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PHYSICAL CONTSTANTS

Speed of light ¢ =2.998 x 10® m/s
Electron charge e=1.602x107"C
Electron rest mass m=9.109 x 107! kg
Planck constant h =6.626 x 1073 Js
Boltzmann constant k = 1.3805 x 1072 J/K
Permittivity of vacuum g0 = 8.854 x 10712 CY/N-m?
Permeability of vacuum po = 47 x 107 T-m/A
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Optical Instrumentation

50

INTRODUCTION

The principles of geometrical optics are applied in this chapter in order to
discuss several practical optical instruments. The discussion begins with an
introduction to the operation of stops, pupils, and windows, of great practical
importance to light control in optical instrumentation. We follow this with a
brief overview of aberrations and then examine in turn, the optics and opera-
tion of prisms, cameras, eyepieces, microscopes, and telescopes.

1 STOPS, PUPILS, AND WINDOWS

You should be familiar with ways to trace rays through an optical system
using the step-by-step application of Gaussian formulas and ray tracing.
However, not every light ray from an object point, directed toward or into an
optical system, reaches the final image. Depending on the location of the
object point and the ray angle, many of these rays are blocked by the limiting
apertures of lenses and mirrors or by physical apertures intentionally insert-
ed into the optical system. An aperture, in its broadest sense, is an opening
defined by a geometrical boundary. In this section, we wish to concentrate on
the effects of such spatial limitations of light beams in an optical system.

The apertures dealt with are often purposely inserted into an optical
system to achieve various practical purposes. Apertures can be used to
modify the effects of spherical aberration, astigmatism, and distortion. In
other applications, apertures may be introduced to produce a sharp border
to the image, like the sharp outline we see looking into the eyepiece of an
optical instrument. Apertures may also be used to shield the image from
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undesirable light scattered from optical components. In any case, apertures
are inevitably present because every lens or mirror has a finite diameter
that effectively introduces an aperture into the system.

The presence of apertures in an optical system influences its image-forming
properties in two important ways—by limiting the field of view and by con-
trolling the image brightness. The first limitation determines how much of
the surface of a broad object can be seen by looking back through the opti-
cal system; the second determines how bright the image can be, that is, how
much irradiance (W/m?) reaches the image. Both of these limitations de-
pend directly on the optical behavior of bundles of rays that leave points on
an object and thread their way through an optical system—and its aperture—
to a conjugate image point.

There exists in the optical industry today many different practical opti-
cal systems, each with many choices available for the placement of apertures.
In this introduction we limit ourselves to a basic description of how apertures
can affect both image brightness and field of view. We examine first the role of
aperture stops and their related pupils in fixing image brightness, then the role
of field stops and their related windows in determining a field of view.

Although the actions of stops, pupils, and windows depend quite clearly
on the principles of geometrical optics, the details can at times be confusing.
In the descriptive text and correlated figures that follow, it will benefit the
reader to coordinate the reading of the text and examination of associated
figures closely. Thus, for example, in the text and correlated Figures 1a, b, and
¢, we define carefully the meaning of aperture stops (AS), entrance pupils
(E,P), and exit pupils (E,P) and illustrate their effects in several simple
optical systems.

Image Brightness: Aperture Stops and Pupils

Aperture Stop (AS) The aperture stop of an optical system is the actual phys-
ical component that limits the size of the maximum cone of rays—from an ax-
ial object point to a conjugate image point—that can be processed by the
entire system. Thus it controls the brightness of the image. The diaphragm of
a camera and the iris of the human eye are examples of aperture stops. An-
other example is found in the telescope, in which the first, or objective, lens
determines how much light is accepted by the telescope to form a final image
on the retina of the eye. In the telescope, then, the objective lens is the aper-
ture stop of the optical system. However, the aperture stop is not always iden-
tical with the first component of an optical system. For example, refer to
Figure 1a. As shown, the aperture stop (AS) in front of the lens determines the
extreme (or marginal) rays that can be accepted by the lens. But if the object
OO' is moved to a position nearer to AS, at some point the lens rim becomes
the limiting aperture. This position is just the point of intersection between the
optical axis and a line drawn from the lens rim through the edge of the aper-
ture stop AS. In this case, the angle (L'OL) subtended by the lens rim at O
becomes smaller than the angle (M'OM ) subtended by the edge of the aper-
ture, and so we designate the lens as the aperture stop.

