortion if object 4

PHOTOGRAPHIC LENSES 121

Fig. 131 shows an early form of this type, which consisted of two
meniscus lenses of the same glass with their concave surfaces each

' facing the diaphragm. The latter had to be greatly reduced in
"~ aperture in order to give satisfactory definition; in fact, this lens

originally worked at about F/35.

Experiment.

A working model of a symmetrical type lens may be made up with
the apparatus suggested in Fig. 127 by utilizing two +25 D trial case
lenses mounted on the short optical bench, and separated by a distance
of 5.7 cm. With the lens system directed towards the illuminated
chart (Fig. 128) or page of print, the image may be observed with
the eyepiece or photographed on a plate; first with the system at full
aperture, and then with a diaphragm of half-inch in diameter placed
midway between the two lenses. As before the diameter of the well-
defined field can be determined and hence the angular field; also the
F/ratio utilized in each case. As the equivalent focal length of this
lens system will be similar to that of the single lens on which the first
experiments were carried out, a direct comparison in performance

can be made.
O.F HC. H.C. OF.

| e/ | oY
| |

Fic 131. Fra. 182,
Symmetrical Type Lens Achromatized Symmetrical '* Old " Glass
(Non-Achromatic). Lens.

 QOld Glass ** Symmetrical.

Following the simple type illustrated in Fig. 122 it was quite natural
that the achromatized form of symmetrical Jens would appear, and
Fig. 132 shows such a type using the so-called ““old’’ glasses of hard
crown and dense flint. This lens was a distinct step forward in the
design of photographic lenses, for although the résidual astigmatism
is still fairly large, the correction of coma and distortion was so much
better than had hitherto been obtained, and the additional fact that
it could be used at an F/ratio of from 8 up to 5.6 and would still give
good definition, led to the adoption of its name as the rapid-rectilinear

ey 5

T
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lens. With this type, however, the astigmatic fields may be swung
towards or away from the lens by changing the shape of both com-
ponents, but the sagittal field is in most cases nearer to t‘ktxe lens tha,x}
the tangential, just as in the case of the single meniscus or old glass

achromatized meniscus lens, with a consequent large amount of

astigmatism.

¢ New Glass *’ Symmetrical. .

In order to improve this latter defect it was felt from previous
experience that by using two ““ new glass ”’ ach‘ron-lats as the com-
ponents, this would be accomplished; but in practice it was fou.nd that
although the tangential field was brought nearer to the lens it could
not be made to coincide with the sagittal field.

Origin of the *‘ Anastigmats.” .
It was suggested by P. Rudolph (1890) that the syrflmetr.xcal type
lens might be improved by _compensating the astigmatism ar'ld
curvature field given by the first component by an eq}1a1 and oppos_,lte
amount given by the second component. This hfa did ‘l?y combmmg

an “‘ old glass ~’ achromat as front component with a *‘ new glas.s
achromat for the rear component (see Fig. 133), at the same time
D.F. H.C, L.F. o.BcC.

(N'-"fé..) (‘Rﬁpse) ('3'- -ﬁ'.)

Fic. 134.
Triple Protar.

Fic. 133. )
Rudolph Type of Photographic Lens
(Protar).

correcting the other -aberrations. This principle led to an excellent |
design, the definition being good over the entire field of 40 degre:es
working at an F/ratio of 45, the field being particularly flat with |

relatively little astigmatism.

A series of these lenses were made working at various F /ratios; the ;

lens was originally called the ‘‘Anastigmat,’”’ but was changed to
““ Protar ** when the word anastigmat became the general term for
all lenses having little astigmatism and a flat field. .
Rudolph also produced what he called a Triple Protar, whlc.h was
an attempt to combine an ‘‘old”’ and ‘‘new’ glass achromat in one
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compound lens, but using only three glasses instead of four. Fig. 134
depicts this lens and the approximate refractive indices of the glasses
are indicated. If we draw an imaginary line through the centre of
the middle component, we have what is in effect an ‘‘old”’ glass
achromat to the left of the dotted line, and a “‘new’’ gléss achromat
to the right. Such a lens may be used as a single unit (as shown) or
as a symmetrical type, in which case a similar combination would be
mounted on the other side of the diaphragm.

Other methods of designing an anastigmat involved the use of
uncemented components such as for example the Celor type shown
in Fig. 1835. Whilst the separated lenses of each component allowed
an additional degree of freedom in correcting the aberrations, there
are a greater number of air-glass surfaces involved and thus a liability

to produce less contrast in the image due to reflected and scattered
light.

Fic. 136.
Cooke Anastigmat.

Symmetrical Type with Separated
Component.

Another example of the uncemented anastigmat is the well-known
Cooke type (see Fig. 136) originally designed by H. Dennis Taylor.
This was an outstanding design and the lens gives excellent definition
over a 46-degree field working at F/3-5. There have been various
modifications in the construction of this type of lens, such as the
Zeiss Tessar and the Aldis anastigmat for example, but the general
‘“ Cooke *’ principle is retained.

Experiment.

A working model of this type of lens may be set up as before

- employing the apparatus shown in Fig. 127, but using on the optical

bench two positive trial case lenses of +4 D. power separated by
5.8 cm., and a —3 D. negative lens placed midway between the two.
The extent of the well-defined field can be determined either with the
eyepiece as explained previously or by taking a photograph, first
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using the lens system at full aperture and then with a half-inch 4
diameter stop placed as near the negative lens as possible. A com- 1
rodel symrmchri o o hen be ace with that given by the | 3 apparatus of Fig. 127 and mount on the optical bench a trial case
leI:lI: of +5 D as lens A (in Fig. 187) and a - 3D as lens B separ;tei
: by a distance of 10.5 cm. Having rece'wed the image of the' char
object on the ground glass screen, the distance between two lines in

model symmetrical lens and also by the single lens.

In these three experiments it will be understood that neither the
correct shape of lenses nor the right glasss have been used ; neverthe- 1
less, the improvement in definition will be plainly noticeable when
the successive types are set up; and moreover the general principles S
thus illustrated in practical form will be found distinctly instructive. 1

Telephoto Lens.

The purpose of a telephoto lens system is to produce a larger image
of a distant object without having to use a lens of undue focal length. &
The principle will be understood from Fig. 137, in which a positive §&
lens A and a negative lens B separated by a suitable distance d are X
arranged to receive light from the distant object and form its image $¥

Equivolent Focal length !

< —

M T — —~
A - - e
I Bock
‘y d ! focal length
A B
Fi1c. 137.

Principle of Telephoto Lens.

on the plate P. If now the final direction of the ray leaving the lens
B is projected backwards so that it cuts the corresponding incident ray
at C, this will be the position of a lens which will have a focal length
equivalent to that of the system AB. This equivalent focal length
(marked on the diagram) determines the size of the picture, whereas
the back focal length (also indicated) decides the camera length. The
ratio of the former to the latter, viz. E.F .L./B.F.L., is known as
the Telephoto Magnification.

Earlier it was considered desirable to have a telephoto magnifica-
tion of six or eight times, and this made it difficult to correct the
aberrations for a lens working above F /11, but latterly a magnification
of two or three times has been adopted. This has led to the design
being extended to telephoto lenses now working at F/3.5.
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Experiment. N
To illustrate the foregoing experimentally, we may utilize the

the image can be measured; if the telephoto lens system is now

F' removed and one single positive lens substituted on the optical bench,

the right power of lens can be chosen from the trial case which wili
give the same size of image as that previou.sly measured. The iotc;.
length of this lens will correspond to the equivalent focal length of the

'T Bs Ground gloss screen
- B,
7 B’ ERs " ‘J[ }
lamp| _ H-H £
Housing B () o :;
N ) ] .
da, I
L | 1A
_L ~ Az Squared paper.
[
As Fic. 138.

TO and I ¢ Surfac
t tor Method for Illustra tlﬂg Measurmg the Astlgmatl €s
In duc y

telephoto system. It will be found that a +3.5 D lens will be sultablg
in this experiment; the distance from t.he negative lens to the g'rouln
glass (i.e. the back focal length) havmg been measured previously,
the telephoto magnification is thus obtained.

Measurement of Astigmatic Fields. .
An introductory method of illustrating and measuring.the astig-
matic surfaces given by a photographic lens may be carried opt *SY
the experiment depicted in Fig. 1388. A point source S (su.lta y
housed) is set up at about 9 or 10 feet fro.m the leps P and the nn.aie
received on a ground glass screen which is arranged .to st.and. upright
on a piece of graph paper pinned to the table. A vertical line is drawn

Ny

et rmingtut sty 2= -
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on the ground glass so that sighting down from al?ove, a point on the
graph paper can be marked at the bottom o# the line. B o A

The point source is then moved succe§51vely to po§1t10ns‘ v Ao
etc., and in each case the ground glass is moved until the image 1(31
focused on the pencil line; and the position marked on the square
paper. As the obliquity of the rays passing thr'ough the l‘ens becorn;eli
greater, the point image becomes drawn .OUt mt.o two lines .at rig '
angles (namely the sagittal and tangentxal foci). These hn;sthar-
focused on the pencil line on the ground glass as before, and their
positions marked on the graph paper.

Microscope with
cross travel.

oﬁ:L pbul'b : : S
S

of lens

FiG. 139. .
Measurement of Entrance-Pupil.

In this way various points on the two 'aﬁtigfnatic surfaces ca;l t:e
plotted directly on the paper, and when joined up thfz shapeho e
fields may be obtained. Similar points on the 'ofcher side of tBe a:tus
can be determined by moving the source t(? posxtlt?ns B,, B., bz, e c(i
The angle of the incident beam for each pair of points can be o oamid
by measurement of the distances D and L (whence L/ D=tanh) z: ;
should be marked on the paper. It is of interest to carry.out dt 1; :s_
for a single uncorrected lens and then for a properly designed p ot }c:e
graphic lens (both of similar focal length) and then to compare
results obtained.

Complete Tests on a Photographic Lens.
1. Focal Length.

The measurement of the equivalent focal length can be carried out .2

by either the magnification method or nodal slide method described
in Chapter II.

9. F/Ratio.

o i

It is advisable in certain cases to check the stop numbers engraved -3

on the lens mount for various openings of the iris diaphragm. The

aperture-ratio or F/number is the equivalent focal length divided by

§ direct vision dispersing prism placed behind the microsc
E (see Fig. 140 b), the image of the pinhole will be draw
L spectrum which will be constricted at various points (see Fig. 140 ¢)
P according to the state of the colour correction of the lens.
g example, if the lens was designed to bring the D and G’ line to a
£ common focus, the appearance would be as indicated (c) and by
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the effective diameter of the diaphragm or stop, that is the ‘“ entrance-
pupil ”* of the lens. In order to measure the latter, the lens should
be mounted facing a low-power microscope having transverse move-
ment (see Fig. 139) and illumination provided at the back of the lens.
The iris diaphragm is then focused with the microscope through the
front lens or lenses and its diameter measured by the travelling
microscope. This virtual image of the iris diaphragm is the true

entrance-pupil. The process is repeated for the various stop-openings
and the different F/ratios thus obtained.

3. Chromatic Aberration.

If the lens is directed towards a distant pinhole illuminated by
light from a calibrated monochromator (see Fig. 140 a) the image
can be viewed by a microscope having longitudinal movement and

the position of the latter recorded for the different coloured foci of
known wavelength. '

Phobo-groph'r_
lens
Pinhole
Monochromator. j a | /
=== - - Ea-ﬂﬁ—
7/ At least 40 times N
D the focal length of 1
/ l the lens under btest.
Arc lomp & Photographic .
lens. DV Prism
condenser. .
K/ onden Pinhole (Wh«te

I/ ght ) ® Ve -
- | b - - —H,:’?
L At least 40 times T

i the focal length of —"

the iens under test. R YGHOWG"."‘Biue et
©.

F1G. 140.
Chromatic Aberration Tests.

Alternatively, if the pinhole is illuminated by white light and a

ope eyepiece
n out into a

For
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moving the microscope longitudinally each part of the spectrum may V‘

g off the microscope will 3
omatic aberration against §

bfa brought.to a point focus and the readin
give numerical values from which the chr
wavelength can be plotted.

4. Spherical Aberration.

14(’?{133 test may be carried out by using the set-up shown in Fig
u Ch, and by judgment of the extra-focal appearances as describeé
apter IV the state of spherical aberration correction may be

\‘
—-—l, J A -__572—

A F

| l|lllll]lll||fll|’lllll

0O0oo0oo0co0o0

Fig. 141. Fic. 142

fO@ﬁ. If a numerical value of the latter is required, a diaphra
having holes at varying apertures of the lens (see Fig. 141)psho§$
be place.d over the back of the objective and the observing microsco
ﬁtt_ed with a scale in the eyepiece. The distance apart of successisz
pairs of the out-of-focus diffraction discs seen when the microscope i
moved through a known distance on each side of the best focuspcalrj
th}ls be measured. By knowing the primary magnification of the
;)mlcroscope useq, and by employing the Hartmann formula given
elow, the location of the foci for different zones may be determined
an;l hence the spherical aberration. e
n Fig. 142, if 4, and 4, are the scale readin i
when the distances apart of the diffraction discs gasre0 flltgfldmllcrissﬁie
A -

tively, then the focusi i .
A, will be sing point A (for the particular zone) from position

l
A_:A .
1'*'11_'_12 . (A2—A])

5. Measurement of Astigmatic Surfaces.

o ’Ii’lllle tmethod under.thls heading given on page 125 was intended

us ra'fe the_ meaning of and to obtain approximate measurement
of 'the a:%tlgmatlc surfaces; but for more exact determinations of th »
astigmatism and curvature of field, special apparatus is requirede
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§ This consists of a collimator C (Fig. 143), a special form of lens-
| mounting and an observing microscope M. The lens mount must be
E oble to rotate about a vertical axis, aud should have provision for
f adjusting the lens so that its second nodal point may be arranged to
lie immediately over the centre of rotation. The microscope stage S
b moves in a mechanical slide attached to the lens mount and thus

ensures the maintenance of the cross-webs on the stage to be in a
position corresponding to that of the flat photographic plate, for what-
ever angular swing may be given to the lens.

Mechanicat
Nodol pont W shide

Photo-graphic

lens.

EFL. l fromework

Fi1c. 143.
Plan View (Diagrammatic) of Photographic Lens Bench for Testing the
Shape of the Astigmatic Fields.

In order to measure the amount of astigmatism numerically, the
lens is swung into successive angular positions and the microscope M
is focused on the vertical and horizontal line images given by the:
photographic lens, their positions being recorded on the microscope
scale. The difference in the readings multiplied by the cosine of the
angle 6 through which the lens has to be moved will give the true
astigmatism. The position of the tangential and sagittal foci with
respect to the flat plate (i.e. the reading given on the microscope scale
when focused on the cross-webs on the stage) will of course be simul-
taneously obtained, and these can be plotted as indicated in Fig. 124.

Test by Photography.

Apart from the numerical tests on the individual aberrations given
in the preceding paragraphs 1 to 5, it is often helpful in judging the
performance of a lens to take a photograph of the chart shown in
Fig. 128. But in this case it is advisable to make the chart about 10
to 12 feet square and have it painted on a white flat wall illuminated
by daylight. Such dimensions of the chart allow of all photographic




130 PracticaL OPTICS

lenses between 4 and 10 inches focal length to be tested conditional
with the fact that the object distance should be not less than forty
times the focal length of the lens. This latter stipulation is based on
the fact that the lens aberrations are not seriously affected by
utilizing such an object distance.

When such a photograph has been taken, the negative or a print
therefrom can be examined for the following defects: —

Aberration. Indication given by test chart.
Coma. Flared edges to the round white holes.
Distortion. Lack of straightness of the rectangular lines.
Astigmatism. The lines of the white crosses on the black

circles may appear in focus in one meridian,
and out of focus in the other.

Curvature of Field. The concentric circles may get less well-
defined as the edge of the field is approached.

Chromatic and Poor definition of the asterisk marks and

Spherical Aberration.  general lack of contrast over the whole
picture.

Resolving Power of Lens and Grain Size of Plate.

Whilst the resolving power angle 6 of a lens system designed for
incident parallel light is given by 1-221/4 (see Fig. 144) the resolution
limit as set by a photographic lens
15 decided both by the radius of

the Airy disc (see page 66) and N ()
the ability of the photographic

emulsion to resolve this distance. Al 7
Now the radius of the Airy disc ~ _§ 4
is equal to 0-61.A/N'. sin U'y, and e 14

taking for example a photographic

lens working at F/4 we find that the theoretical radius of the Airy j

disc is 0-0025 mm.

The average grain size of a developed photographic plate varies
from 0.005 mm. for a “‘slow’’ plate to about 0.02 mm. for “‘fast”
plates, but since the silver granules are seldom arranged in regular 1
spacings it is necessary to multiply these sizes by a factor of (say)
ten in order to safely resolve the photographic image. Consequently
it can be seen that the photographic plate does not allow the full '.
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theoretical resolving power of the 1 i

heor ens to be attained; in f i
size is about twenty times too large. n et the grain
'More recent fine-grained emulsions, however, such as are used for
l:mmffllm work and special microphotography processes, have a grain
oletiho Of.O()OS mm.; but even so, this (allowing for the application
e safety factor of ten) is still twice too large to accommodate the

Fic. 145. [Courtesy of Messrs. Kodak Ltd.]
Cobb Chart for Tests on Photographic Lenses.

?heo;etical resQIVing power of the lens used at F/4. Nevertheless
it will be realized that such recent emulsions are a distinct advance

in attempts to obtain the ideal condition of a photographic pl
. ; X
doing full justice to the lens. phiotographic piate

Practical Tests.

To carry out a numerical test on the resoiving power of a photo-

‘graphic lens it is convenient to utilize a darkened corridor with the
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lens and camera mounted at one end, and the test object (suitably 3
illuminated) at the other. The latter may consist of alternate opaque

and transparent stripes similar to that described on page 57 and the

grating rotated through a known angular amount for a number of
successive exposures. In this way a position of the grating will be 4
found when resolution ceases, and the line separation of the object |

corresponding to this can be determined by multiplying the line

2
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= 5/tanU’y, and for a lens

1f the depth of focus=0.0015; u .
e ) F/ 6,pthe total depth of focus will be 0.03.6 1.nches-.
i e must therefore be positioned to within this

¥ order of accuracy.

If. however, the picture is to be enlarged instead of being vi:weecl
with, the unaided eye, the patch size x may have to }\:e te.xl11 r::an
smaller (i.e. 0.0003 inches) than that stated above; and this wi

separation (when the grating is normal to the axis) by the cosine of
the angle through which it has been rotated, and hence the angle ¢
in Fig. 144. It is advisable to use the finest grain plate available for
the test, for example Kodak’s maximum resolution emulsion, and to
have a mask in the camera (as suggested on page 96) so as to allow
of several exposures to be made on one plate.

Alternatively, one can use a type of object due to Cobb {see
Fig. 145) which consists of a pattern of four pairs of lines becoming
increasingly smaller towards the centre.* By photographing the whole
object on to one plate one can immediately tell by observation of
the latter when resolution ceases, and by locating this particular
pattern-set on the original object its dimensions and the distance of
the camera lens will give the resolution angle # indicated in Fig. 144.
For an object distance of (say) 50 feet the maximum separation
between the centres of the two lines requires to be about 6 mm.,
going down to a minimum separation of 0.20 mm.

that the depth of focus will also be decreased by ten times. X

e A S et
R A S K e
o A e

Fic. 147.

Depth of Focus (Object Space).