Entrance Pupil (E,P) The entrance pupil is the limiting aperture (open-
ing) that the light rays “see,” looking into the optical system from any object
point. In Figure 1a, this is simply the aperture stop itself, so in this case, AS
and E, P are identical. To see that this is not always the case, look at Figure 1b,
where the aperture stop is behind the lens (a rear stop), as in most cameras.
Which component now limits the cone of light rays? You can see that it is that
component whose aperture edges limit rays from O to their smallest angle
relative to the axis. Looking into the optical system from object space, one

21
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AS Lens
A

L’

(©

Figure 1 Limitation of light rays by various combinations of a positive lens and

aperture.

sees the lens directly but sees the AS through the lens. In other words, the
effective aperture due to the AS is its image formed by the lens, the dashed
line marked E, P. Since rays from O, directed toward this virtual aperture,
make a smaller angle (N'ON) than rays directed toward the lens edge
(L'OL), this virtual aperture serves as the effective entrance pupil for the
system. Notice that rays from O, directed toward the edges of E, P, are in fact
first refracted by the lens so as to pass through the edges of the real aperture

stop. This must be % case, since AS and E,P ar&&&gﬁ@;}ﬁ.‘ﬁh%’éﬁ%‘gate
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planes: The edges of E,P are the images of the edges of AS. This example il-
lustrates the general rule: The entrance pupil E,P is the image of the control-
ling aperture stop formed by the imaging elements preceding it.! When the
controlling aperture stop is the first such element (a front stop), it serves itself
as the entrance pupil.

Another example, in which an aperture placed in front of the lens func-
tions as the AS for the system, is shown in Figure 1c. It is different from
Figure 1a in that the aperture is placed inside the focal length of the lens. Nev-
ertheless, the aperture is the AS for the system because it, not the lens, limits
the system rays to their smallest angle with the axis. Furthermore, it is the E, P
of the system because it is the first element encountered by the light from the
object.

Exit Pupil (E,P) We have described the E,P of an optical system as
the image of the AS one sees by looking into the optical system from the ob-
ject. If one looks into the optical system from the image, another image of the
AS can be seen that appears to limit the output beam size. This image is called
the exit pupil of the optical system. Thus, the exit pupil is the image of the con-
trolling aperture stop formed by the imaging elements following it (or to the
right of it in our figures). The rear stop in Figure 1b is automatically the E,P
for the system because it is the last optical component. According to our def-
inition of the E P, the exit pupil is the optical conjugate of the AS; the E, P
and AS are conjugate planes. It follows that the E P is also conjugate with
the E,P. In Figure 1a, the E,P is the real image of the E,P; in Figure 1c, it is
the virtual image. Notice that in each case, rays intersecting the edges of the
entrance pupil also (actually, or when extended) intersect the edges of the
exit pupil.

In a system like that of Figure 1a, a screen held at the position of the exit
pupil receives a sharp image of the circular opening of the aperture stop. If
the system represents the eyepiece of some optical instrument, the exit pupil
is matched in position and diameter to the pupil of the eye. Notice further
that if the screen is moved closer to the lens, it intercepts a sharp image 7/’ of
the object OO'. The exit pupil is seen to limit the solid angle of rays forming
each point of the image and therefore determines the image brightness, point
by point.