In Fig. 147, B and B’ are conjugate planes corresponding t{; ob]slc(;
e res 0
and image respectively for the lens A. Rays from th(;f pl:{nz > :/rture

pass through a point P on their way to the lens of effective ap

A: hence P is imaged as a patch of diameter x/M, where M is the | F

magnification. . .
Then 3, /x= (D +0,)/4; - .Dll'—_-.x.D/ (g;k:/cl);x)
Similarly dl,/x= (D —,)/4; - Ol =x. ,‘(DA '(‘Azﬁ\-z), :‘
Hence the depth of focus (M, + dl,) = (2x.D.4) 6 e .] :
[N.B.—The value of % should not exceed M x0. . ::

. rate the above, let us assume 2

9” and focal length 12”) and an

Depth of Focus (Image Space).

The depth of focus in the image space given by a photographic
lens may be considered as the distance through which the plate may
be moved without causing deterioration of the image (see Fig. 146). )
In photographic work the criterion of good or bad definition is the size As a numerical example to illust
of the blurred patch or disc of least ' lens working at F/6 (i.e. diameter
confusion which the eye can detect Un object distance of (say) 30 feet. 009 .
at normal viewing distance (i.e., ten Then M =360" /12" =30 and x=M x0.003=0.09. ;

inches). Assuming the visual acuity =~ = And the depth of focus=(2x 9-09 x 360 x 2) /t(; ;n(z;:gssl) |
of the eye as one minute of arc, the °°§“__| =32.4 inches or 2 fee ’ * ‘
diameter x of the just discernable Fro. 146 O The Future j
image patch of a point object would ’

The moderﬁ tendency in the design of photc;lgraphic fle:asle?e x1ls‘rt ;o i

i ining the same 1o gth.

i the aperture of the lens whilst retz‘nnmg : gth-
%:: E:xsljpears E)o be brought about by the increasing demand for light

be x/10” =1/=0-0003 radians and therefore x =0-003 inches.

*E. W. H. Selwyn and [. L. Tearle (1946), Proc. Physical Soc., Vol. 58,
pp. 493-524,
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gathering power and consequent reduction in exposure; such problems

as the photography of fast-moving objects, projection work' generally

(especially in kinematography), and the photogra?hy of objects on to

35 mm. film, all demand such requirements. This presents consider-

able difficulties to the designer and it is only possible at present to

remove the undesired aberrations at the expense of cutting dov&.'n the

angular field; for instance, several lenses have appeared workmg.at

F/1 but with a total field of only 16 or 18 degrees; ne‘vertheless,. with

the use of new and recent optical materials, progress in the design of s
photographic lenses will undoubtedly continue,

The Schmidt Camera. ) '

This device* is an image-forming system for use with a photograp.hxc
plate and combines features not possessed by a lens systex-n; but whilst
it has some disadvantages, it may well prove a soluhqn to many
more instrumental problems than those to which it has hitherto been
applied.

5
)J] t_
t
Fic. 148.

Its chief advantage is that it has great light-gathering power, it
being possible to use it at an F-ratio of.even 0.5. The system is freﬁ
from spherical aberration and astigmatism, and has extremely sma
residuals of chromatic aberration; but has one unfortunate .drawback,
namely that the field is not flat. (The curvature of field is equal to
half the radius of the spherical mirror.) . .

The principle of the instrument is shown in Fig. 148', and consists
of a truly spherical mirror M with a circular plate P (situated at the
centre of curvature of the mirror) ‘‘figured’’ in such a way as to
correct the aberrations inherent with a spherical mirror when used
with incident parallel light. The plate or film is situated at the focus

% B. Schmidt, 1931, Zentztg. Opt. Mech., Vol. 52, p. 79.
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F of the mirror, and as mentioned before, the field has a curvature
of R/2. The Schmidt plate P (whether one or both surfaces of it are
worked) involves the use of aspherical surfaces, and whilst the optical
““figuring”’ of such surfaces is a difficult operation, the plates can be
made quite satisfactorily. Probably the easiest form to make is that
shown in the figure in which one surface only is figured; in this par-
ticular case the variation in thickness A of the plate at any distance %
from the axis can be represented by
_h*—h? (D/2)?

A= N &
where D is the diameter of the plate and N its refractive index.

The plate may be made in glass or quartz (if required in the U.V.

region) and attempts have been made to mould such plates in plastic
materials, although it is not yet certain whether the slight instability -

of these synthetic resins will allow of the accuracy required in this
system,

Interferometer Tests on Photographic Lenses.

For those who may be interested in the more advanced methods
of testing the performance of photographic lenses by means of the
interferometer, the following reference may be found helpful:—

R. Kingslake, Trans. Opt. Soc., 1925, Vol. 27, pp. 94-105.

CHAPTER VII
OPTICAL PROJECTION SYSTEMS.

Projection apparatus may be defined as apparatus in which a source
of light is associated with an optical device to produce localised
distant illumination.

Light sources may be said to send out light uniformly more or less
in all directions, and it is the purpose of the optical system to collect
as much of this light as possible and to direct it in the desired direction;
so that, for example, a screen may be illuminated by a suitable
intensity for comfortable vision (as in the case of the projection of
transparent objects) or that a distant object may be brightly

illuminated as in the case with searchlights, motor-car head-lights, etc.
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As we are therefore interested in gathering as much light as possible

from the light source we are immediately concerned with the tota] .

solid cone of light which can be collected by a given optical system.,

The unit of solid angle (sometimes called the Steradian) may be
defined as the solid angle of a cone which, having its apex at the

centre of a sphere of unit radius, cuts off unit area on the sphere’s

surface (see Fig. 149).

The value of any solid angle is therefore equal to the area of the
sphere’s surface included in the angle, divided by the square of the
radius of the sphere, Thus, the area of the portion of the sphere’s
surface shown in the figure =nxy?; but y=rsin U. So that the solid
angle

wr? sin? U
= ——r-z—

Optical projection apparatus may be applied to a variety of uses,
some of which are enumerated below:—

=n sin® U steradians.

(1) the projection of trans-
parencies (such as lantemn
slides, kinematograph films,
etc.).

(2) the projection of opaque
objects (i.e. episcopic pro-
jection).

(8) searchlights, and head-
lights.

(4) projection apparatus in

Fic. 149, industry (for gauge and screw-
thread testing).

(5) physical experiments (such as the projection of the spectrum,
Ppolarization experiments, interference experiments, etc.).

(6) the projection of minute objects (i.e. the projection micro-
scope).

(7) lighthouse projection systems. (Signal lights, marine lanterns.)

Returning to the case of paragraph (1), one of the simplest
(although inefficient) methods of projecting a transparent object on
1o a screen is to utilize the arrangement depicted in Fig. 150 in which
an extended diffuse source of light (such as an opal bulb electric
lamp) illuminates the lantern slide S and a suitable lens projects an
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i is tri t in
image of this on to a screen. If such an experiment is tried ou

‘ - . . n
( ctice, it will be noticed at once that the illumination or:i the ::;iee !
5 xtre;nely low even at a short projection distance, and mo eover
“ li euniformity may not be good and will depend on the evenn

Fits

3 diffusion of the opal glass.

N . the
A much more satisfactory method for projection, and indeed

' igh-i i f light
] one in most general use, is to employ a high-intensity source of g

-

——
—

To Screen

and to collect up as large a solid cone of light as poz&?}l::3 nfri);np:lhses
source by means of a lens or/and. mirror system, :1}111 then to pess
all this light through the projection lens on tol e sereen.
transparent object is placed close to the col'lect_mg 1ens az/ e
imaged on the screen by means of the pr9]ect19n erfls.11 he destred
ification. In this way much greater mtensuy of illu on on
It?ltgrsl::fri::n is'obtained, which should be something of the order

five foot-candles for comfortable vision.

|
TRANSPARENCY ["

> | erosECTION
v ) ¢ v s LENS -

Collecting Lens ;
system

(or condenser) /
Fi1G. 151.

. . . h
Let us look at this system in practice by refezmng to Flg._ lfl.SinTUe
area of the collecting lens or condenser =ny*, and as y=7r . ,

2 qin2
this area equals r.7?.sin* U.
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Thus, the solid cone of light taken in by the condenser

_area of sphere
" (radius of sphere)-

mri.sin? U
= z

4
= sin® U.

If B is the intrinsic brightness (i.e. illumination per fmit area') of
the source and S, its area, then the total amount of light received
by the condenser=B.S,.x.sin* U. ‘ o

Now the solid cone of light taken in at the projection lerfs
== sin? U'. The intrinsic brightness at S, will be B . t,, where t, is
the transmission factor of the condenser; and if S, is the area of the
image of the source, then the total amount of light taken in at the
projection lens=B.t,.S,.x sin* U". o . o

As the angle of the rays leaving the projection lens will be §1m11ar
to those entering it, the area S, of the screen illuminated at a distance
D will be = (D .sin U")2. .

So that the amount of light transmitted to the screen will be
(B.t,.S,.wsin* U’) t,, where t, is the transmission factor ot the

b T 2 2
projection lens.

Hence, the illumination on the screen

B . t,t.S,msin® U’
TR Dtsint U

B.S,.tt,
=—Dpi

Thus, we see that the illumination of the screen is .directly pro-
portional to the intrinsic brightness of the source and its area, and
in a lesser degree to the transmission factors ‘of the condenser. anfi
projection lens (which in most cases will remain constant), whilst it
is inversely proportional to the square of the distance D .

A further point, which is evident from the foregoing calculations,
and one which is of considerable importance, is the fact that firstly the
position and focal length of the collecting lens (or f:oqdenser) should
be such that as large a solid cone of light as possible may be taken

in from the source, and secondly that the image of the source §h01.11d ,
be of such a size that it completely fills the aperture of the projection ‘,

lens.
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Sources of Light for Projection Work.

The main essential in projection work is quite obviously a source
of high intrinsic brightness. Such sources are in general rather small
in area, hence the usual arrangement of conditions as depicted in
Fig. 151. For example the carbon arc, which is one of the sources
of greatest intrinsic brightness, has an illuminating area (from the
positive pole) of about 10 square millimetres (i.e. between 3 and
4 mm. diameter) for a current of approximately 5 amperes. The
intrinsic brightness of such an arc is approximately 60 candle-power

per’ square millimetre, giving a total illuminating power of (say)
600 C.P.

With a higher amperage arc, utilizing 40 to 50 amperes (such as
might be used in kinematograph projection) the diameter of the
(positive pole) crater may be of the order of 7 to 8 mm., with an

illumination of 240 C.P. per sq. mm., giving a total of approximately
12,000 C.P.

Whilst in still higher amperage arcs (100 to 150 amps.) for use
with searchlights, for example, the crater may be 12 mm. or nearly
half an inch in diameter. With such a current density, the intrinsic
brightness may be as high as 750 C.P. per sq. mm., giving, a total
candle-power of 75,000.

However, for the average size of lecture room, the 5 to 10 bampere
arc will generally serve as a sufficiently"intense source of light, but as
its area is still comparatively small (say 4 mm. in diameter) it is
necessary to form an enlarged image of this (by means of the con-
denser) sufficient in size to fill the aperture of the projection system
as has already been explained.

It is, of course, well realized that the arc is somewhat unsteady as
a source, and this sometimes precludes it from being used for certain
physical or optical projection work. Ome of the more satisfactory
sources, as far as steadiness is concerned, is the ‘‘Pointolite’’ lamp
(tungsten arc burning in a glass bulb containing argon) generally
made in either 100 C.P. or 500 C.P. forms. In the former type the
area of the incandescent surface (i.e. a ball 2'5 to 3 mm. in diameter)
is about 5 sq. mm., whereas in the latter a glowing plate of 25 sq. mm.
is employed. In either case the intrinsic brightness is of the order of
20 and therefore they have only about one third the intensity of the
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5 ampere carbon arc. Nevertheless, these lamps are particularly

suitable for some kinds of projection work at near distances,

Another form of light-source well suited to projection work is the
modern high-pressure mercury vapour lamp. The Hg arc occurs
between two electrodes contained in a small diameter silica tube, giving
a localized incandescent area of approximately 6 mm. by 3 mm.
These lamps also have the advantage of steadiness, but the greater
distribution of energy into the green, blue and violet parts of the
spectrum may sometimes render them unsuitable for particular forms
of projection work; e.g. if projecting coloured transparencies.

They are, however, eminently suitable for certain physical experi-
ments where for example the projection of a line spectrum is desired.
One type of this lamp, namely the Mazda ME (250-watts) gives an
illumination of 180 C.P. per sq. mm. It runs off 230 volts A.C. in
conjunction with a choke and is a convenient compact unit,

Probably the most used form of lamp for the general projection of
transparencies, such as lantern slides, film strips, etc., is the tungsten
filament electric lamp, in which the filament is wound into extremely
small coils arranged closely together, thus giving the effect of a larger
area of source than would be otherwise possible with a single straight
filament. A range of these lamps is now made with a wattage varying
friom 30 to 1,000 watts, taking between 3 and 4 amperes in current.
Their intrinsic brightness is of the order of 30 C.P. per sq. mm.

When using these coil filament lamps it is important to remember
(as mentioned earlier) that the image of the total area of all the coils
should fill the aperture of the projection lens.

Projection of Transparencies.

If we take, first, the more general instruments for projecting a
transparent object, such as the lantern slide projector, the enlarger,

Heot- resisting
Concave glass Trons
Mirror D . ? ¢ [ parency Er&_::ﬁon
_' A Pl

[
N
A

or the microfilm reader, the arrangement of the optical system is
shown in Fig. 152. The condenser ¢ collects up light from the

Fic. 152.
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; . - . t
4 source S and forms an enlarged image of this of such a size t(i) m];gse
" fill the aperture of the projection lens. The latter produces an

f the transparency on the screen. If the source is‘z%n arc, it }115 tus?:i
: have the positive pole in a horizontal position so tlda the
izcandescent crater faces the condenser; if the'solur::irsr};?umay 2
Pointolite lamp or coil-filament lamp a spheni;l‘ i
émployed behind the source, so arranged .that be o o ae
centre of curvature of the mirror thus producing a bac ot
of the source just to one side of ;:1;; sourc:aceproper wi

i i i i area of the source.

m‘f;‘;ase ;x;c;}el:sgxl‘u;ﬁi;f:cting lens system may consist of' two plam?r-l
conveexclenses as shown in Fig. 152 or of a three-lens de\;;lc: sshtl)lvggcal
Fig. 153. This latter form can be made to reduce P

7
)

Fic. 153.

aberration, and so bring light from all parts of t}Tis gollectmg lgr:;
system to 'a common focus in the plane of the pr03§ctlor{ l;ir:;.ted or
i be employed as in
the same reason an aspheric lens may ployed as indicated ™
ical aberration introduced by
ig. 154. The amount of spherica . :
f;rgldenser may sometimes be too excessive to be tolerate<.i,lfor S}}?,:\ll(:
the marginal rays come to a focus too far from the axial ray

Marginal Axial focus
focus
AV — — _
N I
FiG. 185.

e Fig. 155) the marginal rays may not enter the projeI(_:Itlon 1:;::
Sxed a ci;lsequent loss of light on the screen would result. Hence

use of the devices shown in Figs. 153 and 154.

is an

It is desirable in certain cases (for example, wlfex} the 150\51r§:tween

intensely hot one) to introduce a piece of heat-regstmg g atso tween
the source and the condenser (see Fig. 152) im order P




142 Pracricar OpTICS

damage occurring to the projection lens on which, of course, the heat
rays (as well as the light rays) will be focused. .Al'ternatlvely, one
of the condenser lenses may be made of heat-resisting glass. T.hlS
modern heat-resisting glass has been found to be far more effective
in removing the infra-red and heat radiations of the spectrum, than
water contained in a transparent cell placed in the bearr‘x\ .

Another arrangement of the optical parts for the illumination of a
transparent object particularly when its area is small (e.g. one ‘frame
of a kinematograph film) is to form an image of the source directly
on to the object (see Fig. 156).

PROJECTION

CONDENSER LENS

w‘ugrammaﬁc)
7
P

TRANSPARENCY
F1c. 156.

SOURCE

A considerably greater intensity of illumination is tchus afforded to
the object, but greater precautions against the reduction of heat must
be attended to, otherwise damage to the object may result. Furthe_r-
more, the diameter of the projection lens has usually to be larger in
order to take in all the light supplied by the condenser. Moreover,
unless the source is uniform in intensity over its whole area (always
rather a doubtful condition) the object and hence its image on th‘e
screen will suffer accordingly. On account of these drawbacks, this
arrangement for projection is possibly not so generally used as the

case in which the transparency is placed close against the condenser “, :

lens system as shown in Fig. 152.

The Projection Lens.

The projection lens is quite obviously the x.nost impor?a.nt part of
the optical system, for on it depends the quality of definition on the
screen. It is essential to have the image on the screen frfee from
distortion and a minimum of astigmatism, coma, and spherical and ]
chromatic aberration; at the same time the lens should have as large :-
a light-gathering power as possible, in other words a low aperture- .,
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ratio value. (Lenses working at F/35 are commonly used.) This
immediately imposes stringent requirements on the design of the lens,
and good quality anastigmats are therefore the type generally utilized
for this purpose. Such well-known lenses as the Cooke, the Aldis,
and the somewhat older Petzval are still employed; although manu-
facturers generally have produced a range of projection lenses of
high quality in order to meet modern requirements.

Loss of Light in Projection Systems.

The average efficiency of the ordinary projector system is very low,
the amount of light reaching the screen being of the order of 20 per
cent. or even less of that from the source. A simple numerical
illustration will serve to bring out this point. At each air-glass surface
of the lens system there is a loss by reflection of 4 per cent. of the
incident light, and approximately a 5 per cent. loss by absorption
per centimetre of glass thickness. Thus at the collecting-lens or
condeniser as much as 30 per cent. may be lost, giving 70 per cent.
transmission; at the slide-holder or “‘gate’ 50 per cent. may be lost
due to the fact that the ““gate’” or holder is usually square whereas
the condenser is circular in form and must have a diameter sufficiently
large to cover the diagonal of the transparent object. We have there-
fore 50 per cent. of 70 per cent. now transmitted, namely 35 per
cent. of the initial amount of light from the source. The slide or
the film will by surface reflection and absorption probably cause some
15 per cent. loss, which will thus reduce the transmission to 30 per
cent.; and finally the projection lens itself will produce a further loss
of about 30 per cent., giving a total transmission of 20 per cent. ‘We
thus see that only about one-fifth of the incident light from the source
will reach the screen.

Furthermore, if a rotating sector should be used in the light path
of the projector (as, for example, in the case of the kinematograph)
a still further reduction of quite 50 per cent. may result, giving only
about 10 per cent. of the initial light to reach the screen.

Illumination on the Screen.

In spite of these considerable losses due to the necessary optical

i system in projection work it is interesting to gain some information
“concerning the illumination per unit area on the screen. A further
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numerical example will probably serve as the most convenient way
of illustrating this point. For example, let us imagine we want to
project lantern slides in the average size lecture room, and that we 3
require a picture of (say) 7 feet square on the screen; and further
we will suppose we have available a light source of 1,000 candle-
power. 1

Now the cone of light taken in by the usual type of condenser 4
amounts very closely to unit solid angle. Therefore the total light
entering this collecting-lens system will be 1,000 lumens (where the
lumen may be defined as the amount of light emitted in unit solid
angle from a source of 1 C.P.).

We have seen earlier, that in the case of a projection lantern,
approximately only 20 per cent. of the original amount of light gets
through to the screen, that is 200 lumens.

If the screen is to be 7 feet square (namely an area of 50 square
feet approximately) the illumination will be about 4 lumens per
square foot or 4 foot-candles.

This is, as mentioned before, a fairly satisfactory surface illumin-
ation for the human eye to view with comfort. In the case of
projection in the cinema, the distance of the screen is considerably
greater than in an ordinary lecture room, and consequently the area
of the screen is required to be larger. A frequent screen area may be
as much as 250 sq. ft. and in order to maintain a surface illumination
of between 4 and 5 ft. candles, a simple calculation will show that the
source of light necessitated is of the order of 12,000 C.P. (e.g. as
obtained from a 40 to 50 ampere carbon arc).

On the other hand, when we come down to the subject of the
projection of microfilm for reading purposes, where the size of the
viewing screen may be only one square foot in area, it follows from
the foregoing numerical illustrations that a source of about 30 to 40
C.P. will suffice. This accounts for the use of even the 36-watt motor
car head-lamnp bulb as a satisfactory light source in this kind of work.

For the projection of film strip on to a screen of about two to three
feet square, such as might be used for smaller class rooms; a hundred
or two hundred and fifty candle-power lamp will be found suitable.

Projection of Opaque Objects.

It is frequently necessary and desirable to be able to project opaque
objects on to a screen; especially such things as coloured diagrams and

more difficult. . ) atos
1 episcopic projection is depicted diagrammatically in Fig. 157. The

4
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73 illustrations, for example. The method for doing this is, in theory

jecti i in practice it is
simpler than that for projecting transparencies, but in p chice 1t I
The arrangement of the apparatus req

Housing

Fic. 157.
Episcopic Projection (diagrammatic).

object O (which for the sake of simplicity let. us assume con51st‘i' of
black letters on a white background) is placed in a horizontal posi 1(;n’
and is illuminated intensely by one or more lar'nps L,, I:;,. Immec'ha:‘e y
above the object, a high-aperture good quah'ty anastigmat projec 10‘1;
lens P is placed, followed by a surface-silvered plane. mlr.rorr .i‘
arranged at 45° to the vertical axis. The purpose of this m}11rro isz
to correct the lateral inversion of the image which would otherw

> the mirror not there.
OC(’:IEI;; ;::;:)S };nd object must be suitably h})used, so that no }:zxtranz?;;sl
light gets out into the darkened room; this condmor.l for .t e re.r(:: vl
of stray light is more important in the. case of eplscopxﬁ pr?]een -
owing to the difficulty of getting sufficient light on to the scr

image visible. _
reri?lei)rtc?:rlz gain an idea as to the br?ghtness of tk?e 1maget on ﬂI:
screen given by this form of projection, it may be of mterestf 0 tma <
a direct numerical comparison with that given on page 144 o:h r:u\xve
mitted-light projection. So that, in this case, we will assuxlne ;that
have a light source of 1,000 C.P. as in the previous exampie an
the screen image is to be 7 feet square as before.

. e e bt . . P

o et o e AR
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In the first place, we may treat the illuminateq object O as the
effective source of light, and consequently we require to knoYv at the
outset the intrinsic brightness of the opaque object (assuming that
the white portions reflect all the light uniformly). o

Let us imagine that the lamp L, (Fig. 157) f’f 1:000 C.P. is situated
at one foot from the object O, and the illumination per unit area of

1,000
the latter will therefore be yol

Hence, the intrinsic brightness of the object

_ 1,20(5)2 =80 candles per sq. ft. (approximately).
1 .

i / i aque object to be projected as
Taking the average size of fhe OII:) ?nches ]square (i.e. 100 square
inches in area), therefore, the
effective total candle-power of the
object (treated as the light source)

100
= — =55 C.P.
=80 x 44

Assuming that the projection
lens collects up light of unit solid
angle (quite a usual condition)
then the amount of light collected
=55 lumens.

If one-fifth of the light is lost
in passing through the projection
lens, the amount of light.reach-

where » is 1 ft. in this case.

As the area of the screen is to

be 50 sq. ft., the illumination on #&

Fic. 168.
Epidiascope (by Messrs. Aldis & Co.).

candles.

Thus, it will be seen that this value is distinctly low when cor'npared
with the more general intensity of 4 to,5 foot candles, and in con& ‘
sequence the image would be difficult to see on the screen when viewe ,

from the usual distance. ' |
In order to improve matters, it becomes necessary to Increase th

brightness of the object, but it will be evident that it must be increased

by a factor of something like four to five times. This means intro

ing the screen will be 44 lumens. | f

44 =
the screen would be 5—0—=0»88 it. E
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ducing additional lamps to illuminate the object; suitable reflectors
behind the lamps will also help in bringing more light (theoretically
almost double it) to bear on the object. Therefore, in the case quoted
here, it might be necessary to fit our episcope with (say) either two
1,000 C.P. lamps or four 500 C.P. lamps (all fitted with reflectors)
for the illumination of the opaque object. Naturally, considerable
heat will be generated by a group of such lamps, and some instruments
are therefore fitted with a fan for cooling purposes.

Manufacturers have also produced instruments whereby (with a
slight modification) episcopic projection can be changed to transmitted
projection, the combined unit being known as an epidiascope. One
type of the latter is shown in Fig. 158.

Sphere Episcope.

The principle of the Ulbricht integrating sphere has been applied
to the problem of the projection of opaque objects. Fig. 159 illus-
trates the principle. A sphere S whose internal surfaces are coated
with a high-reflecting matt white paint,
is fitted with a high-aperture projection % —_——
lens P at the top of the sphere, and with
an opening at the base for inserting the
opaque object O. Lamps are situated at
L, and the object is illuminated by the
light which has been reflected (perhaps
many times) at the internal surfaces of
the sphere, also by the direct light from
the lamps. Theoretically all the light
radiated by the lamps should enter the
lens P, but in practice light is lost due to
absorption at the white surface and also
due to the fact that the area occupied by
the lens and the lamps will reflect very little. Nevertheless, satis-

Fic. 159.
Sphere Episcope.

j factory results can be obtained with this device.

_ Searchlights, Signalling Lamps, Headlights.

The above named are probably the most typical instances of
projection apparatus, for it is their function to produce a powerful
distant illumination in a predetermined direction.
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In these types of device, mirror reflectors ar.
rather than condenser lenses,
aberration and involve less loss of light.
surface is of parabolic form, spherical abe
and a much larger “‘collecting angle’’ of th
with a lens system.

Deal%ng with the searchlight first, the principle will be understood
fror.n Fig. 160 in which a glass surface (ground and polished to para-
bolic form and coated with a high reflecting metallic la ef)
al.rranged to receive light from the crater of a hi 4
situated at the focus of the mirror.

is
gh intensity arc

Reflecting
Surface .
,)'
° POS
_ /%f_ 160"\ ¢ ("Carson
2
FiG. 160.

Fic. 161.

The 'well-known property of the parabola, namely that all rays
emanating from the focus F will after reflection at the surface emerye
parallel 'to t.he axis, is the most obvious optical element to employ fir
the pI‘O]eCtlf)l’l of a powerful beam of light; it may be used at an
aperture-ratio of between F/0-5 and F/1 which means (in the former
cas.e)‘a collecting angle of 90°. Unless a hard, tenacious, and heat-
Tesisting metallic coating (such as rhodium) is used on tixe surface
the h_eat and fumes from the arc may tarnish it and the surface wili
lose 1ts' reflecting power in a short while. ‘This accounts for some
sea.rchhght mirrors being made from a glass disc, both surfaces of
:;rll}ulz(h are polished but with the back surface silvered (Fig. 161). The
Iefxicecrtl;sz Zf, g:i eg'lass between the silver and the arc thus protects the

Fuﬂhe@ore, such a lens-mirror can be designed to give freedom
from sphen.cal aberration (in other words an emerging parallel beam)
by employing two spherical surfaces, thus eliminating the difficult

Pprocess of producing a parabolic surface. Such a mirror (originally

. : e usually employed 3
as mirrors give freedom from chromatic
Moreover if the reflecting  §
rration may be eliminated S
e light may be secured than
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due to Mangin) has a radius r, of surface (1) equal to the distance
of the pole of the surface A from the focus F, and with the radius
of the reflecting surface (2) in the ratio of r, v, 1 1:5 1 1.

Searchlights frequently have a mirror of 5 ft. in diameter, although
3 ft. is the more usual size. The source of light is the crater of the
positive pole of an arc running on 50 to 60 volts but with a current
of between 100 and 150 amperes. The positive pole is usually cored
with cerium and is about three-quarters of an inch in diameter, whilst
the negative pole is three-eighths of an inch. The diameter of the
incandescent crater is approximately half an inch, and with the above-
mentioned current has an intrinsic brightness of about 750 C.P. per
square millimetre, giving a total candle-power of 75,000.

Signalling Lamps.

The purpose of a signalling lamp is to direct an intermittent beam
of light in a given direction, so that an observer situated in the line
of the directed beam may see the flashes (ot varying duration) given
by the lamp and thus use these as a means of transmitting a message.

The previously mentioned lens-mirror is frequently employed in
this device; but instead of the carbon arc being used as a source, a
small-area, tightly coiled tungsten filament lamp is quite often
employed, more especially with the smaller signalling lamps which
may be of from 6 to 10 inches in diameter.

Such electric lamps (about one and a half inches diameter bulb)
may have an intrinsic brightness of 24; and as the size of the small
coil filament is approximately 25 mm. long by 1 mm. wide, the total
candle-power would be of the order of 60. The lamp bulbs are
sometimes silvered over half their area, the silvered surface being
further from the lens-mirror. This not only sends more light to the
micror, but it prevents direct light from the filament going out in the
direction of the projected beam which would cause some divergence.

Headlamps.

With a signalling lamp or a searchlight it is generally desirable to
limit the projected beam to within small angular amounts; that is, to
have almost a strictly parallel beam. But with a headlamp, the
requirement is more that of a wide angle beam combined with a central
narrow angle of greater intensity than the outer beam. This condition
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is admirably catered for by utilizing a parabol.ic reflector in l;:tc):(i

junction with a coil-filament electric bulb, but w1t1(1;2t)he lztti; eppara
i Fig. 162). As -
te close to the base of the parabola (see !

g:)liic surface extends well out in front of the bulb the ‘“‘angle of

ion”’ i lv light not collected from the source
collection’” is so large that the only lig ot from the A

< »  aperture of the lamp to form
A part of the useful wide-angle
<o In Fig. 162 the rays

beam.

marked A, B, C and D are
A those which are regularly
i reflected at the parabolic sur-
face, and which give the cen-
- e tral narrow patch of ilh?mina-
- tion; whilst E represents one
#(\ of the rays which go to make
Na up the wide-angle _bearr}. Other
: rays which help in this latter
Fre- 168 respect are those marked A’,
B’, C’, and D’ which have been reﬂectfzd .from t.he inner surface of

th; glass bulb and go out in directions mdxcatgd in the figure.

Optical Projection for Engineering Purposes. e
The checking of mechanical parts such as 'sc1:ew-threa(.is},1 tap:t c1:n:
gear wheels, cutters, gauges, etc., may be_z carried out with gre com
venience and rapidity by optical prOJectlo.n methods. hMoreov'zc,t 2
the profile of the object is enl;rge(: gons;?e;alﬁl}ilgg:l ;t ;erl;,rizl o
all errors may be detected whic
fxcr:;z[t]i’cefilfl If at the same time a maste.:r gauge or screwt-;h;:?ldt o(fg:
example) is projected simultaneously w1t}.1 the gauge <;r n: 2t
tested, the instrument can become an.adr.mra})le. form o (;:o };; : 16:3
The principle of such optical pl‘O]e(fthl’) is illustrated in logo. : P.
A source of light S (e.g. a :G—V'vz;ltt coil f;l:lrlrsl:?téa:lf tohra taa pamilei
Pointolite lamp) is arranged with a con G s e
beam emerges from the latter. 'ljhe ol?]ect 0] élr.nagtlhnie et e
cylindrical rod shown in plan view) is place 1 ;:aed ismage (;f i
good quality projection lens P. produc?s an enlarg oo
ituated at a suitable distance. In the case o
;Orotjtstiic;e;cnwsiil be recalled :that the distance between the source and
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the condenser is such that an image of the source is formed in the
plane of the projector lens, thus conserving the light collected from
the condenser and giving the maximum brightness on the screen. The
beam between C and P would thus be convergent and the projected
image of the object so illuminated tends to show shadow effects with
a consequent possibility of incorrect projected sizes on the screen.
Unfortunately there is a loss of light on the screen by having an
incident parallel beam on the projection lens, but more reliable results
will be obtained if this method is adopted. Indeed, it may be neces-
sary sometimes to insert a telecentric stop T in the focal plane of the
projection lens to aid in the true projection of the image; this will still

SCREEN

Fic. 163.

further reduce the intensity of the light reaching the screen and a
higher power source may have to be employed. This last precaution
however is not absolutely necessary in general practice.

It is essential that the projection lens should be a well-corrected one,
and especially free from distortion. To this end a “‘symmetrical”’
type of lens may be employed or any good quality ‘‘anastigmat’’;
it should be fitted with the usual internal iris diaphragm, for it is
frequently necessary to increase the depth of focus of the lens by
reducing its aperture, thus enabling such objects as screw-threads,
chasers, etc., to be projected without undue out-of-focus effects on
the screen.

If the pitch or contour of a screw-thread or a gear-wheel is to be
checked by projection, it is necessary first to place a glass scale
(divided in millimetres, say) in the plane of the object and to measure

the magnification accurately on the screen. (50 times is a convenient

magnification to employ.) An enlarged drawing (to this magnifica-

tion) of the thread or gear tooth is then made on paper and pinned
up on the screen, and the projected image arranged to coincide with
the line drawing. Discrepancies in manufacture of the screw or gear-
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wheel will be readily seen by the lack of coincidence between the image

and the drawing, and moreover a numerical value of the error may
be determined from a knowledge of the magnification.

Various forms of tests and modifications thereof will suggest them- 3

selves when the engineer is working with such a piece of apparatus,

{a) : ()
Fic. 164.

Engineer’s Optical Projection Bench (by The Precision Tool & Instrument Co.)
(a) Horizontal arrangement.

(b) Vertical arrangement.

but these cannot be enumerated here. Fig. 164 shows one form of

engineers optical projection bench, by the Precision Tool and Instru-
ment Co. (London).

Projection Work in Physical Experiments.

Numerous occasions occur when demonstrations of principles in
physics are required to be shown on a large scale. Optical projection

. helps very considerably in such illustrations, and the chief unit for

such work is a light source of high intrinsic brightness combined with
2 large-aperture collecting lens (or condenser) suitably housed to
prevent extraneous light getting out into the otherwise darkened room.
Ample movement between the source and condenser should be avail-

able in order to allow for a variation in the vergence of the light
leaving the condenser.
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Probably the most usual source is the posit.ive crater of a 10 t;)l. 1151
ampere carbon arc, but the 500 C.P. Pointolltc? or the 250-watt lig
pressure mercury arc can also be used. Obviously a great van;:ty
of projection experiments may be carried out, and although t ey
cannot all be mentioned here, typical examples of these are set o.ut in
detail in Lecture Experiments in Optics (B. K. Johnson) published
by Arnold and Co. (London). A few of the more gener:cxlly used
demonstrations will, however, be mentioned here. We. might ta1.<e
first of all, for example, the projection of the spectrum (?llustratefd }:n
Fig. 165). A vertical slit is illuminated by an enlarged image ot the

CONDENSER
SOURCE

REp

FiG. 165.

source formed by the condenser, the lens L sho'uld be o.f SUC}.I a foca}
length and in such a position that when it p?O]ects a dlreFt image o
the slit on a distant screen, it takes in a similar cone of light to. thelxt
provided by the condensing lens as sho-wn in' the ﬁgurg. A sulltab ;
60 degree prism, preferably of a high dispersion glaSS, is thendp ace
immediately after the lens and the spectrum will be formed on a
screen some ten or twelve feet away. The lens L need .nOt neces-
sarily be a well-corrected projection lens, but may be a mmplel.len;
of one glass only, in which case the screen will have to be incline
in order to maintain the blue and red end of the spectrum. in focus
simultaneously. This inclination of the screen to the axis has a}\ln
additional advantage, inasmuch as it increases the length of .t e
spectrum.

Projection with Polarized Light.

The optical projection of ordinary fransparent (?bjects i§ cal:ried qut
in the manner already described, namely by using a high intensity

e el

e~
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source S (Fig. 166) a collecting lens C, the object O, and the pro-
jection lens L. In order to polarize the incident light before it reaches
the object, it is necessary to leave some space between C and O to
allow for the interposing of some polarizing device. Undoubtedly
the most efficient form of the latter is the Nicol prism but obviously
this will have to be of large aperture if we wish to use a large solid
cone of light from the source, and placed for example in the position

[

Fi1G. 166.

N,. So also would the aperture of the second Nicol N, have to be
large, in order to allow the full extent of the beam to pass from the
projection lens to the screen. As it is extremely difficult nowadays
to obtain large pieces of calcite of sufficient size to make Nicol prisms
of (say) 38 inches or even 2 inches aperture, one may have to resort
to the production of plane polarized light by means of reflection (see
page 82 of Lecture Experiments in Optics—B. K. Johnson) in which
case the aperture is not limited by the size of material available,
although the efficiency of this polarizing device is not as good as 2
Nicol prism. Polaroid plates can also serve as a substitute for the

FOCAL PLANE OF
PROJECTION LENS

)
POLARIZER € ossecT L

POLARIZING ANGLE OF
MATERIAL USED

Fic. 167.

Nicol prism, and are now made of quite large diameter, and could
therefore be placed in positions N, and N, shown in Fig. 166. An
alernative method is to utilize a parallel beam from the condenser, 2
polarizer in the form of a reflecting device (see Fig. 167) and a small
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E.xp%‘rture Nicol prism N,. Although a loss of light in the projection
;)s incurred by (.empl.oying a parallel] beam (instead of a convergent
b:;xln :ts tshowfn in Fig.166) on t‘_) the lens L, this parallel beam will be
: ght to a focus by t.he lens in the position indicated and therefore .
oa much more constricted area than under the conditions shown in
Fig. 166. Consequently a much smaller Nicol prism N, may be

placed at this iti
cereon. position and thus allow the full beam to pass to the

Projection of Very Small Objects.

This §ect§on may be divided into two headings, one dealing with
tl.le pr0]e<‘:tlon of small objects covering a comparatively large area
(i.e. one inch square) such as the minute lettering on microfilm; and
the othe.r fiealing with the projection of minute objects of a thousa.ndth
of a millimetre or less in size, such as the objects which would
norma.lly be viewed with the microscope.

' Taking .the first case, the arrangement of the optical components
is sﬁovyn in Fig. 168 and as will be seen it is the familiar form of
projection .system already described, but the important part of this
app_aratus is the projection lens which is especially designed to cover
a wide field (sometimes as large as 60 degrees) and at the same time

QTRANSPARENC_Y
Xl /
/A7

(P;OJ ECTION

LENS

F16. 168. Scheew

i working with a Iqw aperture-ratio, frequently F/3-5. As these lenses
.. are often of one inch focal length and their aperture approximately

;me_ third of an inch, it follows that the enlarged image of the source
ha:lllng on 1‘:he lens must not exceed this dimension and therefore the
igh intensity source must be particularly small. A very small tightly

- coiled tungsten filament is frequently employed for this purpose. The

design of the condensing lens system also calls for consideration;

-because this system has to be of exceedingly short focal length and yet

it is desirable to pick up as large a solid cone of light as possible from
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the source. Fig. 169 shows one form of micro-
ﬁlm. reader. 1f, however, it is desired to
project the image at a considerable distance
(say 20 ft.) it may be necessary to use a
5 ampere arc as a source, in which case
the condenser lenses should be made of
heat-resisting glass. Otherwise the heat of
t?le arc crater concentrated on the projt.ac-
tion lens may crack the lenses of the latter.
' In the second case, where one is deal.-
ing with microscopic objects, it is necessary
tco use the compound microscope in con-
]u'nctlon with a high intensity source. In
Fig. 170 it will be assumed that the micro-
scope has been set up n the usual way (as
alrfaady described in Chapter 5) and the
oP]ect properly focussed. At a suitable
distance to the left the source (which may

be preferably the 250-w i
. . -watt high pressure
mercury arc mentioned earlier in this chapter) is a.rrfmg(le)d b\iflix:;

:ugior.ldetns%ng le;lls to form an enlarged image of the Hg. arc of

cient size to fill the aperture of the mi s ‘

A the heat contentasperture le microscope substage condenser.
. t this point is likely to be i

: ' ' : \ considerable, it

is advisable to insert a piece or two pieces of heat-resisting glass and

-

F1c. 169.