Chief Ray The chief,or principal, ray is a ray from an object point that
passes through the axial point, in the plane of the entrance pupil. Given the
conjugate nature of the entrance pupil with both the aperture stop and the exit
pupil, this ray must also pass (actually or when extended) through their axial
points. The chief ray in the cone of rays leaving object point O’ is shown in all
three systems of Figure 1. The chief ray in the cone of rays leaving the axial
point O always coincides with the optical axis.

Before adding to our collection of new concepts that arise from a con-
sideration of apertures in optical systems, we consider a system slightly more
complex than those of Figure 1. In Figure 2, we specify a particular optical
system consisting of two lenses, L1 and L2, with an aperture A placed be-
tween them, as shown. The first question to be answered is: Which element
serves as the effective AS for the whole system? The answer to this question
is not always obvious. It can always be answered, however, by determining
which of the actual elements in the given system—in this case, A, L1, or L.2—
has an entrance pupil that confines rays to their smallest angle with the axis, as
seen from the object point. To decide which candidate presents the limiting
aperture, it is necessary to find the entrance pupil for each by imaging each
one through that part of the optical system lying to its left:

l“Preceding” is used in the sense that light must pass through those imaging elements first. If we
always use light rays directed from left to right, we can simply say, “by albiglaging elements to its left.”
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EP

X

Figure 2 Limitation of light rays in an optical system consisting of two positive
lenses and an aperture A. The labels a,a’, b and b’ assist in tracking the various rays.

L2: By ray diagram or by calculation, the image of lens L2, formed by L1
(as if light went from right to left),is L.2', and is real. Both its location
and size (magnification) are shown.

A:The image of aperture A backward through L1 is virtual and is shown
as Al.

L1: Since lens L1 is the first element, it acts as its own entrance pupil.

The three candidates for entrance pupils, L.2', L.1,and A], are next viewed from
the axial point O. Since the rim of A] subtends the smallest angle at O, as is
clear from the figure, we conclude that its conjugate aperture A is the aper-
ture stop (AS) of the system.

Once the AS is identified, it is imaged through the optical elements to its
right to find the exit pupil. In this case, aperture A is imaged through L2 to
form A2'. The chief ray, together with its two marginal rays, a and a’ is drawn
from the tip O’ of the object. Notice that the chief ray passes (actually or
when extended) through the centers of AS and its conjugate planes, E, P
and E P. The chief ray from O’ intersects the optical axis at A, at A} (which
is virtual), and at Aj. The two cones—defined by the pairs of rays a, a’ and
b, b'—emerging from the points O and O’ are limited by the size of the en-
trance pupil A} and just make it through the exit pupil A5. The image of OO’
formed by L1 is shown as I7’; the final image (not shown) is virtual, since the
rays from either O or O’ diverge on leaving L2.

Field of View: Field Stops and Windows

In describing the limitations of a cone of rays from an axial object point, we have
seen that entrance and exit pupils are related to the aperture stop and so govern
the brightness of the image. As mentioned earlier, apertures also determine the
field of view handled by the system. The controlling element in this connection is
called the field stop, and it is related to an entrance window and an exit window
in the same way that the aperture stop is related to entrance and exit pupils.

A simple experience of a limitation in the field of view is that of looking
through an ordinary window. The edges of the window determine how much
of the outdoors we can see. This field of view can be described in terms of the
lateral dimensions of the object viewed, or in terms of the angular extent of
the window, relative to the line of sight. One can talk about the field of view
in terms of the object being viewed or in terms of the image formed at the
viewer (on the retina, in this example).
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To see how an aperture restricts the field of view—using diagrams that
could well be applied to the case of window and eye lens, just discussed—look
at Figure 3. In part (a), the optical system is a single aperture A placed in
front of a single lens. Object and image planes are also shown. Rays from an
axial point O are limited in angle by the aperture and focused by the lens at
point O'. The same is true for the off-axis point 7" and its image, 7. In both
cases, the lens is large enough to intercept the entire cone of rays admitted by
A. If the object plane is uniformly bright and the aperture is a circular hole,
then a circle of radius O’T" is uniformly illuminated in the image plane.