B. K. Microfilm Reader
(manufactured by
Messrs. Wray Ltd.).

Condenser Water Micros
\v Trough  Substage. Shide

Condenser

W
7R’ F
T Aojech'on

Eyepiece

Fic. 170. Screen

p_ossibly a water trough as well, in the beam as indicated in the
diagram. This iris diaphragm (marked No. 1) is now the effective
source of light, and the microscope substage condenser is adjusted to
and fro until an image of this iris is formed in the plane of the object
on the microscope slide. Obviously, therefore, the adjustment of 'iris
No. 1 will control the illuminated area on the screen. (The diameter

| ring first to the right hand side
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of iris No. 2 controls the effective aperture of the microscope objective
as already explained on page 86, where the correct setting-up of the
microscope has been given.) It isimportant to use a special projection
eyepiece in the microscope in order to maintain good definition on the
screen and to secure a flat field.

With the arrangement described it is possible to project with all
powers of microscope objectives including the oil immersion objective,
giving in the latter case a magnification of two thousand times for a
screen distance of about 4 feet. It is essential, however, to have the
room in complete darkness and the light source well housed so that no
stray light escapes into the room.

Lighthouse projection systems, Marine lanterns, Railway signal lamps.

The type of projection dealt with under this heading is one in which
a strong beam of light is directed in a given direction by means of a
lens and prism system rather than by means of a mirror system as
in the case of a searchlight or headlight. A mirror is not suitable for
this kind of work, for it is frequently necessary to project the light
simultaneously in a fore and "
aft direction, and sometimes
(as in the case of the light-
house lanteru) in three or even
four directions simultaneously.
1 Thus the type of optical

system generally employed
for this purpose is shown dia-
grammatically (and in  one
plane only) in Fig. 171. Refer-

of the figure, a lens A is moun-
ted so that the source is at its

F

focus and thus a parallel beam FiG. 171
of light emerges from this Catadioptric Optical System
lens. If now one attempted (didgrammatic).

to collect up a larger solid
cone of light from the source by increasing the diameter of this
lens, considerable spherical aberration would be introduced and the
emerging beam would no longer be parallel. Consequently the beam
would suffer a loss in intensity.
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In order to overcome this defect, the lens may be kept small in
diameter, but circular prisms B and C are arranged concentrically
with respect to the lens, and it will be seen from the diagram (which
is shown in section only) how wide angle rays from S may be deviated
to give an emerging parallel beam of light. A simple device of this
kind shining in one direction only is frequently employed for signal
lamps on railways; if a similar optical arrangement is used on the
other side of the source S, the
light beam will be directed in
two directions at once. Ob-
viously, three or four such
devices may be arranged
around the central source, thus
representing the state of affairs
used with ships’ lanterns.

In the case of the lighthouse
““ lantern ”’ the width of the
beam may be extended by
employing further circular
prisms D, E and F, in which
total internal reflection occurs
at the hypotenuse face of these
prisms and a much greater
solid cone of light is thus taken
up from the source. . Fre. 172.

Many lighthouse lanterns
are arranged to ‘‘ flash *’ at
intervals, this being carried
out usually by having a number of panels of these catadioptric
optical systems arranged around the source and by rotating the
whole framework of panels continuously. Each time a panel comes
square to the observer’s line of vision a *‘ flash ™’ is seen, preceded
and followed by a short period of darkness during which the frame
is rotating until the next panel comes into position.

The source of light itself must be one of great reliability and steadi-
ness, as well as of high intrinsic brightness. The carbon arc is
therefore not used, on account of it being defective regarding the first
two named qualifications; a 1,000-watt tungsten coil-filament lamp can
be used, although the thorium coated mantle heated by an intensely

Lighthouse ‘lantern,”” showing
Catadioptric Optical System.
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hot flame from petroleum under pressure is still in considerable use.

Flg. 172 Sh S View Of the Cata.dlo tI n use t ouse

CHAPTER VIII X~
OPTICAL GLASS: ITS WORKING AND TESTING.

Gla§s-making has been known since very early times (about 2,500
B.C. in Egypt), but * optical ”* glass was barely heard of until’th
second half of the nineteenth century. )

A‘ rx?odern glass list, however, may show as many as eighty different
varleties of optical glass, and the uninitiated find it diﬁ"lcu]tyto underll'-
:lt]alzd,hwhy t?lese are necessary. The answer is to be found in the fact
! at the optlca.l des.xgner is able to produce better and more improved
enses of all kinds if he has a greater selection of glasses to draw on.

Apochromatic Achromatic

ens } ( lens
760,
‘ A
= 656 \7 Pl
2, e ¢
§ oo |
3 |
=
486 \
\ ! F
54 ' \ G'

Chromatic aberration
Fic. 173.

F.A few examples of. the advantages to be gained may be quoted:—
irstly, the chromatic aberration of a lens system can be grea-tly

reduced by utilising t .
Fig. 173, g two or more glasses for its components—see

Secondly, the spherical aberration and the coma can be corrected

su;lml.taneously if suitable pairs of glasses are chosen. In Fig. 174
s;f> ;ncal aberratlc_m. is plotted as ordinate against various ** bendix;gs *”
;)u.: t<;11en}s1 as ab;lcxssa, and the familiar parabola is obtained: but by
ltable choice of glasses the parabola can b. ,
down with respect to the hori i S natance, 0P and
zontal axis. For instance, the i
. ) spheri
aberration curve for a hard crown, combined with a dense ﬂirf)t glazzl
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crosses the axis at positions where the coma has a considerable positive
or negative value, whereas an objective made from a medium barium
crown, combined with a dense flint, gives a spherical aberration curve

which touches the zero axis almost at the same point as the coma
curve crosses it,

Spherical aberration

-

Fic. 174.

Thirdly, the effects of a wide variety of optical glass assists greatly
in the design of photographic lenses, for astigmation can be greatly
reduced and the curvature of field rendered flatter. Introductory
examples showing the way in which this may be brought about have
been shown in Chapter VI.

Fourthly, in microscope objectives of high power the very short
radius of the lens surfaces often introduces zonal spherical aberration
which is extremely difficult to correct. But by choosing glasses with
a large difference of v-value for achromatizing the components, the
curves can be made shallower and the zonal spherical aberration is
less likely to arise. This accounts for the use of such materials as
fluorite (v-value=95) being combined with an extra-dense flint glass
(v-value=33) to form one or more of the achromatic components in
a microscope objective.

Production of Optical Glass.

The manufacture of optical glass is a highly specialized process and
cannot he compared with the production of other forms of glass, such
as sheet or plate glass, or of ‘‘ glassware "’ generally. The reason
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for this is the high standard of homo-
geneity and freedom from interqal stresses
demanded by the needs of optical .worl‘c.
The references given below describe in
detail the technique involved in the manu-
facture of optical glass, but the broad out-
line is as follows:— .

The sand, which constitutes the major
content of the melt, must be chosen fpr its
freedom from iron. The other ingredients,
such as potassium, calcium, lead,
Fig. 175. aluminium, barium, borqn, etc. ( generallg
Crucible for Production of  in oxide form) are specially selected an

Optical Glass. mixed with care and thoroughness. 'I:he

whole is then placed in a dome-shaped crucib}e or pot with ane rc:;irrl::g-
to allow of stirring (see Fig. 175) and raised to a temp

T o T N

N b %- D
.~.,. P F
42 . A >

F1c. 176.

Glass Manufacture—W. Rosenhain.
Jena Glass—H. Hovestadt. -
Dic. of Applied Physics—Vol. 4, p. 82.
Glass—P. Mason,

i e i i
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about 900°C.—until the mass assumes a liquid state. It must be
kept in this state until all the ‘‘ gassing *” has ceased and stirred
continually until all the bubbles are removed.

On cooling down, the mass of glass thus produced, tends to fracture

Wave plate S’
Diffusing screen.
)" X oot foriem
Ko s (analysen)
| :
\ TSI Opecimen
Polariser
Trough with

lass sides.
} ﬁ&

Rough specimen n

liquid of similar

refractive index
Fic. 177.

Tests for Strain.
Above: Glass Block with Polished End Faces.
Below: Rough Sample of Glass, Unpolished.

and split up into a number of pieces of various sizes (see Fig. 176).
These are reheated and pressed into flat slabs, then subsequently
examined for freedom from cloudiness, stones, large bubbles, crystal-
lization, etc. The best parts, which often only constitute a quarter of
the whole weight, are again re-heated, and this time annealed.

Annealing.

The gﬁ%ﬁfng process consists in cooling the material very slowly
through certain ranges of temperature. For the ‘‘ crown '’ glasses
this is between 500°C and 350°C, whilst with the ** %ﬁa&; glasses the

g

22 L Ol A,
-G it i WEPE,\ #f{h o
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sensitive Tange fvpggween 400°C and 350/‘;9,‘&7/:[‘ his preyents the solidi-

fic ggn f the outer parts of the mass’Whilst the ifiner peortions are

He %Whi occurs when prdina cgolin i wed to. -
%}e llgltt’g??”“%s (_'{Tw}; 084 a@% % ﬁg é%o\ &LM Mt( SV

take pjace. T irequen
to be set up in the glass.

y causes considerable internal stresses

:: . . N
‘ I . 7o g fen b Pl
} Tests for Stram./ fe IZ > OJ[ ) '

ecting a § ecfﬁlen of glass for strain is
B, it : féht in a polariscope (see Fig. 177).
Thé 5% mbde Hark by *“ crossing the Nicols,”” and the specimen

is rotated in its own plane, raint will _be d nifest by the
gy e ¢ oo g bl og fu g ulest Dy,
transmission of light in the/%r;nerf’g— 4k field, nd increa]siflé Smotnfs

of strain will be indicated by a grey, yellow, red and so on, in
accordance with the order of polarization colours given in Table VIII.

A piece of glass which shows no ‘* lighting-up ** or even a faint
greyness is suitable for most optical purposes; but anything like a
bright field or any trace of colour indicates bad annealing and cannot
be tolerated.

The usual method of in

TABLE VIII.
ORDER OF PoLARIZATION COLOURS.
(Abbreviated.)

Retardation for Interference Colours

D-line (microns) cro;)sztgv?[g?cols Order

0-00 Black
0-10 Lavender-grey =
0-26 White &
0-33 Bright yellow £
043 Brownish yellow J
0-54 Red
0-58 Violet (the sensitive 2

violet) o
0-66 Blue (sky-blue) =
0-83 Light green @
0-95 Orange

a

115 Indigo ' E
1-33 Sea-green I =
1-53 Carmine

[ oUFerM .

g sttt so sy

gl
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This test may be increased jn sensitiveness mounting a thin

. . . g (U fla Al 20070, . S

plate gfﬂkl;rggzg%xg material u;t frbnt of the- ,géa g%ﬁ :‘The Mthmrqg Y W

shouid be such that the retardation (J% one wave 'enggf (for ﬁﬁgﬁi‘\
This produces a violet coloration of the Aeld, and by re éa‘nce to the
p Y jxawﬁ\aﬁa«b\»@.

t.able a.lready m%i&xlg%t will Ee seen that apshrg(ht change in retarda-
tion will produce a marked chang

i%olou . For example, a change
of 0'1p in retardation will give éi el hEnENp
blue. Ll N

Homogeneity.

G et €Ak

There may be local regions in the melt where th} stirring hag 11134c_)t(
g‘erfepet‘l_y am'x% t&xe meaterial, but has produced /th¥65ds or strite
STiBE to t ose seen when syrup is being mixed in water. Such

L . . ., 2 o PONELS tramenf A,
striae indicate differences in refractive index and may amount’ to
one or two units in the’ftﬁivr?a"\ decimal place. /

A method for detecting such defects, as well as bubbles and other
small specks of undissolved material, is to place the specimen in the
path of a convergent beam of light—see Fig. 178. A large, well-

L o A

=== ==

opal bylb Hole in metal plate, |
f‘—— 10" ﬁ.!

IQmp or an opaque stop
Fic. 178.

on a piece of
Homogeneity Test.

clear glass.

corrected lens, L, forms an image of a small hole or an o

paque stop
in the plane of the eye.

The image diameter should be about 3 to
4 mm. The eye will then see the whole aperture of the lens uniformly
filled with light in one case or uniformly dark in the second case. If,
then, the specimen, whose faces are polished, is placed about ten
inches from the eye, any lack of homogeneity will be revealed by
the appearance of either dark or light threads (depending on which
method is used) seen in the glass. For if at some point P there is
local variation in refractive index from the surround, rays will be

deviated from their original path and a change in contrast will be
readily observed.

é Optical Constants of Glasses.

ther an orange colour or a bright i
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In order to be able to carry out the design of le.nses. aéld c;pftx;:l:
systems generally it is essential to know the refractxwte tl; exectmm-
glasses required for a number of wavelengths throughoi& ;I s;()j o |
Those universally adopted are the C-hn.e (A=6563 A g e Og en), |
the D-line (A=5893 A. Sodium) the F-line (A=4 Gl‘i - Hy ogther
and the G’-line (A=4341 A. Hydroge?n). glass list a so lg:;zs other
particulars, such as the mean dispersion (NF—NC)i partial disp
(Np—Ng), (Ne—Ny), (Ng, —N;), and the v-value

( N,—-1
L : Nr—— N¢ potl‘ul
ot 2 neps e d& el ‘
which is the reciprocal of the dispersive power. '

Sometimes the ratios of each of the partial dispersions to the mean i
dispersion are‘éi fe.g.,

" =

: Dy A\ Ng— N sope el

Numerical values forta e abOve mentioned quantities are

important in optical calculations, and therefore they must be knotvn i
S LA s ’,(/( D.C’) B4

with accuracy. o /aqu O s -

They can be measured gy makglg a sixty degree prism of the glalss
concerned and using a spectrometer for the purpose. Alternatively

j b d, in which case it is only neces-
the P\ilf%%lirefrgctometer may &gse 20 % neces
sary to p

two faces at rxgnt angles on the L
measured. Table IX shows the optical constants of some ty.p;c:t
glasses, together with thoset of some more recent optical materials.

Refractive Index Measurements.

In order to determine the required optic.al c.ons.tants of a partli)ula}é
glass it is necessary to measure the refractive indices for the C, D,
and G’ lines of the spectrum. This can be done by employing a
spectrometer (Fig. 179) and by making use of the formula

. A+D>
(4
“TsnA/2 o
where 4 is the angle of the prism and D the minimum deviation of

the beam (of known wavelength) in passing thr(.)ug.h the prism. Suct;
measurements entail previous grinding and polishing of two faces o

* B, K., Johnson—Proc. Phys. Soc.—Vol. §5—p. 291—1943.
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glass in a rough
liquid of similar

and by a hydrogen discharge tube (Fig. 180)

OpticaL Grass: ITs WORKING AND TESTING

It is possible to measure the optical constants of a
and unpolished state*-by immersing the specimen in a

flame for the D-line,
for the C, F and G’-lines.

aary
rminals

Te.
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p. 76.
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(placed in front of the spectrometer sli
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the minimum deviation measurements may be provided by a so
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6
the glass specimen at approximately 60 degrees to one another, and

then in measuring this angle accurately. (See later.)
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evaporation, the time for which any particular spectrum line will
remain sharply defined in the spectrometer telescope is limited, and
consequently measurements have to be made rather rapidly and must
be repeated several times for reliability; furthermore, in order to keep
the two liquids homogeneous it is advisable to have some mechanical
stirring device in the hollow prism, but this does not always prove
necessary.

In spite of these minor difficulties the method has much to recom-
mend itself, for it is extremely useful to be able to obtain the optical
constants of any irregularly shaped piece of glass, of moulded blanks

Fi1c. 181. Fic. 182.

with greyed surfaces, or of finished lenses which must not be damaged,
to quote only a few examples.

Whilst the spectrometer may be looked upon as the fundamental
instrument for refractive index measurements, other instruments
designed solely for refractometery are employed for measurements
on optical glass. One of these is the Pulfrich refractometer, which is
in considerable use by glass manufacturers.

The principle of this type of refractometer will be seen from
Fig. 182. The substance whose refractive index (N,) is to be
measured is placed on the top of a glass block of known refractive
index (N,). A liquid of refractive index N,, or slightly higher, may
be interposed between the surfaces. The angle between the vertical
and horizontal surfaces of the prism is usually very accurately ninety
degrees. If, then, light enters the material N, from a position L,
that above LO will enter the Pulfrich prism, whereas that in the direc-
tion LO will graze the two surfaces in contact, pass along the direction
OA and emerge along AP. A telescope looking in the direction PA
would see a band of light with a sharp boundary line on the upper
side.

i R b 0 L MG e 05
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The angle through which these “ g.razing ”* rays have beefn. rifr;:tzi
is (90°—7) and represents the critlca‘l angle of the Pul1 rllc c;he
with respect to the substance above it, and depends_ solely on o
refractive indices of the two materials. The an‘gle, 1, at which the
beam emerges into the air depends on the magr.ntu('le of the angle 7,
and is measured with the refractometer. Considering the refraction
at the two prism faces in turn, we have

N,.sin 90°=N,.sin (90°—r)
and .
sin i=N,.sin »
Whence
N,= /N2 —sin %.

Tables are supplied with the instrument whe?eby the refractive index

may be determined directly for all values of i.

Fi1c. 183.
Pulfrich Refractometer.

Fig. 183 shows a general view of the refractometer, irf which the
Pulfrich prism block F, the telescope T and the divided circle S may
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be seen. The telescope is an auto-collimating one, in order that a
back-reflected image of the graticule may be obtained from the prism
face F, to give the circle reading for the normal at that surface (i.e.,
to get the initial zero reading). Readings of the grazing incidence
boundary line for the D-line of sodium, the C, F and G’ lines of
hydrogen are then taken, and the refractive indices of the specimen
for these various wavelengths are obtained from their respective
angles, iy, i, ip and i, .

Glass Working. , Gty N3e

Optical glass is supplied either in thick slabs, which have to be cut JW)L E:

up along all three dimensions to obtain small plates requ/i/r%ct;fé)é
ipdividual lenses, or in thinner plates of approximately the reqtire
tt;;gk\p@‘sds‘h which only have to be divided into squares, or finally in
'pie(ceg moulded to the approxin}?te shape of, the lens @}grism which .
. v ALY |A¢v{f‘ e o 2l A
is to bgﬁxr'lad(e;/‘f'r(g)(glﬂ Ahem. ‘Orbrylg'urs: y(‘ghg, last form implies the least
“amiount of preparatory wgfﬁ(r/ar{'dﬂthe%fgﬁ appears the most desirable
for optical parts which are’to be'marfufactured in large numbers.

A . . N
Howevét, as slabs of optxc:ilmjgiaﬁsware still suaw%d by the glass-

. . VYN u.ciy\u(_ AN ol
maker in large quantities, a word should be said about the dividing-

FSSIR G

up of such slabs. For P}eces up to one quarter of an inch in tﬁfgkness,
N P . .

the stripg or squares’may b cut )('vglt’h a Ai}ﬁmond or steel-roller glass

cutter, fappéd on the unaé’r%ide until‘the cut * sfp‘lifs’ through,’b{ an

then breaking off the piece by resting the cut line along a sharp

edge/%~$};;?,£_a§ l‘el‘f?r example. Zeathe /w.e(cu_«QO('*' @\ﬂh&b\ QILWM A

o For thicker tlabs, a power hack-sa having a copper blade well

dew OV A Ca U £ ol oA QL B

s{uppl;c \&lﬂ’l ﬁaﬁgr}xvrlld?m and water, may be utilised. The glass

is held down firmly in’ ’;()tsir'cidr\x and t}g copper blade made to traverse
. CERLO ov e oY A N

the line where the cut is to bq,{gagg. A o . .