However, if one considers object points below 7, the upper rays from
such points, passing through the aperture, miss the lens. Such a point, U, is
shown in part (b) of the figure, the same optical system as (a), but redrawn for
clarity. It is chosen such that the chief or central ray of the bundle from U just
misses the top of the lens. About half the beam is lost so that image point U’
receives only about half as much light as points O’ and 7". Thus, the circular
image begins to dim as its radius increases. This partial shielding of the outer
portion of the image by the aperture for off-axis object points is called
vignetting. Excessive vignetting may make the image of a point appear astig-
matic. Finally, object point V is chosen such that all its rays through the aper-
ture A miss the lens entirely. The lateral field of view processed by this optical
system is at most a circle of radius OV. It is often defined as the smaller circle
of radius OU if one considers the usable field of view as that which consists of
all object points that produce image points having at least half the maximum

Lens

T

Image
plane

|- Chief ray

Image
plane
(b)
E, P EW L1 AS FS L2 E.P EW
ST T =
o --\\ _\al,\\
(©)
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Figure 3 Referring to the same optical
system, diagrams (a) and (b) illustrate both
the way in which an aperture limits the field
of view and the process by vignetting. Dia-
gram (c) is an example of a more complex
optical system, showing the angular field of
view in object and image space, a and «',
respectively.
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irradiance near the center. One can then also define the angular field of view
as twice the angle 8 made by the chief ray with the axis at the center of the
opening represented by the entrance pupil. The lens itself, in this case, acts
both as the field stop and the entrance window. In other, more complex, sys-
tems, the relevant quantities may be described as follows.

Field Stop (FS) The field stop is the aperture that controls the field of
view by limiting the solid angle formed by chief rays. As seen from the center
of the entrance pupil, the field stop (or its image) subtends the smallest angle.
When the edge of the field of view is to be sharply delineated, the field stop
should be placed in an image plane so that it is sharply focused along with the
final image. A simple example of such a field stop is the opening directly in
front of the film that outlines the final image in a camera. Intentional limita-
tion of the field of view using an aperture is desirable when either far-off axis
imaging is of unacceptable quality due to aberrations or when vignetting se-
verely reduces the illumination in the outer portions of the image.

Entrance Window (E,W) The entrance window is the image of the field
stop formed by all optical elements preceding it. The entrance window delin-
eates the lateral dimensions of the object to be viewed, as in the viewfinder of
a camera, and its angular diameter determines the angular field of view. When
the field stop is located in an image plane, the entrance window lies in the con-
jugate object plane, where it outlines directly the lateral dimensions of the ob-
ject field imaged by the optical system.

Exit Window (E.W) The exit window is the image of the field stop
formed by all optical elements following it. To an observer in image space, the
exit window seems to limit the area of the image in the same way as an out-
door scene appears limited by the window of a room.

In Figure 3c, the locations of the stops, pupils, and windows are shown in
a more complex optical system consisting of two lenses and two apertures.
The first aperture is the AS of the system and, as we have seen, is related to an
entrance pupil, its image in L1, and an exit pupil, its image in 2. The second
aperture is the field stop, FS, with its corresponding images through the lens-
es: the entrance window to the left and the exit window to the right. The field
of view in object space can then be described by «, the angle subtended by
the entrance window at the center of the entrance pupil. Similarly, the field of
view in image space can be described by «', the angle subtended by the exit
window at the center of the exit pupil. We see that the size of the field imaged
by the optical system is effectively determined by the entrance window and,
actually, by the size of the field stop. Notice that since E,W and E W are both
images of the FS, they are conjugate planes. Thus, the same bundle of rays
that fills the entrance window also fills the field stop and the exit window.

The Summary of Terms that follows is provided as a convenient refer-
ence for a subject that requires patience, and experience with many exam-
ples, to master.