Another method is to use a slitting machine; t {SFJ\)PSI . uof a round
9‘1sﬁc gggqtr 8 t%'_}gkfggggisn1;§\ d%?r%?}er of ‘soit sheet iron attached to a
spindle resembling the hea
driven ar.ld_revol.vmg at about 590 to 600, M?%Perhgxi?gt&g jI‘ht.a e
of the slittin c}lsgr has\arga%} diamond splinters embedded in it and
i1 " de 6 their px[éisencve that the machine is ‘capable of cutting

uickly through glass and even harder substances. In actual use
HhECWwarbatt of the disc dips iiito a trough containing 3 ity

. 122% M{t da w?PgJqu}w
of turpentine or paraffin, sg,as to keep the whole of the surface in
contact with the work wet all the time. The machine usually has

(o ALY 1t :
s(5CK ‘of ' Tathe, the spindle being power-
c;ge
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quadohe dispontive amice amice X vonne game egem (0 velzr ol

o 0me ”&?l%}‘lanical arrangement for holding and guid‘i(;gthe glass to
, e c&t 1g. 184 shows such a machine in operation.

The “‘ Roughing * of Lenses.

The second stage in the production of lenses consists in bringing
the square plates of approximately the right size and thickness close
to the final form of a round lens with the intended curvatures and
axial thickness. The first operation is to *“ shank ** or nibble off the

4 FiG. 185.
Pair of Shanks.

w

Fic 186.

FiG. 184.
Slitting Machine.

corners of the square plates with a tool known as a “ pair of shanks *’
(see Fig. 185) or to cut them off with a glass cutter and hold
them against a revolving stone.

These roughly round plates are then cemented* together by their
flat faces so as to form a roll of them (similar to a roll of coins)
(Fig. 186). These rolls of blanks are then ground free-hand on a flat
revolving tool until the roughness of the edges has been removed and
a fairly smooth cylinder of the required diameter has been obtained,
In skilled hands' this is attained in a surprisingly short time.

- The blanks are then uncemented and prepared for grinding the
correct curvatures on their surfaces,

* A suitable cement is made by mixing equal part f i
and opplying thio b y g eq parts of beeswax and resin,




' b, The Bofishi i
¢ Poushing process s carsied out, by mBbing the fi 1

sui{f], ce on a J Vb T J\:A% TR ISP e '}

) 3¢ P ap e?. a gf)rlfszﬂin%W

172 PracTicAL OpTICS

F;r removing the major portion of the glass, special grinding
macf ines (such as, for example, the Adcock and Shipley Grinder)
are frequently used, and this process is followed by applying the lens
blanks to the proper grinding tools.

. The grinding tools, which are generally made of close-grained cast
iron, 1are brought very close to the desired curvature by turning them
u;ta at.he .untll they fit a metal template of the correct radius; and
a .::' grl{ldlng convex and concave tools together, they are measured
with a dial gauge ring spherometer (described on page 178) to deter-
mx;i whetheg) H% nished radjus,is, correct.
e glass bl h pi
s thigs it anxs, ar then Keld with pitch on to one of the tools
Is “%ﬁrewed on to the vertical rotating spinale of the
E/:Eﬁk

machine. The oth&r tool is then placed on fop with an abrasive

(mixed witwﬂe:‘;%t%stween the surfaces and ‘Whilst the logg/{ to
: Aan

« . . g
IOtateS; the upper one 1s glven an autorllatlc arld COIltln uous side-way
move IE“t' ][llls grlrllng FICCBSS 1s ccntl ue :1’ us g succe € )

smaller and smaller grg;%ed abrasives, until a fine-ground surface

of the glass, fréé fipn is gbtaj
glass il P adialiies, sgligindr. b sup St

144

8% Jp&grg ’lg\l.g[w%dro‘%%e'or () 4

meg uml.‘ Th pOlVE%hM made c%(\l/ea?u;g the s%s' face of the
ol witlt a layer of melted pitch !suitatgx\tem ered in Har b

mi it with o i j oa 'ty h e

s i b D8 DSV '
m ed, as it ¢ ols, \ylthpﬂie .

such as resin or tallow) i
T Kegepe QbR Whic
of ‘grooves are cutoL to CMF to‘?‘flﬁ 3 t}}%ﬁu‘?iﬁq}%@us- i
5o it e pitch lap partly tg all&w&%e emoval .(;
o .ebrls afld partly t%etqigl the rouge paste. : Lo s b
until all signs of ‘““greyhess ”’ disappear. Thé surface should be

OllShlllg 18 COIltlllued
. l . . N

Principle of the Grinding and Polishing Processes.

Mentlon has been made of the grinding and polishing machines i
which therF is one vertical rotating spindle and one moveable Srln
for producing a reciprocating movement. It is well to under targ
why these machines take this form, and a very brief treatme:lta x:)f

he p NCI p S (o] 1 g T1 p p
t I Ie mv 1 \% ed n IldlIl aIld 011 lllIl rocesses w 0

t Cerium oxide is also used.

upper surface remaining fix

Y]t ey 3 L‘
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Let us suppose we have two surfaces in contact with abrasive and

water between them (Fig. 187), the lower surface rotating and the

ed. As each effective grain of abrasive will
remove material in proportion to the distance through which it rolls
and slides in a given time, and as there are more and more particles
on successive circular zones of the discs in proportion to the distance
from the centre, it follows that with this arrangement the outer parts
of each tool would get worn down more rapidly than the centre parts.

If on the other hand we rub the two surfaces together without any
rotation, but with a straight line stroke as indicated in Fig. 188, all

the abrasive particles move at the same speed while they are between

Fic. 187. Fic. 188.

the surfaces, but they will be in action for different amounts of the
total time occupied by the stroke. In the case of the diagram (where
the stroke is indicated as being equal to the diameter) only the centres
of the discs would be in contact all the time, whereas the extreme
edges will undergo grinding only when the moving disc passes through
the central position. Without going into greater detail it will be seen
that this arrangement tends to produce wearing down of the surfaces
in the central parts.

So that, by combining a rotary and a reciprocating movement of the
two tools a more uniform wearing down of the whole area of the two
surfaces is obtained. These simple facts govern all grinding and
polishing processes. It will be realized also that by altering the length
of the stroke of the upper tool one can control the radius of the glass
work to some extent; for example, by shortening the stroke the wear-
ing down would occur more at the edges of the work and therefore
the radius would tend to be made shorter, and vice versa. This

5 xS
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control is useful in the finishing stages of a lens su'rface. Fig. 189
shows a four spindle grinding and polishing 'machxr_le, the arms B
for producing the reciprocating motion are adjusted in stroke-length

by a mechanism on the wheel .C.

Abrasives.

Hard particles like emery and corundum may'act in two entirely
different ways when placed between closely fitting surfaces moved

F1G. 189.

i indi ishi hine.
Four Spindle Grinding and Polishing Mac
(Courtgsy of Messrs. Bryant, Symons & Co.)

relatively to one another. If they are loose they w%ll tend to roli
between the two surfaces; whilst, if they are firmly fixed to one o

the surfaces, they will scratch one another and p.r<.)duce a cFude. foxixln
of polish (e.g., emery paper). Under the Fondxtlons ex1st}ng mk.t ;
optical grinding process we have an intermediate state of .affal.rs, a kin

of retarded and intermittent rolling action due to the v1§cosuy of the
water with which the abrasive is mixed. For faxa.mple, 1.f we attempt
to grind with loose dry abrasive, there is a grinding action, but pro-

are rolling forcibly between the moving surfaces, .whllst the ffvait
majority roll and slide about idly without prf)ducmg any effect.
Whereas, if a little water is added to the abrasive, then a strOflgly
adherent film forms at both surfaces and practically all the particles

,,,,

gress is extremely slow, due to the fact that only the large grains g

OpticAL Grass: ITs WORKING AND TEesTING 175

come into effective action and consequently the process is greatly
speeded up. Hence the reason for the wet-grinding process.

For the initial stages of rough grinding, the fastest cutting and most
generally used abrasive is carbide of silicon (commercially known as
carborundum). The particles (average grain size 0-6 mm.) are hard
and sharp, but also brittle, and for this reason do not bear so much
Pressure as the more robust emery particles. Emery, which is impure
aluminium oxide, is used for the successively finer grinding processes
in order to bring the glass surface into a state suitable for
polishing.

Coarse emeries are graded by passing them through sieves having
meshes of from 40 to 80 holes per inch (i.e., grain size decreasing
from about 0-6 mm. to 0-3 mm.). The finer emeries are designated
as 1 minute, 2 minute, 5 minute, 20 minute and so on up to 100
minutes, these figures being based on the time occupied by the grains
in sinking down in a vessel of water one metre high and 30 cm. in
diameter. The procedure is to stir up all the emery in the ‘water
and then to allow the vessel to stand for the period required (e.g.,
20 minutes). The water with the remaining floating emery is then
decanted by syphon into a very clean vessel and allowed to stand
for two or three days, after which time the water is thrown away
and the deposit dried. This would be called the 20-minute emery.
The particle size of emeries frequently employed in reaching the final
fine-grinding stage are as follows:—

Emery, Particle Size.

1 minute ... 017 mm.

5 minute ... 0-07 mm.
20 minute ... 0:04 mm.
60 minute 0-02 mm.

It will be realized that the regularity of grain size in any one grade
of emery is important, otherwise scratching of the glass surface will
tesult, and therefore it is desirable to examine periodically with the
microscope (using a magnification of about 100 times) various batches
of emery. If a scale is mounted in the eyepiece and the primary
magnification has been previously determined, the actual particle size
can be measured.

Mention must also be made of Sira abrasive (introduced by the
British Scientific Instrument Research Association in 1923), which is
a further form of ALO,. This is a fine grained (particle size
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A=0083 mm., Sira B=0-028 mm.) quick cutting abrasive and
extremely regular in grain size; it gives a graund surface with shallow
pits of even depth and is becoming increasingly used by glass workers.

As polishing may indeed be looked
upon as an extension of the abrasive
action, it is of interest to note that
rouge (Fe,0,) the medium generally
utilized for polishing processes has a
particle size of about 0005 mm.
Sira rouge will also be found to be
excellent for optical work.
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onzontal rotating spindle"and then bringing a flat metal plate well
charged with wet abrasive slowly to bear against the edge of the
glass. Fig. 190 shows the operation in progress as carried out by
hand, although there are in most glass shops automatic edging
machines.

A word should be said about the initial centring of the lens prior
to edging. An illuminated letter T is viewed by reflection at the two
surfaces of the lens and the spindle rotated; if the two images seen
do not remain stationary the lens is not properly centred, and by
keeping the brass tube or chuck slightly warmed the lens can be
moved about until this condition is secured. '

A fuller and more detailed account of various other processes in the
working of optical glass may be found by referring to Prism and
Lens Making, by F. Twyman (published by Adam Hilger, Ltd.,
London), Modern Physical Laboratory Practice, by J. Strong (pub-
lished by Blackie and Son, Ltd), pp. 29-92, and the Dictionary of
Applied Physics, Vol. 4, pp. 326-349,
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Testing of Finished Optical Surfaces.
Radius of Curvature Measurements. '

When lenses, prisms, flats or mirrors have reached their final
polished stage, means must be available for testing the surfaces to see
whether they comply with their specified accuracy.

Spherometers. )

Dealing with lenses first, it will be realized thfit the radii of the
spherical surfaces which have to be measured w111.va.ry from quite
short to quite long distances, but a very large r.na]orlty o? surfaces
(covering most work) will be from about two inches radius up to
about twelve inches radius. For such a range of work the sphero-

Vertrcal ..
egcéc/'g Circular Divided
/P/atc
/ ¢ Micrometer
y Screw
e

Q

9

Fi1c. 191.

Fic. 192.
Three-Legged Type.

meter is generally employed; this instrument is based on the principle
illustrated in Fig. 191, in which BDA is the spl.lerlcal §urface gof
radius OA=r) resting on a ring whose diameter is BA (i.e., radius
CA=c). ’

The distance CD=h is generally measured by means of a micro-
meter screw, from which the following relation is valid:—

ct+h?

= T2h

There are various forms of spherometer as shown in Figs. 192 .to 199
and whilst they may have defects from a theoretical Point of' view, it
appears better from the point of view of accuracy in readm.gs ang
consistency in use, to retain the micrometer screw for measuring C
and a parallel-sided hardened cylinder for resting the curved sBrfaces
on. The advantage of the ‘‘ring’’ type of spherometer over the ‘‘three-

o e i B b A B B4
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legged *’ or ‘‘ steel ball ’ types, is that the micrometer screw can be
positioned much more accurately in the centre of the spherometer
circle BA, and further, if the internal or external edges of the hardened
steel ring should wear, the sharp edges (and therefore the same
internal and external ring dimensions) can be maintained by grinding

-

Plan.

Elevation

Fic. 194,
Ring Type.

Fic. 193.
Dial Gauge Type.
off the top of the ring. The difficulty (nearly always experienced)
of deciding when the end of the micrometer screw is in precise contact
with the surface being measured, may be overcome by utilizing a
device shown in Fig. 197, in which the point of contact is observed
with a low-power microscope. The appearance seen (Fig. 197a)
is that of the steel point or sphere and its image reflected in the surface
under test, the micrometer screw being adjusted until the two images
just appear to make contact. This is a particularly sensitive setting.

Short Radius and Small Diameter Surfaces.
‘There are many cases, such as
tc., where the diameter is SO sma
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Alternatively a microscope with vertical lluminator is fitted above the ?
surface and the Newton’s ring system formed between the surface :
of the sphere and that of the lens is observed, a method due to Guild

Ring on which 5
Lens rest/sc ;? f‘f’%”‘ !
Lens g:;:'/_ ‘ =
o i :
L] :
iy Al '
.',’1
MM‘ I' : :
Reading Microscope H
[N
dsh
Balgnce
Weight
Fic. 195.
Aldis Type. “
Fic. 196. Abbe Type.
l (@)
Real :
image. ?j
. Reflected
§ image.
@  Real
imoge
eflected
image

Fic. 197.

between Mic
rometer Screw S ;
under Test. and Surface ]

Method for Detecting Contact

eyepiece lenses, microscope lenses,
Il that a spherometer could not be

T —— RN
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used satisfactorily. In order to measure the radius of such lenses an
o?tical method is generally employed similar to that illustrated in
Fig. 198. A microscope fitted with a side tube carries an illuminated
cross-line C; an image of this is formed by a microscope objective (of
about 1 in. or 2 in. focal length), via the plane glass reflector P
at the point S,. If now the concave or convex surface to be tested is

...4,-_

£

]
Fic. 198.

placed at this point a back-reflected image of C will be formed in
the focal-plane F of the eyepiece. The surface is then moved to a
position S,, such that the rays strike the surface normally when a
second image of C will be seen. The distance $,S, (measured by
means of a micrometer screw) will give the radius of curvature of the
surface.

Two points should be borne in mind when carrying out this test
firstly the back surface of the lens should be smeared with vaseline,
to .prevent any additional reflection therefrom; and, secondly, the
ol.)]ective used should have as small a depth of focus as the working
distance and radius of the surface will allow, for this will obviously
affect the accuracy of setting with the micrometer screw in any
particular case. '

Long Radius Surfaces (Concave).

I.,on.g radii, such as those met with on the last surface of a telescope
ob]c?ctlve, for example, or long focus lenses generally (where the
radius may be several feet in length) present some difhculty in
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measurement, because, although the surface may be large enough to
allow the spherometer to be used, the accuracy in radius determination
is poor on account of the sagitta distance CD (Fig. 191) being very
small.

For long concave surfaces a modified form of the Foucault knife-
edge method is probably the most suitable. This is depicted in
Fig. 199. The surface to be measured is held in a suitable support
mounted on a long optical bench, and to the right is a special fitting
carrying an illuminated pinhole and a moveable knife-edge mounted

Surface under Pinhole
best. Knife edge 4T prism
" larmp .
Tilting B -
screw.
—
—

(Optical bench.
F1c. 199.
Radius of Curvature Measurement by Knife-Edge Method.

in the same vertical plane. Light from the pin-hole is sent up towards
the concave surface and is reflected back so that it comes to a focus
in the plane of the knife-edge, but the accurate setting of this con-
dition is fulfilled by placing the eye close against the knife-edge and
viewing the surface (which should appear wholly illuminated) and
then moving the knife-edge slowly across the eye. If, when doing
this, the surface darkens uniformly, the knife-edge will be precisely
at the focus of the pin-hole and therefore at the centre of the curvature
of the surface. The absolute distance between the kinfe-edge and the
pole of the surface may be obtained by taking the readings on the
optical bench given for the positions of the two mounts and then
applying the necessary correction indicated by the use of a rod of
known length, one end of which is placed in contact with the surface
and the other with the knife-edge. In order to remove back-
reflections from the other surface of the lens, vaseline may be applied
as mentioned in the previous section.

Long Radius Surfaces (Convex).

The foregoing method cannot be used for convex surfaces, for
the image of the pin-hole produced by reflection at the surface would




182 Pracrical OPTICS

be a virtual one and could not, therefore, be received in the plane
of the knife-edge; so that other means have to be emplo'yed.. One
method due to Kohlrausch* is shown in Fig. 200. Two illuminated

- 0 —
Scale on

onvex surface
under Gest.

Fic. 200.
Measurement of Long Radius Convex Surfaces.

slits, S, and S,, are viewed reflected in the convex s'urface b)}r1 mea&iltsuzf
a telescope arranged as indicated. The separation of tbe \;1 s
images of S, and S, as seen at the surface are mea}sun‘ad Vv P z thg
a glass scale in contact with the former. .If 1 is this dxsta;rice, he
separation of the real slits, and D the fhstance .(prefera g/ sev:hat
yards) between the lens surface and the slits, then it can be shown

the radius of the surface 9Dl
il A7

The method is applicable for measurement of concave surfaces also,
in which case 9Dl
"SLya

Another method for long radius
determination is to utilize the
interference fringes (Newton rings)
produced when a true optical flat is
Vertical rested on the curved surface to_be
e;ﬁ“:::‘°*w/"-\\%——-— measured. By using a measuring

microscope fitted with a wvertical

\ illuminator (Fig. 201) and employ-

Optical ing monochromatic light a large
Hab. "™ number of rings can be seen and
measured. If d, and d, are the

Fre. 201 measured diameter of two rings
1G. .

* Physical Measurements—F. Kohlrausch, p. 124.
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which have (k- 1) intermediate rings between them, then the radius
of the surface

=2 "1
’ 4k x wavelength

Sodium light or the mercury green line may be used, in which case
the wavelength will be 0-0005893 mm. or 0-0005461 mm. respectively.

(d?,—d? )

Test Plates.

When lenses are to be produced in large quantities, the testing of
the radii of the surfaces is generally carried out by fitting them to a

Lamp Ground
[gloss. "

G\\ N );7

N {fns' ’Mo,:nodwomot:ic
ilter f
Y‘eq_uired_

‘\Tesb plate

Fic. 202.

master test plate instead of measuring each surface individually by
one of the means already mentioned; the latter procedure taking too
long for mass production methods.

This consists in making the test plate first (as described later) and
then placing the finished surface carefully in contact with the former
and observing the interference pattern seen by reflected diffused light
(Fig. 202). If the surface (being made) fitted the test plate surface
perfectly only one colour would be seen over the whole area of the
lens, but more usually a number of circular fringes are seen.