SUMMARY OF TERMS

Brightness

Aperture stop AS: The real element in an optical system that
limits the size of the cone of rays accepted by
the system from an axial object point.

Entrance pupil E, P: The image of the aperture stop formed by
the optical elements (if any) that precede it.

Exit pupil E P: The image of the aperture stop formed by

the optical elements (if any) that follow it.

Field of view
Field stop FS: The real element that limits the angular field
of view formed by an optical system.
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Entrance window E,W: The image of the field stop formed by the op-

tical elements (if any) that precede it.

Exit window E, W: The image of the field stop formed by the op-

tical elements (if any) that follow it.

The following example will provide practice with the thin-lens formula
1/s + 1/s" = 1/f and procedures for determining stops and pupils for a spe-
cific optical system. As you follow through the steps in the solution, be sure
to verify the correct use of the sign convention related to the object distance
s, image distance s’, focal length f, and image magnification m = —s'/s for
each calculation.

Example 1

An optical system (see sketch in Figure 4 below) is made up of a positive thin

lens

L of diameter 6 cm and focal length f; = 6 cm, a negative thin lens L, of

diameter 6 cm and focal length f, = —10 cm, and an aperture A of diameter
3 cm. The aperture A is located 3 cm in front of lens L, which is located 4 cm
in front of lens L,. An object OP, 3 cm high is located 18 cm to the left of L.

Problem

a. Determine which element (A, L, or L,) serves as the aperture stop AS.
b.
c.

Determine size and location of the entrance and exit pupils.
Determine the location and size of the intermediate image of OP
formed by L; and the final image formed by the system.

Using ascaleof 1 cm = % in., draw a diagram of the optical system and
locate to scale, on the drawing, the two pupils,intermediate image O’ P’
and final image O" P".

Draw the chief ray from object point P to its conjugate in the final

image, P".

Solution

a.

Determine first which element (A, L, or the image of L, in L;) sub-
tends the smallest half-angle from rim to point O.

Elements A and L; have no “optics” to their left, so each subtends a
half-angle directly:

For element A: 6,4 =~ 1.5/15 = 0.1 rad
For element L;: 6, =~ 3/18 = 0.17 rad

Optical System A L1 L2

Scm

Ik

PA A
f1=6cm fo=—-10cm

3cm

57

o F, F

v A

| 3cm 4 cm |
I

18 cm

Figure 4 Sketch of optical system of Example 1.
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Find the image of in  with light traveling right to left so that
s =4cm,f =6cm. Thus,i + % = % gives s’ = —12 cm. So the im-

age is virtual, 12 cm to the right of L, of half-size given by (3 cm) X
(%) =(3 cm)(— _712) = 9 cm. (This virtual image is shown as L} in

the final drawing.) So, for image L5:
6, = 9/30 = 0.3rad

Comparing half-angles, element A subtends the smallest half-angle
and so serves as the aperture stop AS.

. Location and size of entrance and exit pupils.

Entrance Pupil E, P: There are no optics to the left of the aperture stop
A, so it serves also as the entrance pupil E, P.

Exit Pupil E P: L and L, are to the right of AS, so we must image AS
through both to locate the position and size of the exit pupil E,P.

Through lens Li:s; =3cm, f; = 6cm so % + ﬁ = é gives §{ =

—6 cm. This is a virtual image that serves as the object for lens L,, with
s,=6cm + 4cm = 10cm and f, = —10cm. Thus, % + i = %10
yields s; =—5 cm. So the exit pupil E,P is located 5 cm to the left of L,
or 1 cm to the left of L,. Its size is (3 cm)(— ;6)(— ;5) = 3cm, as

3 10
shown in the final drawing.

. Locating the intermediate and final image.

OP imaged through Li:s; = 18cm,f; =6 cm;ﬁ + 517 = é gives

s{ = 9 cm right of L or 5 cm to the right of L,. The size of O’P’, the
intermediate image, is thus (3 cm)(— 1%) = —1.5cm. So, O'P’ is in-
verted, 1.5 cm long, and 5 cm to the right of L,. (But it never forms
there due to the presence of L,.)