Let us consider what occurs when light is incident on an air film
between two glass surfaces (i.e., when the surfaces do not fit exactly).
In Fig. 203, OA is an incident ray travelling in glass of refractive
index N and meeting the air film of refractive N at A, Part of the
light will be reflected along AB and part refracted along AE; the
latter ray will be reflected at E and refracted into the glass again at
C. It can be easily deduced that the retardation XD between the
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two portions of the beam is equal to N’.2¢. cos i, where t is the thick-
ness of the air film and 1 the angle of refraction. If this retardation
is .equal to one wavelength or a multiple of a wavelength of the light
being used, then a dark interference fringe will be seen on the surface

Fic. 208.

at A. (At first it would appear that the difference in path length
between AB and AEC should be half a wavelength in order to produce
interference, but it must be remembered that there is a phase change
of A/2 by reflection at the rarer-to-denser medium at the point E).

Curved test plate

| ' I
} |

gt

F'I:; test plobe
Fic. 204.
Interference Figures with Curved and Flat Test-Plates.

Thus, by looking in the direction BA, any lack of fitting of the
surfaces would be indicated by the appearance of alternate light and
dark interference fringes, any one fringe corresponding to a constant
thickness t of air film throughout the surface; for example, the appear-
ance might be that shown in Fig. 204, which may be lopked upon as a
contour map of the surface under examination. %
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In order to determine whether the contact is at the centre or edges
of the standard test plate, it is only necessary to move the head so
that the angle of incidence of the light on the surfaces is changed.
For instance, if we move the head downwards, thus increasing the
angle ¢ and therefore #, the quantity N’.2¢. cos ¢ (giving the retarda-
tion for any particular fringe) will be decreased numerically—for as
i increases, the cosine of #/ decreases—and therefore for any particular
fringe to maintain its original retardation it must move to a region
of greater air thickness. So that if the fringes expand from a centre,

E S
. Plane
lass
rejccl;or
L d

Test \
Y

4
plate
SUV‘FOCO jl air t !
WW/ 2

under test

(%)

Fic. 205.

contact in the centre of the test-plate would be indicated, whereas
if they contract to a centre there would be contact on the edges. This
test is particularly useful when applied to testing a so-called flat
surface against a standard optical flat, for obviously one can tell
whether the surface being made is relatively convex or concave and
the polishing stroke can be arranged to correct this.

Instead of using oblique illumination (shown in Fig. 202) for the
examination of the surfaces, sometimes vertical illumination is em-
ployed and an instrument known as an interferoscope can be used
(Fig. 205). Light from an extended monochromatic source is re-
flected downward by a plane glass reflector and rendered parallel by
alensL. On returning from the surface under test the light is brought
to a focus in the plane of the eye and the interference fringes are
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seen. For this case where normal incidence of the light is used, the
angle ¢ is ninety degrees and therefore its cosine is unity, so that
from the foregoing equation the retardation between the two portions
of the beam reflected at surface 1 and 2 (see Fig. 205b) is equal to

( 2,3_%) (The A/2 represents the phase change by reflection at the

denser medium, i.e., at surface 2). Consequently the first dark fringe
seen from the centre outwards (e.g., if a flat surface is rested on a
convex surface) would occur when 2t =wavelength of the light being
utilized, in other words, when the air space is equal to half a
wavelength.

We may, therefore, with this apparatus draw out the surface under
test to scale, mark the position of the fringes; and knowing that each
dark fringe corresponds to an increase in air space of A/2 a sectional
diagram can be made giving the absolute values for the departure of
the surface from the standard test-plate.

The Making of Test-plates.

’

The optical *“ flat ”’ or ‘‘ proof plane " is of such importance in
the workshop and testing-room that we will deal with this first. The
principle is based on the geometrical properties of the plane surface,
namely, that the plane is the only possible surface which is self-
congruent in all possible positions. Consequently, if we make the
surfaces of two separate glass plates to fit accurately the surface of a
third plate and try the first two plates on one another; then, if they
fit, the three surfaces will be true planes. If they do not fit, they
provide means of systematic improvement until a sufficiently” close
approach to the ideal plane is secured.

The practical procedure is to commence with three circular plates
of glass (clearly marked 1, 2 and 3) and to finely grind the surfaces.
No. 1 is then sufficiently polished to show Newton'’s rings and is used
as a preliminary standard by which No. 2 and 3 are controlled. No. 2
and 3 are also polished until their surfaces fit No. 1 much more
closely (i.e., show fewer rings), than they fit each other. Let us
assume that 2 and 3 are found to be convex; we then '‘ figure *’ them

alternately and equally until their fit is greatly improved. We go :

back to No. 1, which will now show marginal rings when fitted with

2 or 3, and No. 1 is now polished down until the marginal fringes
disappear. This process is repeated until each plate begins to show ?

~when attempting to check th
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colour when applied to the other two, and then continued until the

desired state of perfection (e
.§., one colour over th i
the plates) has been reached. ¢ enfite area of

Other Methods of Testing a Plane Surface.

A plane surface may
for a plane is the onl
of a luminous point

be tested by relying on optical principles only;
ybijurfalce which can produce a perfect imagf;
obliquely reflected in it— i

(h‘owew./er' slight) will produceyan astigmatic illtnazgie.splli/le:liiari strfac;
this p{mc‘xple, the test consists in viewing a distant point ob’egct (? ;
an artificial star) with a well corrected telescope after the Jli ht l.le.'
been reflected obliquely in the surface under test (see Fig.g 2062)ls

\\
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Fic. 206.

By t?xam.mation of the expanded star-image (i.e., by racking the
eyepiece in and out of focus) the state of the surface can be judged
F or 1f. the S}lrface has the slightest tendency towards astigmatic firrr;
this will be indicated by elliptical expanded images on each side of th

l?est foFus; whereas, if the surface is truly plane, circular patches o;
'hgl'lt will be.seen. If the surface is laid in a horizontal position, and
if its form‘ls concave the image will expand into an ellipse ,with
the lopg axis horizontal when the eyepiece is inside the best focxis and
an ellipse with vertical long axis outside the focus .
surface the appearances will be reversed. The test i.s a
one, and minute amounts of sphericity can be detected

With a convex
very searching
by its use,

Curved Test-plates.

The making of a master test
surfaces are to be examined, cal
task is made easier by emplo
Conrady several years ago.

-plate against which other spherical
Is for especial skill and care; but the
ying a method suggested by A. E.
The underlying idea was first introduced
e radii of microscope lenses; concave test-
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plates were made to fit (by Newton’s rin i
' : gs) a previously made hyper-
hemisphere of glass, which could be measured by micrometer g);ll)lge

//‘ T ~\\
it *\ Test plate.
/ \
‘\ ! — > m—
‘. /’ /Q/ (Ji)nsc gauge
A J 4 Interference
~u- Fringes
Fic. 209

Fic. 207.

Fic. 208.
Disc Gauge.

:cll;oss its equatorial diameter. Such a measurement can be accurately
‘:) en and: MOTeOVer, any error will be halved as far as the radius is
ncerned; for example, it is found that radii up to half an inch can
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be secured to within 0-:001 mm. (one thousandth of a millimetre) of
their prescribed value by this method.

In order to extend this principle for use with longer radius test-
plates, a procedure involving disc-gauges was utilized. Obviously
a complete hyper-hemisphere of glass of, say, one foot in diameter
(for a 6-inch radius) would be both cumbersome and wasteful of
glass, so that whilst keeping the diameter, only a narrow (half inch
wide) equatorial zone is used (see Fig. 207). The edges of this so-
called disc-gauge are polished until the extreme diameter is twice the
specified radius. By resting the polished test-plate down on to the
disc-gauge (see Fig. 208) elongated Newton's rings will be seen
between the surfaces somewhat as indicated in Fig. 209 and only if
a complete fit is obtained will the fringes extend over the full diameter
of the test plate. The diameter of a disc for use up to six inches can
be measured to within 1/100 mm., which represents an accuracy of
1/200 mm., in the radius, or 0-003 per cent.

This is considerably better than that obtainable with the sphero-
meter, whose accuracy for a similar radius is of the order 0-03 per cent.

When once the correct radius of the concave test-plate has been
attained, a convex test-plate is made to fit the former so that a
uniform interference colour is seen over the whole area.

Angle Measurement of Prisms, Parallel Plates, etc.

The testing of prisms for angle is an important part of the optical
workshop routine. The general order of accuracy demanded by most
work is to within five minutes of arc of the specified angle, but there
are a number of cases when the accuracy called for is to within a few
seconds of arc.

One of the more convenient methods for such measurements is to
use a back-reflecting telescope in conjunction with a horizontal table
having a graduated circle. Such a form of goniometer is shown dia-
grammatically in Fig. 210. The telescope is fitted with a small side-
tube carrying a cross-line, the light from which is reflected down the
telescope, rendered parallel by the object-glass, back-reflected from
the face of the prism under test, and brought to a focus in the plane
of the Ramsden eyepiece, where there is a second cross-line. (The
distance AB and BC are arranged to be equal). So that in order
to measure the angle DEF, for example, an image of the cross-line A
is received from the faces DE and EF in turn, the angle reading on

N



190 PracticaL OpTICS

the divided circle being taken in each case. VT}3e prism angle w11111 lge
the compliment of that read off the rotating prism tat?le‘. It wi t s
realized that both telescope and prism table should.bfa rigidly mounte

on the same base and that the circle should be divided according to

Levelling
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loss
reflector
Dwvided
Gratitule cl':c,le
Fic. 210.

Goniometer (Diagrammatic).

the accuracy required, but for most cases if the reading by vernier
is to 30 seconds of arc this will generally suffice.

Right-angled and Sixty Degree Prisms.

The instrument described in the foregoing paragraph vgrill allow
the measurement of a prism with any numerical value for its angle,

Craticute ~ Ramsden
Gratcule ‘\ Eyepiece .
Blach ineson cieargiass |
9 G Eﬂ E
/ F E
Object Glass 45°Prism
(@)
Fic. 211.

Auto-Collimator.

although it necessarily must be well and aCf:urately made.. But't;
large number of prisms in optical work are ngh?-_angled. prisms 1w1_

two forty-five degree angles, or prisms Whlf.‘.h utilize a right-ang edm
their construction (such as a pentagonal prism, for example), and a
much simpler and less costly instrument can be use.d for the meastt?rei
ment of such prism angles. This is the auto-collimator, the optica

T e —————— 8
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system of which is shown in Fig. 211a. The graticule G is mounted
at the focus of the object glass and the zero line of this graticule is
illuminated by light passing through the small 45 degree prism as
indicated, so that if the parallel beam thus emerging from the ob-
jective is received on to a truly plane mirror, it can be reflected back
into the object-glass and brought to a focus again in the plane of the
scale. If the scale is divided in tenths of a millimetre and the focal
length of the 0.G. is 33-3 cm., (approx. thirteen inches), each division
will correspond to an angular subtense of 1 minute of arc; and using a H
fairly high power Ramsden eyepiece a fifth of one scale division can
be estimated, corresponding to twelve seconds of arc, The auto-

Base with !
three grooves. s

‘szelh;'\g table
with three screws.

Cs'k. holes,

Fic. 212.
Levelling Table for use with Auto-Collimator.

collimator tube can be held in a suitable metal stand shown in
Fig. 211b, the arm A being swung into any desired position within
the semi-circle and clamped by a winged nut, A levelling table
having three balls on its upper surface (see Fig. 212) for resting
the prisms or plates on, will complete the apparatus.

Tests with the Auto-Collimator.

In order to determine the error in the 90° angle the auto-collimator
may be directed towards the hypotenuse face of the prism, when
two brightly illuminated images of the graticule zero line will be seen
in the eyepiece. These images come from light which has been
internally reflected from the other two faces and has again emerged
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from the hypotenuse. If  is the error from the true 90° angle, then
ray (1) Fig. 213 will undergo a change in direction of 2x.N., when N
is the refractive index of the glass; similarly, ray (2) will be deviated
by this amount, and consequently the total angular separation of
the images as measured on the eyepiece scale will be N.4z. Assum-
ing a nominal refractive index of 15, the error measured with the
auto-collimator will therefore be six times the real error of the ninety
degree angle.

This measurement, whilst giving the numerical value of the error,
does not tell us whether the angle is greater or less than ninety. To
determine this, it is advisable to place the prism very carefully in

77777 AR

Fic. 213. Frc. 214.

contact with an optically flat surface (see Fig. 214), direct the auto-
collimator as indicated, and measure the error in the exterior
angle—this will be a check on the previous method—then whilst
ohserving, the prism should be tilted over in the direction of the
arrow and the direction in which the two images move should be
noted. If the two images come together the exterior angle must be
greater than ninety degrees, whereas if they continue to separate
the exterior angle must be less than ninety. With this knowledge
and the magnitude of the error, the real value of the so-called ninety
angle may be obtained.

To determine the absolute values of the 45° angles the prism should
be rested on the three steel balls mounting indicated in Fig. 215 and
a reflection received from the hypotenuse face only.—To prevent con-
fusion from the other reflected images, the prism face AC and BC
should be smeared with vaseline.—Having noted the reading of the
reflected image on the eyepiece scale, the prism is now removed and
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placed on the three steel balls, such that tbe face AC now Qccupr:s
that previously occupied by BC; the readmg.on the scale is ag?}lln
noted. The angular amount thus read off will Fepresent.twm.e e
difference in angle between A and B. By obse.rvm'g the dlrectlofn }11n
which the image has moved, it can be shown which is the largir ;) ; 02
two angles; and in this way (with a knowledge of the v.alus of the
angle) the true values of the 45° angles can be determined.

Sixty Degree Angles.

The prism is rested on the three steel balls and the a‘uto—collimat}c:r
arranged to receive light reflected from the face AB (Fig. 216) The

[\ (A\
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reflected image line is read on the eyepief:e scale; th.e‘prlsm Is th(;n
turned round so that the angle C occupies the p051t1f)n ‘;f)frewousi}r/l
held by A and the reading again taken on the ‘scale. ’.l‘hls di elr)ertlc«i3 n
angle as given on the scale will be equal to twice the dffference .:. wn ¥
angle A and angle C. Similarly, by placing ang_le B in the pog io e
angle A, the difference of B from A may be obtalr}ed. He}z;lcec —alnsoo

can be expressed in terms of A in the equation A+ A+ h._ ’
Having therefore determined the absolute value of angle A, those

B and C may also be obtained.

Parallel Plates.

Lack of parallelism of the two faces of a so-called parallel plczlitle Cfln
be determined by receiving reflected images from the upper an 0\\1 er
surfaces of the plate (see Fig. 217) and measuring the 12?.ngl: ar
separation 6 indicated on the eyepiece scale of the auto-collimator.
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The angle » (which is the error in parallelism) can be shown to be
equal to 1/2 (8/N) and if the refractive index N is taken as 1-5, 6/3
will give the real angle .

It is useful also to know the
direction of the ** prism *’ on such a
plate, and by rotating the latter in
its own plane on the steel balls the
two images will vary in separation.
The position at which maximum
separation occurs will give the
““ prism *’ direction.

=8
S :‘)I -
Fic. 217.

Naked Eye Methods for Angle Measurement.

Right-angled prisms having 45 degree angles may be tested for angle
to within two minutes of arc by means of the naked eye alone without
any special apparatus. If we hold a right-angled prism at arms
length and look into the hypotenuse face, we see a virtual image of
the iris of the eye reflected in the roof edge of the prism (see Fig. 218).
Assuming rays (1) and (2) going towards the prism from the edges
of the iris AB, they will return from reflection along the same paths
if the right-angle is truly ninety degrees, and a circular image of the
iris will be seen as indicated on the left of the diagram.
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Fic. 218.
Naked Eye Tests on Prisms (90° Angle Correct).

If the right angle is less than 90 degrees, the rays (1) and (2)
returning after reflection (see Fig. 219) will give virtual images A’
and B’ of the iris AB and the appearance will be that of an elliptical
image with its long axis at right angles to the roof edge. Whereas, if
the right angle is greater than ninety degrees (see Fig. 220), the
appearance will be that of a contracted image of the iris with the short
axis of the ellipse at right angles to the roof edge (i.e., a cat’s eye
appearance).
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‘In order to obtain an idea of the nume
tlsz simple but effective method, let us a.
ninety degree angle is ; then from Fig. 21

rical accuracy available by
ssume that the error in the
3 the total deviation between
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Fic. 219.
Right Angle less than 90°,

th'e two rays (1) and (2) emerging from the prism will be N.4a, and
with N=1-50 the magnification effect will be six times that of the
actual angle =. So that if the error in the ninety angle was one minute

2. Mvmv\g/
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Fic. 220.
Right Angle greater than 90°.

of arc, this would be seen as six minutes. Now, as the prism is held
at arm’s length (s.ay, 24 inches) six minutes of arc corresponds to
0-0017 x 24=0-041 inch or 1 millimetre. The average diameter of the

Fic. 221.
Test on Base Angles.

pupil iris may be taken as 4 mm., so that 1 mm. variation is round-
ness of the image should be easily detectable; thus it will be seen that
the test is a fairly critical one and it is rather surprising to find that an
accuracy of one or two minutes of arc can be obtain

. E ed numerically
without any auxiliary apparatus whatever.

Errors in the ninety angle
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exceeding ten minutes of arc may result in images of two complete
eyes being seen, and the separation of these can be measured by
holding a millimetre scale on white celluloid close to the lower lid
of the eye so that the reflected image of this is seen in juxtaposition
with the image of the two pupils.

Test on the 45° Base Angles.

The difference in error between the two base angles of such a prism
may be tested by viewing a distant object after reflection externally
and internally from the hypotenuse face shown in Fig. 221b.

A boldly marked cross-line (Fig. 221a) with divisions marked on it
corresponding to 5 minute intervals is set up at, say, ten yards
distance; the observer then places his eye quite close to the prism

E i}

Fic. 222.
Naked Eye Test for Flatness of a Surface.

——— e ———
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edge and obtains a reflection obliquely from the hypotenuse face. By
moving the eye slowly below this edge the internally reflected image
will be seen, and by suitable adjustment both images can be seen simul-
taneously. Unless the base angles are exactly equal (which is rather
rare) their difference may be read off the angular scale by noting the
vertical displacement of the horizontal line. Assuming the refractive
index of the glass is 1-5 and if nearly grazing of the light is used,
it can be shown that the observed angular separation between the two
reflected images is equal to the difference betwen the two base angles.
An accuracy of about 2 to 3 minutes of arc is obtainable by this
method. If a lateral displacement of the vertical line is observed
pyramidal error in the prism will be indicated.

Naked Eye Test for Flatness of a Surface.

The test of a flat surface by oblique reflection is so sensitive that
even the naked eye will detect quite a low degree of sphericity if
nearly grazing incidence is employed. If a dotted cross, Fig. 222,
is set up at a distance and an image of this is viewed in the surface

[T
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so as to send light from the full length of. the plate through .thel I;upll
of the eye, then any astigmatism rest.lltmg from th.e sphenca' O?I;
of the surface will cause the dots of either the vertlca.l or horizon ;1
line to merge together into a grey line. It may be estlmatedbthat t e
naked eye will thus detect a radius of cur‘vature up to al out hel;
thousand times the length of the surface being t.ested, provided t i
the surface measures at least several times the diameter of the pupil.
Pyramidal Error.

In Fig. 223a, let the plane ABC be perpe‘nd'icular to OA,' a}ndol;t
AP be drawn perpendicular to BC, meeting 1.t in P. If we join ,
then the angle AOP is a measure of the pyramidai error.

o
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Fic. 223.

Pyramidal Error of Prisms.

In order to measure this possible error, it is dt?sirable tc? use a
goniometer, such as that shown in Fig. 210, but with a gl.'atxc.ulet 13
the eyepiece of the form given in Fig. 223b. The te}escope is ~dlr?Cti !
towards faces AB and AC in turn, and the level.lmg scre.w>1 o1 -
prism table, together with the tilt of the telescope in a vertlfa pt .z:;nlé
are adjusted so that the back reﬂected.imag‘e of the honzontf;v Em 1;; :
line falls on the real horizontal line in each case. en t b;
adjustment has been effected, th;: 1e]dgtelAO pc;f the prism mus

i the optical axis of the telescope. '
pe;?,errll(il\?,ﬂ?;et(t)elescoge is directed toward§ the face BC the displace-
ment of the back-reflected horizontal line image can be measured on
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the vertical angular scale; this displacement will be equal to twice the
angle AOP.

Non-reflecting Films on Glass.

When light passes through any optical system a small fraction of
the incident light is reflected at each air-glass surface, and if the

Y
N, . f No
/4 2 E_E_-T’—_-JJEZ_::_—_——_—N:lo‘yer‘.
N TN,
(G)) (b)
Fic. 224.

number of surfaces is large (for example, with a terrestrial telescope
having ten air-glass surfaces), the loss of light by reflection may
amount to one-third of the total incident light; this is irrespective of
light lost by absorption in the glass. The amount of light lost by
reflection at normal incidence on a well-polished glass surface is given
by Fresnel as

N, -N,)?

N,+N,
where N, is the refractive index of the first medium and N, the second
medium (Fig. 224a), so that from 4 to 7 per cent. is likely to occur

at any one air-glass surface depending on o

whether the glass is a crown or a dense flint. { *

This relation is very closely correct also for A

angles of incidence up to twenty degrees. ==FTo =N,
If now a thin layer or film of material of /%27/

correct refractive index is placed on the glass 1

surface, the reflected light can be considerably er.p225.

reduced. It can be shown that the correct
refractive index to employ for such a film is given by the square root

of the product of N, and N, that is N, ,yzn= v N, x N,.

So that if we were dealing with a glass of N, =165, for example,
the required refractive index of the layer or film would be 1-28.
Applying the Fresnel relation to surfaces 1 and 2 (Fig, 224b) in turn
we have:—
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At first surface
N,—N,\?  [128-1)*
(NL+NO) = ( 2'28—) =0015 or 1'5 per cent. lost by reflection.
At second surface
N, -N;\? [165-128)\2
(Nl +NL) = (“ 393 ) =016 or 1'6 per cent. lost by reflection.

Therefore total loss by reflection =31 per cent.

Whereas, if no film was present, the loss=(l;gs;1)2=0~060 or § per
cent. .

It is clear, therefore, that by interposing a layer of material of suit-
able refractive index, the loss by reflection may be reduced by half.
The second and more important part of such a procedure is to
arrange that the non-reflecting film is of a suitable thinness, for by

so doing the reflected light can be eliminated by interference and
the transmitted light increased.

Illustrating the advantage to be gained b i
. nta y Coating the Lens Surfa f
Photographic Lens with a Non-Reflecting Film. [Photographs by H.cis- 88"3

Referring to Fig. 225, a portion of the incident light will be reflected
at A and after entering the film-layer a further portion will be reflected
at B.  The path difference in these two beams travelling in the direc-
tion AO will be 2AB x N, and for interference to
should be equal to A/2.

[N.B.—There is a phase-change of A/2 at both A and B, for in
each case the reflection is at a rarer-to-denser medium. ]

Thus, in order that no light should be lost in the direction AQ,
;?e thickness of the layer AB should be A/(Zx2x N, }Y=A/5 for

L=128.

For light which is proceeding on in the direction BP the retardation

occur this quantity

e i £ oo
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of the portion of the beam which is reflected at B and again at A
and then sent on in the direction BP, will be 2AB x N, =2N, .A/5,
and as there is a phase change of A/2 at the point B only (not at A
in this case), the light will be re-inforced.

Consequently, no light will be lost by reflection and the transmitted
light will be increased.

In practice there is no material with N, =1'28 which can be put on
a glass surface, so that the nearest approach to this has to be em-
ployed. At the present time Cryolite (Aluminium fluoride) N,=1-36
and Magnesium fluoride are used. The films are deposited by the high
vacuum volatilization process*; the powdered fluoride is evaporated
by heating it electrically in a vacuum (10 mm. Hg.) and it then
condenses in a vitreous film on any relatively cool surface directly
exposed to the source. Estimation of the thickness of a non-reflecting
film is carried out (whilst the glass surface being coated is still in
the vacuum) by reflecting white light from it and by observation of
the interference colours so produced. As the wavelength of zero re-
flection moves through the visible spectrum, the reflected light becomes
orange, purple, blue and green, or in successive orders of interference
colours. For optical instruments intended for visual work, the colour
of the film should be purple, denoting maximum transmission in the
yellow-green, whilst for optical components intended for photographic
work an orange colour is generally desired.

Non-reflecting films can also be produced by chemical means and
by artificial weathering processes, particulars of which may be found
in the references !, 2, 3 below.

Fig. 226a and b are photographs takeén with a lens-system before
and after being treated with a non-reflecting film. It will be noticed

how the stray and scattered light has been reduced by utilizing this
process.

Interferometer Tests.

A method of testing optical parts by interferometric means was
developed by Twyman* some years ago. The type of interferometer

* British Patent No. 538,272.
K. B. Blodgett—Phys. Rev., Vol. 55, p. 391 (1939).
H. D. Taylor—The Adjustment and Testing of Telescope Objectives,
F. H. Nicoll—R.C.4. Review, Vol. 6, p. 287 (1942).
F. Twyman. Phil. Mag., Jan. 1918, p. 49.
. Photographic Journal, Nov. 1918, p. 239.
s Astrophys. Journ., 1918, Vol, 48, p. 256.
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used for this purpose is a modification of tt}e Michelson f(;)rbm
(described in most text books) and its principle will be understood by
referring to Fig. 227. .
* lf\:/lronogchromftic light is focused on to a small .hole H situated 'akt the
focus of the lens L,. The parallel beam leaving this le_ans stri e? i
half-silvered mirror M, inclined at 45 degrees 1o th-it a(;ui, p::;SoMl
i i irection M, and part transmitted tow -
being reflected in a direction M, Lo
d back by the two wholly s1
The two beams are then reflecte 3 lvered
i h the lens L, and are broug
mirrors M, and M,, pass throug L, O
i ed. By adjustment of the dis
focus at E where the eye is place fistances
ical lengths of the two paths may
M,M, and M,M,, the optica ' . , mace
] j 1t of the mirrors the tw
d by further fine-adjustment for ti of 1
fr(rl::\?e;s acr)]f Hyformed at E may be made to coincide exactly. When

this is the case, a uniform field of

illumination will be seen by the W///TIM3

eye at E, and the system can be !

looked upon as though it provides ) -
two perfectly plane wave-fronts | {__ V> 7
coinciding in a plane such as that n Ié ) . 2
indicated by the dotted line F. 1f i .
now one of these wave-fronts Y S

(say, from mirror M,) is distor‘fed \ "

in some way by the introduction | }

of something which retards the \V

beam from M,, then the field will e

no longer appear uniform to the —:v,

eye at E but dark interference I

fringes will be seen wherever the
retardation of the beam from M,
is half a wavelength or an odd nurfnber EI
the corresponding part of the beam irom M,.
eFor exalinple, let us imagine that an optlcall}./ plane parallel ;;113&6t 1(:Z
glass (which is not homogeneous throughou.t)d}s plz:ict?d z;. gG, 2‘(2 ;n(a)
ieht be similar to that indicated in >ig. .
appearance seen Imig e Gy e
i i due to a retardation ca
Such interference fringes would be e e
jati i ight in its passage throug e
variation of velocity of the lig hrot X Lo
i e of refractive index throug
s, or in other words due to a change o , .
B It is important to notice that the shape of any parhcula(;
here the refractive index is the same, an

f half-wavelengths behind

the glass. :
- {fringe indicates the region W

T T R T T
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‘hus the appearance seen may be looked upon as a contour map of the
glass block in terms of variation of path length of the light in passing
through the block. Hence, any particular fringe indicates a path
length of N.t, where N is the refractive index of the material and
t its thickness; it must be remembered, however, that when the
specimen is placed in the interferometer the light travels through the
block twice and therefore the total retardation corresponding to any
particular fringe is equal to 2. N . ¢,

This at once brings out the usefulness of the interferometer as a
workshop tool, for having seen the contour map thus presented, and
having marked on the surface of the glass the ‘‘high’’ regions, one can
procced to polish these down by local hand polishing (sometimes
called “‘figuring”’) until the field appears uniform and free from
fringes. In practice it is of course essential to know which are ‘‘high’’

regions and which are ““low’’ regions; this may

(a) be carried out by observing the movement

of the fringes when either one of the optical

/ path lengths M,M, or MM, is increased. If

for example we imagine Fig. 228 (b) to be a

sectional view of the wave-fronts at position

| F (Fig. 227) and then increase the path-

length M,M, by a slight pressure with the

finger on the metal base of the instrument

| near M,, then the wave-front M, (Fig. 228b)

ll will be “‘pulled away’’ from the plane wave-

M’m front M;, and for any particular fringe to

maintain its previous path-difference it must

(in the case shown in the diagram) move

Fis. 228, outwards; that is, the fringes would appear

to expand from a centre. If such an appear-

ance was observed, it would indicate that the shape of the wave-front

M, (Fig. 228 b) was concave facing the plane wave-front M, and

therefore that the light passing through the centre of the glass

block had been retarded with respect to that passing through the ocuter

positions. In order to reduce this retardation in the central region,

obviously it will be necessary to reduce the thickness of the glass in

this region (by local polishing) and therefore the central interference
fringe when marked on the surface would be indicated as “high.”

It should be pointed out that the interference fringes seen may be
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due, either to lack of homogeneity of the glass or due to lack of
Planeness of the surface, or to both ; but as the interferometer records
the combined effect (namely 2. N . ¢ as already explained) it is only
necessary to figure one surface until the quantity 2. N | ¢ is similar
for the whole area of the specimen under test.

Apart from using the interferometer as a means of testing the
homogeneity of transparent materials or the planeness of surfaces it
may also be used for testing the regularity of optical path when light
passes through a prism, a lens system or even a complete optical

instrument.
l * I CONVEX
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(a) Fic. 229. (¢)

Fig. 229 (a) and (b) show the modifications necessary when testing
a .60° prism and a lens respectively. In the former case the plane
mirror M, is rotated so that the light is returned through the prism
when the latter is in its minimum deviation position. 1In the latter
case, a truly spherical convex mirror is mounted in the convergent
be.am produced by the lens, and is adjusted (by means of an accurate
micrometer screw) so that its centre of curvature coincides with the
focus of the lens. The characteristic interference patterns corres-
ponding to the various aberrations of a lens system and the interpre-
tations thereof have been studied by R. Kingslake* and are contained

in a paper which will prove helpful to the advanced worker. A further
reference is also given below.

* R. Kingslake. Trans. Opt. Soc., 1925, Vol. 27 94-105
Dict. Applied Physics, Vol. 4, p. 147 + PP ‘




APPENDIX

The Cleaning of Optical Surfaces.

A high state of surface cleanliness is of considerable importance in
?ptlcal work. When lenses and prisms are to be mounted in thei
l.ns.trumen'ts (especially when the latter are sealed and made airtj ht;
it is of primary importance that the glass surfaces should be perfe%tl
clean. .Not only does this reduce loss of light, but a surface free frorixr
contamination remains clean for a longer period.

It has already been shown that some 4 to 7 per cent, of the incident

g S l S y au-
g ’
ll ht 1 (6] t b Ieﬂectlon at an aur laSS sur face and the fOllOWlng ta.b]e

Type of Teles Number of Reflecti

vpe of Telescope. Surfaces. ng Loss by Reflection.

Galilean. 4 15 per cent

Astronomical. 6 22 P .

Terrestrial (with lens i
erector). 10

Prismatic (two prism). 10 gg .,

If‘ .therefore, the glass surfaces were not thoroughly clean, an
additional 5 per cent. or more might be lost at each surface witl'; t;lil -
result thaL‘t double the amount given in the above table woul’d be loste
r.epresientmg a transmission of only about one-third of the inciden;
Eihth in the case of a prismatic binocular, for example. This
instp;u?s;zstss 'the importance of having really clean surfaces in optical
The first steps in cleaning optical work is to free the surfaces from
any t.race of grease. This is best done by immersing the glass in
caustic potash solution or by well swabbiné the surface withgbenzenea
It' should then be washed thoroughly with soap and water (the naturai
1(;)}1]1 from the fingers must not come near the surface and it is advisable
thereftc:re, to' wear rubber gloves). Rinsing in distilled water should’
hen be carried out and the surface wiped with a clean (well-washed)
linen cloth. A light swabbing with a 50 per cent. nitric acid solution
204
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should now be given and the surface again rinsed. Finally wipe the
surface with alcohol and dry it off with another piece of well-laundered
linen.

It has been suggested that the last operation in the cleaning process
should be to rub the surface firmly with a piece of freshly cut elder

pith.
Test for a Clean Surface—Breath Figure.

If there is any contamination of a glass surface left by the cleaning
process it may be tested by breathing gently on the surface, for in
this case the breath will condense in tiny droplets of water which will
be seen as a film on the surface. But should the surface be really
clean, the water vapour will condense in such minute and uniform
drops that the film will be quite invisible, and gives the impression
that the breath will not ‘‘take’’ to the surface.

Rayleigh' and Baker® have stated that if the tip of a blowpipe
flame is passed quickly over a so-called clean surface, the latter will
then be so clean that it will not “‘take”’ a breath figure.

When optical parts are mounted in instruments which are sealed
up in order to ward off the effects of weather, etc., the surfaces some-
times become ‘‘cloudy’’ or ‘filmed’’ even though they may have
been thoroughly cleaned previously. (This is best detected by looking
at a source of light through the instrument in the reverse direction to
which it is used.)

Some of the causes of this ““filming’’ of surfaces are as follows:-—-

(1) Condensation caused by change of temperature and humidity.

(2) Lubricant in the instrument giving off volatile constituents
which condense on the surfaces.

(3) Instruments with aluminium bodies giving off water vapour held
in the pores of the metal.

(4) Imperfect cleaning of the glass surfaces (i.e. some contamination
which causes nuclei for the condensation of moisture).

(5) Instability of the glass itself.

Whilst some of these troubles may be cured by paying attention to
the acid content of the lubricants employed, and also to complete
drying-out of the body-tubes of the instruments, it has been shown
1 Rayleigh—Scientific Papers—Vol. 6—p. 26 and p. 27 (Cambridge University

Press—1920).
2 T. J. Baker—Phil. Mag.—44—752 (1922).
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that most of the difficulties connected with the deposition of minute
globular particles on the glass surfaces can be overcome or greatly
lessened by exercising great care in the thorough cleaning of the
optical surfaces before they are mounted in the instruments.

In certain cases, the ‘‘filming’’ has been prevented by immersing
the glass in a solution containing 50 per cent. alcohol, 45 per cent.
distilled water, and 5 per cent. nitric acid for about half an hour prior
to cleaning.

Balsaming.

Many optical components (such as achromatic lenses, compound
prisms, etc.) are cemented together with Canada balsam. This is a
resinous material containing turpentine; the latter can be evaporated
off by heating so as to obtain balsam of varying degrees of hardness,
sometimes distinguished as hard, medium and soft.

3 adjustable

Fic. 230.
Balsaming Jig.

The relative hardness may be tested by means of the viscometer
(described on page 207). In practice, soft and medium are more
generally used, and can be obtained already filtered and clear in
quality.

The process of balsaming consists in having a thick iron plate on
three legs heated from below by a ring burner; the plate is covered
with a piece of white paper and the lens components (already cleaned)
are laid on it and covered with a suitable lid to prevent draughts
coming near the glass work whilst heating up. The pot of balsam
should also be on the hot plate. When the optical parts are well

APPENDIX 207

w?rmed, a small quantity of the liquid balsam is taken from the pot
with a'metal rod and Placed in the centre of the concave lens com-
ponent; the other lens is then put down on top of the balsam and the

. Fi1c. 231.
Viscometer for Pitch and Balsam.
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latter is spread out into a thin layer by exerting pressure on the top
lens with a cork, giving it a slight rotary movement at the same time.
Any air bubbles which have become trapped in the balsam film can
thus be removed. The lenses are held together by pressure over their
centres and allowed to cool, when the surplus balsam at the edges may
be wiped off with a cloth dipped in xylol.

The baking process must then be carried out in order to harden the
balsam and thus prevent the components from moving about when
subjected to a rise in temperature under natural conditions (e.g. in
hot climates). The cemented work is, therefore, placed in a suitable
oven (electrically or gas heated) fitted with a thermometer, and baked
continuously for a certain period of time. For the soft balsam this
time should be about fifty hours at 70°C., whilst for the medium
hardness balsam a period of three hours at 40°C. will suffice. On no
account should the glass work be taken out of the oven until the latter
has cooled down slowly (about 20° per hour), otherwise insufficient
annealing will result.

During the baking process it may be necessary to mount the optical
work in a suitable jig or clamp to prevent the parts sliding over one
another. For instance, a three-jaw chuck of the type shown in
Fig. 230 can prove useful for lens work.

Viscometer for Pitch and Balsam.

The hardness of pitch laps employed in polishing processes is of
importance; for if the pitch is too soft the lap will soon go out of shape
owing to the flow of the pitch, whilst if too hard the glass surface
being polished will become scratched, due to the fact that any small
particles falling on the pitch will not sink in before the damage has
been done.

In earlier days the hardness was frequently judged by the glass-
worker pressing his thumb-nail into the pitch. If an indentation could
just be made, this was considered as the correct hardness; obviously
such a method was only a rough guide and it is now considered desir-
able to have a better control on the judgment of the hardness. To this
end a piece of apparatus shown in Fig. 231 may be used; it consists
of a piece of quarter-inch steel rod, conical at the end (about 14°
angle) terminating in a small flat half a millimetre in diameter.
Attached to this is a cylinder of lead, the whole weighing 1,000
grammes. The point of the rod is allowed to bear on the surface of
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the pitch (or other substance whose viscosity it is desired to measure)
contained in a small vessel which is immersed in water and kept at
any desired temperature. The length of time taken for the rod to
fall a given distance is determined. The tempe.rature may .be
standardised at 70°F., in which case the rod and weight shoxfld sink
2 mm. in four minutes for a correct average hardness of pitch for
general purposes. ' o

The apparatus can also be used for controlling the vxscosﬁy. of
balsam, and in this case (for medium hardness) the rod and weight
should sink 25 mm. in three and a half minutes at 70°F.

Silvering. . .
The two chemical silvering processes most generally used in optical
work are*Brashear’s method and the Rochelle salt method. .The
former is used to obtain thick coatings on surface-s.ilvered mirrors
which may have to be burnished at intervals; whllst. the sec.ond
method, owing to its slower action, is suitable for making partially
silvered mirrors such as interferometer plates. _ . .
Success is rarely obtained unless scrupulous care is taken in cleamng
the surfaces to be silvered and also the vessels in which the process 13

to be carried out.

Brashear* Method. ‘
Four solutions are made up to the following fqrmulae:—'—
Reducing Solution 1.4 OR Reducing Solution 1.B

(must be aged for two or four (can be used without ageing)
weeks) 120 cc. distilled water

500 cc. distilled water 8 gm. dextrose sugar
45 gm. sugar
92 cc. nitric acid (concentrated)
88 cc. alcohol Soution 4
] Solution 3. oluti .
300 C(focll?::ﬁ?edz water 100 cc. distilled water 30 cc. distilled water
20 gm. silver nitrate 14 gm. potassium 2 gm. silver nitrate
hydroxide

Procedure : —Add ammonia (concentrated) to solution 2 until a
dark brown precipitate of silver oxide forms .ar{d begins to cleat.
Then put in solution 4 drop by drop until a distinct straw colour 1s
seen (this is to avoid excess ammonia). Now add slowly all of

solution 8 and stir all the time.

*J. A Brashear—English Mechanic—Vol. 31—p. 237 (1880)
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Again add ammonia until the solution just clears, and again drop
by drop of solution 4 until it takes on a straw colour.

The foregoing solution may now be filtered. The last operation is
to mix in 120 cc. of the reducing solution 1.A or B, and then to pour
the whole over the mirror to be silvered.