O'P' imaged through L,: s,, a virtual object for L,, equals —5 cm.

So, %5 + i = %10 gives s, = 10 cm. The final image O"P" is then
10 cm to the right of L,. Its size, based on O'P’, is (—1.5cm)
(— %) = —3 cm. So, O"P”, as shown in the final drawing, is real, in-

verted, 3 cm long (same as the object), and 10 cm from L,.

. The final drawing, based on an original scale of 1 cm = iin., with all

items of interest, is shown in Figure 5.

. The chief ray, from point P to conjugate point P", is shown in the final

drawing. Note that it leaves P, passes through M, the center of AS and
E, P, undergoes refraction at L, heads for O'P’, refracts again at L,
before reaching O'P’, and heads for O"P”, the final image. Note also
that the segment of the chief ray from L, to P”, if traced backward, will
appear to be coming from point N, the center of the exit pupil E, P.
Thus, the chief ray involves the centers of AS, E,,P, and E P, as defined.

2 A BRIEF LOOK AT ABERRATIONS

All aberrations lead to a blurring of an image formed by an optical system,
thereby frustrating the optical designer intent on producing an ideal image—
that is, a faithful point-by-point re-creation of corresponding object points.
Chromatic aberration and the five monochromatic aberrations (spherical
aberration, coma, astigmatism, curvature of field, and distortion) occur large-
ly as a result of the form and shape of lenses and mirrors and as a result of
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~
o

A
AS,E,P E.P

fo,=-10cm

3cm
1.5cm o'

o

P
—>|—3 cm—<—4 cm —>
12 cm

18 cm 10 cm

9cm

Figure 5 Solution to Example 1 (d).

rays from object points striking spherical surfaces at angles that exceed those
set by the paraxial approximation.

A brief description of spherical and chromatic aberration will serve us
here as a useful background for the treatment of optical elements and instru-
ments that conclude this chapter.

Spherical Aberration

In the paraxial ray approximation, all rays emanating from an object point,
after reflecting from a spherical mirror or passing through a lens with
spherical surfaces, either intersect at, or to the viewer appear to intersect at,
a common image point. In fact, rays emanating from an object point that
are incident on an optical element (spherical mirror or lens) at different
distances from the optical axis, after reflection or refraction, either inter-
sect, or to the viewer appear to intersect, at different positions. The result is
that point objects are not imaged as points but rather as small blurred lines.
The effect of spherical aberration for a concave spherical mirror that im-
ages an axial object point is shown in Figure 6a. Note that rays incident on
the mirror at symmetrically placed points Q converge at axial point M,
whereas rays incident on the mirror at points P converge at axial point N.
Consequently, light rays from a single point O form a blurred image along
the line segment containing M and N. Figure 6b illustrates the effect of
spherical aberration in a thin-lens system that forms a blurred line image of
an axial point object. In the case shown, rays from axial point object O that
encounter the lens at symmetrically placed points P converge at axial point
N, while rays from O that encounter the lens at points Q converge at axial
point M. As in the spherical mirror case, the result is a blurred line image
along the line segment containing M and N. The constructions shown in Fig-

Mirror P

W%‘R\w
f

)
N

ure 6a and 6b suggest that “stopping down” the optical system, so that only P
nearly paraxial rays get through the entrance pupil, will limit the effect of (b)
spherical aberration. This remedy for spherical aberration is, of course, ac- ) . .
companied by a reduction in image brightness. Another remedy for spheri- Figure 6 Spherical aberration (exagger-

. . . .. .. . . ated) in (a) a spherical mirror and (b) a thin
cal aberration is achieved by combining positive and negative lenses in an lens. For both arrangements, the rays from
arrangement such that the spherical aberration from one tends to cancel object point O fail to Conve’rge at a single
that from the other. image point.
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Figure 7 Chromatic aberration (exaggerated) for (a) parallel rays of white light inci-
dent on a thin lens and (b) white light incident on a thin lens from an off-axis point P.

Figure 8 Focusing due to half of a convex
lens approximates the action of a prism.

Chromatic Aberration

Chromatic aberration results because the index of refraction of a material
differs for different wavelengths. Since the focal length of a lens is depen-
dent on the index of refraction of the lens material, focal lengths and
image positions differ for different wavelength components of the light
used in the optical system. Thus, polychromatic light from a point object
images not as a point but as a series of points, one for each distinct wave-
length.

Figure 7 illustrates two related aspects of chromatic aberration. In
Figure 7a, parallel rays of light focus nearer the lens, at point V, for violet light
and further from the lens, at point R, for red light. Thus, white light coming
from a single distant object point fails to image as a single point. Rather, the
different wavelength components refract to form image points between the
focal lengths fi, and fy, as indicated in Figure 7a. Figure 7b shows a slightly
different view of chromatic aberration evident in the behavior of white light
incident on a lens from an off-axis point P.The violet and red components of
the white light leaving point P refract differently at the lens and so converge
at different image points, labeled V and R, respectively. The amount of chro-
matic aberration, in such a case, can be described by two distances, shown in
Figure 7b, one called the longitudinal chromatic aberration (LCA) and the
other the lateral or transverse chromatic aberration (TCA).

Chromatic aberration in lenses can be effectively reduced by using mul-
tiple refractive elements of opposite powers. Of course, images formed in
mirrors do not suffer from chromatic aberration since the focal length of a
mirror is independent of wavelength.

3 PRISMS

Angular Deviation of a Prism

The top half of a double-convex, spherical lens can form an image of an axial
object point within the paraxial approximation, as shown in Figure 8. If the
lens surfaces are flat, a prism is formed, and paraxial rays can no longer pro-
duce a unique image point. It is nevertheless helpful in some cases to think of
a prism as functioning approximately like one-half of a convex lens.

In the following we derive the relationships that describe exactly the
progress of a single ray of light through a prism. The bending that occurs at
each face is determined by Snell’s law. The degree of bending is a function of
the refractive index of the prism and is, therefore, a function of the wave-
length of the incident light. The variation of refractive index and light speed
with wavelength is called dispersion and is discussed later. For the present, we
assume monochromatic light, which has its own characteristic refractive
index in the prism medium. The relevant angles describing the progress of the
ray through the prism are defined in Figure 9. Angles of incidence and refrac-
tion at each prism face are shown relative to the normals constructed at the
point of intersection with the light ray. The total angular deviation 6 of the ray
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due to the action of the prism as a whole is the sum of the angular deviations &,
and 6, at the first and second faces, respectively. Snell’s law at each prism face
requires that

sin #; = n sin 6] (1)
nsin 65 = sin 6, 2)

Inspection will show that the following geometrical relations must hold be-
tween the angles:

8 =6, — 6 3)
8 =0, — 6 4)
B=180 -6, —6,=180 — A (5)
A =6] + 6, (6)

The two members of Eq. (5) follow because the sum of the angles of a trian-
gle is 180° and because the sum of the angles of a quadrilateral must be 360°.
Notice that the angles A and B and the two right angles formed by the nor-
mals with the prism sides constitute such a quadrilateral.