The silver will come down fairly rapidly (about ten minutes) and
deposit a tenacious and hard layer. The mirror can then be taken
out of the solution and rubbed dry with a cotton-wool pad. It may
then be polished with a chamois leather charged with rouge.

Rochelle Salt Method.

Two solutions are required for this method. Solution 1 is made as
follows:—5 gm. of silver nitrate are dissolved in 300 cc. of distilled
water and ammoniated (as already described in the Brashear method)
so that the silver oxide precipitate formed is almost but not com-
pletely clear, and presents the straw colour appearance. This is
filtered and diluted with water to 500 cc.

In solution 2, 1 gm. of silver nitrate is dissolved in 500 cc. of water;
it is then brought to a boil, and 0.83 gm. of Rochelle salt (dissolved
in a little water) is added.

To silver a mirror, equal volumes of the two solutions are mixed
together and poured at once into the silvering dish.

As the silver is deposited much more slowly by this process, an
hour may be required for a thick deposit to form; so that partial
reflecting films are obtained by withdrawing the mirror from the
solution at the appropriate time. In order not to disturb the mirror,
however, auxiliary small glass plates may be inserted in the dish
and removed periodically so that the progress of the deposition may
be judged.

On removal from the dish, the mirror is rinsed in distilled water and
allowed to dry, after which it can be polished with a powder puff and
optical rouge.

Photographic Items.

One of the most useful applications of photographic processes in
optics or in physics generally is the copying of diagrams, illustrations,
pages of print, etc., for the purpose of making lantern slides; but the
method is so well known that no mention need be made of it here.
What is of greater interest, however, is the fact that modern photo-
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g.raphlc emulsions have a much smaller average grain size than they
d.ld only a few years ago, and this means that much greater reduc-
tions .ot the object (to be copied) can be made without the ima e
suffering from ‘‘graininess.”” In other words, as the resolvin owir
f)f the plate has been increased, we can produce much smalle%‘ ?ma
Intervals photographically than has hitherto been the case. A fegi\er
examples are: the advent of microfilm methods* for copyi'ng‘docu-
ments on to standard 35 mm. film; the Increase in the use of micro-
p%lotographs as distinct from photomicrographs; and the making f
diffraction gratings and graticules. ’ e
The average grain size of fine-grained process plates has for some
years now been about 0.005 mm., but the modern ‘‘ high resolution ’”
p.lates‘ or films are between ten to fifty times smalle
:;ze, 1.€. approximately 0.0002 mm. This means that (allowing for
e usual safety factor multiple of ten on the grain size) something of
the order of 500 lines per mm. or 13,000 lines per inch can nowgbe
photographed provided always that the lens used for copying gives

g a I
OOd deﬁIlltIOIl alld th t lt S W()Iklllg lent apertule tO glve an

r in average grain

Graticules.

. The makmg. of small eyepiece scales for optical instruments
reqpently requlres.‘ to be done; for although there is a fair variety of
f,;atlcule t{ll')es Yvhlch_can be purchased, there never seems to be just
T he (:ine‘w ich is desmfd_ for. a particular purpose in the laboratéry.
e design for the graticule is first drawn out in Indian ink on white
card; it is then set up on the usual copying bench and the camera
arrange'd at a suitable distance to give the desired reduction (a very
.usual diameter of the finished graticule is about three quarteré of ;:1
inch). The image is focused carefully—it may be necessary to emplo
a .low-power microscope for doing this—and the photograph takeny
using one of the so-'called *“ high resolution ** plates now availab}e'
.A spemall developer is given for use with these plates or films, and if‘
is es§ent1al to use this to obtain the best results. The negati've thus
obtained should preferably be put in an intensifier solution, and when

dry, contact positives a :
¢ re made using th P
resolution ** plate. g the same type of ‘‘ high

International Bibliography—1942—Vol. 4.

*B. K. Johnson—Proc. Brif, Soc.
P. 25.
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Excellent results are obtainable by this method, the edges of the
lines showing no trace whatever of ‘‘graininess’”” when viewed under
the highest power eyepieces used in optical instruments.

Developers.
Hydroquinone (for plates) when contrast is required.

Solution A.

Hydroquinone .. .. .. .. 25 gm.

Potassium Metabisulphite . .. 25 gm.

Potassium Bromide . .. .. 12 gm.

Water (to make) .. .. . 1,000 cc.
Solution B.

Potassium Hydrate .. .. .. 50 gm.

Water .. .. .. 1,000 cc.

Solutions A and B should be kept in separate bottles, and mixed in
equal quantities when required for use.

M.Q. (for plates and gaslight papers) general use.

Metol .. . 4 gm.
Hydroquinone .. .. . 15 gm.
Sodium Sulphite (cryst.) .. . .. 105 gm.
Sodium Carbsnate (anhydrous) .. .. 100 gm.
Potassium Bromide .. .. .. 1 gm.
Water (to make) .. .. .. .. 1,000 cc.
Fine-grain developer (high resolution plates).
Elon .. . .. . .. 1.25 gm.
Sodium Sulphite (cryst.) .. . 45 gm.
Hydroquinone .. . .. .. 6 gm.
Sodium Carbonate (cryst. . . 80 gm.
Potassium Bromide .. .. .. 0.5gm.
Water (to make) .. . .. .. 1,000 cc.
Fixing Bath.
Hyposulphite .. .. .. .. 150 gm.
Potassium Metabisulphite .. .. 25 gm.
Water (to make) .. .. .. .. 1,000 cc.

The time of development may be controlled by noting the time
taken for the image first to appear and multiplying this by a time-
factor of six, the latter figure giving the total time for complete
development. Alternatively, one may standardize the development
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by keeping the developer at 65°F. (measured by thermometer) and
always giving four minutes.

Processing Dufay Colour Film.

There are certain cases in scientific work where colour photographs
are an advantage over the monochrome; for example, when illustrating
polarization effects, fluorescent effects, etc., and the method for
development of the coloured transparency by one of these processes,
namely the Dufay Chromex system, is given below.

As the process has to be carried out in total darkness for part of
the time, it is advisable to use a dark-room clock with a piece of self-
luminous radium compound attached to the second and minute hands;
this has proved less nerve-racking than using an alarm. This remark
applies also when developing panchromatic plates.

Procedure : —

Immerse film or plate in the developer (solution 1) for five and a
half minutes—rock dish violently.

After development, rinse and place negative in the stop-bath for
two minutes.

Transfer to bleaching solution for five minutes.

Light may be turned on after one minute in bleaching bath and all
subsequent operations carried out in white light.

After rinsing, place negative in clearing-bath until the brown stain
has disappeared (usually a few seconds).

Now expose the film or plate for four minutes held at three feet
from a 100-watt lamp.

Then give a second development in solution 1 for four to five
minutes.

Deuveloper (solution 1).

Metol .. .. .. .. .. 1 gm.
Sodium Sulphite (cryst.) .. .. .. 100 gm.
Hydroquinone .. . . .. 8 gm.
Sodium Carbonate (cryst. .. .. 100 gm.
Potassium Thiocyanate .. - .. 9 gm.
Potassium Bromide .. .. .. 5 gm.
Water (to make) .. .. .. .. 1,000 cc.
Stop bath.
Solution of Acetic Acid .. .. .. 1 per cent.
H

ST TR T
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Bleaching bath.

Potassium Permanganate .. .. 2 gm.

Sulphuric Acid (conc.) .. . .. 10 cc.

Water (to make) .. .. .. .. 1,000 cc.
Clearing bath.

Potassium Metabisulphite .. .. 25 gm.

Water (to make) .. o . .. 1,000 cc.

Reflex Printing.

uently a copy on paper of a certain page or diagram in a book
18 f:c;t(xlired fz)’r one?synotef. pInstead of takir'lg a p%lotograph on a plate
and then making an enlargement from thl'S, 'satlsfactory prints may
be taken by resting a piece of gaslight prmtmg paper on the ;.1pper
glass surface of the ordinary printing frame 1llum1fxated by amps
from below, and then placing the copy in cox_ltact with the emulmzn
side of the printing paper. On exposure the light tr.avels through I:'te
printing paper and is back-reflected to.the emulsion by the rv;/ ite
portions of the copy, no light being recelv.ed fr'om thg black pa i:
On development in the usual way, the print w1!1 consist of a negative
with white letters on a black background, and with the rea.dmg matter
from right to left. This paper negative must now be.laxd dovin gg
the printing frame and a furthe(; piece of paper placed in contact a
itive print taken in the ordinary way. o
: I’)1'(;1Selztfoiegoing method is necessary if tht page to be copied is Pnnte;d
on both sides. If, however, the copy is clear at the baFk,. it 1fs only
necessary to place the copy face downward§ on the pnr.)tmgh ra;nel,-
put the emulsion side of the gaslight paper in contact with t '(1310 Tao
side of the copy and take a print. In this case t.he letters wi at tsr
come out white against a black background (this does notdma (3
greatly) but the reading matter will read the correct way round.

Cross-lines. g

Many instruments require cross-lines in the focal plane oflt el(;’

eyepieces, and whilst in the past spider-web was genelirla\ilyfem; ot}lf;; )
is pr hing more robust is ca or

for this purpose, nowadays somet . e o e

ir i i frequently. Cross-lines on glas , the

repair is not required so 8 T raling

be produced by diamon ,

fore, much used now and may one Tale:
,' i hods as already described.

tching, or by photographic met : ; ‘

:nfatl]]ofl howei]/er, which does not appear so widely known is to rule
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two lines at right angle on an unexposed fine-grained photographic
plate (e.g. a process plate) in the dark-room in red light, using a razor
blade or specially prepared ruling tool. The plate is then developed
in the usual way, when it will be found that the ruled lines come up
black and very fine against a clear background. They will stand an
eyepiece magnification up to twenty times without any appearance
of raggedness of the line edge; the crossing-point of the lines is also
quite sharply defined and not rounded as sometimes occurs with
photographic reduction by a lens,

Should it be desirable to utilize webs for the cross-line, it is necessary
first to get the web from a spider (preferably the large brown garden
spider found in the autumn) on to a wire
frame (3" x2"). By allowing the spider to
spin his web downwards from the frame, the
latter can be rotated so that the web is

stretched diagonally across the long edges of ‘
the frame (see Fig. 232) and the web held Mebs® | wire
by a drop of quick-drying cement. The Frame

metal diaphragm is removed from the eye-
piece and the frame laid carefully on to it so
that one of the webs rests in a marked
position on the diaphragm; two drops of cement (e.g., shellac) are
Placed at the two ends of the web and allowed to dry; they are then
cut off and the process repeated for a position at right angles to the

first web. Both spun gold and quartz fibres also make fine threads
for cross-lines.

Fic. 282.

Collodion Films.

Very thin (a few wavelengths of light or less) films of materials
are useful on many occasions in optical work; for example, they may
be used as reflecting plates as in a vertical illuminator or as a protective
layer for water soluble crystals such as rocksalt, etc. One of the
advantages of these films is that they may be made so thin that no
double reflection is noticeable from the two surfaces, and moreover
they can be made so uniform both in thickness and planeness that
interferometer tests show that they are almost perfect from a path-
difference point of view.

One method of making them is to mix by volume one part of
collodion (methylated) with two parts of ather; then to pour this
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solution rapidly over a flat glass plate held in an inclined position
and allow it to dry. The film can then be floated off on to water
by holding one end of the glass plate slightly below the water level,
when the film will gradually begin to lift and come away from the
glass. When this has been carried out satisfactorily a metal frame-
work (on which the film is to be mounted) is coated with shellac and
gently placed down on to the film; the latter will adhere to the
shellaced surface and after mopping up the edges of any superfluous
film with a small camel hair brush, the whole may then be carefully
lifted off the water. When dry, the collodion film will tighten up and
should show a uniform interference colour by reflection if the operation
has been well carried out. By varying the ratio of the volumes of
the two liquids the thickness of the film can be adjusted.

Waxes and Cements.

Red wax.—The optical-physicist uses waxes and cements for
various purposes, such as holding lenses, prisms, mirrors, etc., in their
mounts, securing windows into instruments and so forth. The most
generally used soft wax is made from beeswax and turpentine mixed
in the ratio of about 5 to 1; this is sometimes coloured red, from
which this wax often takes its name. The usefulness of this wax lies
in its adhesive and plastic properties, for whilst it can be manipulated
in the fingers quite readily, it will set fairly rigidly when the warmth
from the hand is removed.

Other suitable soft adhesive materials are plasticine and Apiezon
compound, although the latter is more suitable for vacuum work.

Beeswax and Resin.

This cement is made by melting together equal parts of beeswax
and resin, and forming it into thin sticks when cold. It is particularly
suitable for cementing glass to metal (such as for holding glass plates
down on to a metal grinding tool or for securing a prism on its table
for example). Preferably the parts should be gently warmed and the
cement applied hot. It is not particularly hard when set, and on this
account it may not be suitable for certain requirements; but its
“‘elasticity’’ prevents strain occurring if a glass window is cemented
on to a metal plate. Its melting point is about 50°C. and a suitable
solvent is benzene.
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Shellac.

Shellac is the main ingredient of sealing wax, which is of course
much used for cementing end-plates to vacuum tubes, but for optical
purposes generally the natural orange shellac is preferable on account
of its high strength. It can be used in stick form when it is applied
with a heated rod, or in thick paste form when it is dissolved in
alcohol; both forms have their applications,

Litharge Cement.

A cement which will hold against water, acids and alkalies, suitable
for holding glass windows in metal troughs or tanks, can be made
by mixing litharge with pure glycerin to the consistency of a paste.

Waterglass Cements.

By mixing waterglass (i.e. sodium silicate) with the carbonates of
calcium, zinc or lead, a moist tenacious and hard cement may be
formed. In a few hours these mixtures set rock hard.

Zinc Oxychloride.

This cement is frequently used in dental work and again is hard-
setting and has considerable adhesive powers. It is particularly good
for holding glass-work to metal. It is made from a 60 per cent. zinc
chloride solution and zinc oxide powder mixed to the consistency of a
thick paste.

Phosphorus
Pentoxide To hyvac
pump

N
end plate

Hydrogen <§ Duschor;e\ Eleckrodes
cyhnder e I~ ube

N Column of

L mercory

Fic. 283.

Apparatus for giving greater intensity of the Lines in the Hydrogen Spectrum
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Sources of Light.

The two most generally employed sources of monochromatic light
in the optical laboratory or workshop are the sodium lamp and the
mercury lamp. Whilst a Bunsen burner playing on a sodium chloride
“‘brick’’ is simple and useful for many purposes, much greater intensity
is obtained from the sodium electric discharge tube running off the
main and is therefore more suitable for interference experiments and
tests. For a similar reason, regarding the intensity of the light, the
mercury vapour lamp is a distinctly
valuable source; moreover, the
green, yellow and violet lines can
each be used individually as a
monochromatic source by utilising
suitable filters. Various forms of
high- and low-pressure Hg lamps are
now made running off the mains in
conjuncton with a choke, but one
of the most compact and hard-
working lamps of this series is the
Osira (manufactured by the General
Electric Company, Wembley).
Originally intended as an ultra-violet
lamp, the outer dark bulb can be
removed, leaving a small silica tube
in which the arc occurs. When
suitably housed in a small container

FiG. 284. this makes a very convenient unit;
i};ﬁ:&g‘g‘i’;gfi}?ﬁh&'g?ﬁﬁg moreover, it can be used as an ultra-
violet source of light giving a highly

intense line spectrum in this region.

The hydrogen vacuum tube used as a source for standard measure-
ments on refractive indices of optical glass is not particularly intense;
and whilst the C (red) and F (blue-green) lines are fairly easily seen,
the G’ (violet) line is rather difficult to bring out. The general inten-
sity of this source may be improved by the arrangement shown in
Fig. 233, where fresh hydrogen is periodically drawn into the vacuum
tube and a six-inch induction coil used for producing the electrical
discharge.

i

=
g

f;
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Other slmple forms of light source which may be run directly off
the' el_ectrlcal mains are the small discharge tubes (see Fig. 234) givin
emission .spectra of various gases, such as oXygen, nitrogen argong
neon, helium, etg. Whilst they are not useful as high intensit}; sources'
:hey stzre convenient for giving line spectra when calibrating a spec-
ﬁz;(;n;;eecrtrf:; .example. Neon is particularly useful at the red end of

For producing a continuous spectrum or for optical projection
purposes, the 500 C.P. Pointolite lamp (i.e. tungsten arc) is probabl
thfa most convenient source, for although it has not the intn'nsii:’
brlghtnes:c, of the carbon arc, it is a great deal steadier. Various light
filters which cover the whole spectral range in bands of about 400 A.gU

can now b i i
o, w be obtained and can be used successfully with the above

TABLE oF USEFUL WAVELENGTHS (VISIBLE SPECTRUM).

Walvelengthl
AU, Colour. Substance. How emitted.
gggg " Yellow. Sodium, Bunsen flame or
" . discharge tube
6563 Red, Hyd : '
o Biac.green. y fogen. Vacuum tube.
g%l Violet, ' L
] 2, ’ ”»
o Yelf?w. Mercury. Mercury lamp.
5461 Green. ; Lo
4078 Violet. . L
7947 Far red. Rubidium. On 'positive pole
gggg Red’., Lithi'lim of carbon arc.
Violet. ium. .
ey ) Calcium, " .

Sign Convention.

Ofvmg to the fact that there are still a great variety of sign con
ventions (for use with lens and mirror problems) taughtg;l th-
sc.hools, it is often found difficult to avoid confusion in the student’z
mind when a new sign convention (such as that recommended by

)
the IhySlcal S()Clety 15 lntloduced elthel at the lllliveISlty or In
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The author has found from his experience in teaching large numbers
of students that if such confusion does arise, this can be overcome
quite readily by getting students to think of a sign convention based
solely on the use of the ordinary Cartesian co-ordinates, without the
proviso of stipulating that the initial direction of progress of the
light is the positive direction (see page 25).

If the lens or mirror is then considered as being situated at the
origin (see Fig. 31) then distances measured along the axis to the
left will be negative and distances to the right positive, in accordance
with the true Cartesian principle. Although such a system gives a
positive focal length to a lens on one side and a negative focal length
on the other, it has the advantage that the object may be placed
on the right or the left of the lens or mirror as desired, and all the
student has to do is to recall the signs of the Cartesian co-ordinates
(which are in-ground even in the most elementary mind) and to
apply them without having to ask himself (for example) whether a
direction is measured against or with the direction of the incident
light or whether such distances are to be reckoned as positive or
negative; the Cartesian co-ordinates automatically tell him this.

With such a sign convention it is not necessary to think of a lens
or mirror as being called a positive one or a negative one, but rather
to think of them in the more natural terms of a convergent or divergent
lens or mirror; and when working out examples, simply to give the
value f an appropriate sign in the required formula.

The sign of f is also obtained in a perfectly natural manner, for
when once the position of the object has been decided on (whether
to the left or the right of the lens or mirror) the Cartesian co-ordinates
will again tell us the correct sign to allot to the value f.

For example, if the object is on the left, a lens which produces convergence
of the light will have a positive sign for the value of f, whereas if the object
is situated on the right the same lens will have a negative sign f for use in
the formula. On the other hand, if a diverging lens is used, it will have a
negative sign for f when the object is on the left and a positive sign if the
object is on the right.

Further this system also has the advantage that it is consistent
throughout whether applied to lenses or mirrors, whereas some sign
conventions provide a negative sign to a mirror which produces con-
vergence of the light; this is directly opposite in sign to a lens which
produces convergence.
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This idea, which closely resembles that set out by the late Professor
A. E. Conrady, is put forward merely as a suggestion for consider.ed
opinion by those who find difficulty in dealing with a subject in which
students have been previously trained in various forms of sign con-
vention.

The author has found that the above stated system is readily
absorbed, and that it has met with success in dispelling confusion
when it has arisen.
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