Using Egs. (1) through (6), a programmable calculator or computer
may easily be programmed to perform the sequential operations that finally
determine the angle of deviation, 6. Assuming that the prism angle A and re-
fractive index n are given, then the stepwise calculation for a ray incident at
an angle 6, is as follows:

| sin 01
01 = sin < p ) 7
8 =6, — 0 (8)
6, =A — 60 9)
6, = sin”"!(n sin 65) (10)

The variation of deviation with angle of incidence for A = 30° and n = 1.50
is shown in Figure 10. Notice that a minimum deviation occurs for 6; = 23°.
Refraction by a prism under the condition of minimum deviation is most
often utilized in practice. We may argue rather neatly that when minimum de-
viation occurs, the ray of light passes symmetrically through the prism, mak-
ing it unnecessary to subscript angles, as shown in Figure 11. Suppose this
were not the case, and minimum deviation occurred for a nonsymmetrical case,
as in Figure 9. Then if the ray were reversed, following the same path back-
ward, it would have the same total deviation as the forward ray, which we
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Figure 9 Progress of an arbitrary ray
through a prism.
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Figure 10 Graph of total deviation versus
angle of incidence for a light ray through a
prism with A = 30°and n = 1.50. Minimum
deviation occurs for an angle of 23°.

Figure 11 Progress of a ray through a
prism under the condition of minimum
deviation.

Optical Instrumentation
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have supposed to be a minimum. Hence there would be two angles of inci-
dence, 6; and 6,, producing minimum deviation, contrary to experience. The
geometric relations simplify in this case. From Eq. (11),

6 =20 —20 (12)
and from Eq. (6),
A =120 (13)
Together these allow us to write
,_A 6+ A
0 = > and 6 = 2 (14)
so that Eq. (1) becomes
o(%57) < (3
sin{ — nsin{ =
or
sin[(A + 8)/2
_sin(A + 8)/2] 5
sin(A/2)
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Eq. (15) provides a method of determining the refractive index of a material
that can be produced in the form of a prism. Measurement of both prism
angle and minimum deviation of the sample determines n. An approximate
form of Eq. (15) follows for the case of small prism angles and, consequently,
small deviations. Approximating the sine of the angles by the angles in radi-
ans, we may write

_(A+9)2
" AnR
or
6 = A(n — 1), minimum deviation, small A, prism in air (16)

For A = 15°, the deviation given by Eq. (16) is correct to within about 1%.
For A = 30°, the error is about 5%.

Dispersion

The minimum deviation of a monochromatic beam through a prism is
given implicitly by Eq. (15) in terms of the refractive index. The refractive
index, however, depends on the wavelength, so that it would be better to
write n, for this quantity. As a result, the total deviation is itself wave-
length dependent, which means that various wavelength components of
the incident light are separated on refraction from the prism. A typical
normal dispersion curve and the nature of the resulting color separation
are shown in Figure 12. Notice that shorter wavelengths have larger re-
fractive indices and, therefore, smaller speeds in the prism. Consequently,
violet light is deviated most in refraction through the prism. The disper-
sion indicated in the graph n versus A of Figure 12 is called “normal” dis-
persion. When the refracting medium has characteristic excitations that
absorb light of wavelengths within the range of the dispersion curve, the
curve is monotonically decreasing, as shown, but has a positive slope in the
wavelength region of the absorption. When this occurs, the term anomalous
dispersion is used, although there is nothing anomalous about it. The nor-
mal dispersion curve shown is typical but varies somewhat for different
materials. An empirical relation that approximates the curve, introduced by
Augustin Cauchy, is

B C
mo= A+ GG (17)

where A, B, C, ... are empirical constants to be fitted to the dispersion data
of a particular material. Often the first two terms are sufficient to provide a
reasonable fit, in which case experimental knowledge of n at two distinct
wavelengths is sufficient to determine values of A and B that represent the
dispersion. The dispersion, defined as dn/dA, is then approximately, using
Cauchy’s formula, dn/dA = —2B/A°.

It is important to distinguish dispersion from deviation. Although prism
materials of large n produce a large deviation at a given wavelength, the dis-
persion or separation of neighboring wavelengths need not be correspond-
ingly large. Figure 13 depicts extreme cases illustrating the distinction.
Historically, dispersion has been characterized by using three wavelengths of
light near the middle and ends of the visible spectrum. They are called
Fraunhofer lines. These lines were among those that appeared in the solar
spectrum studied by J. von Fraunhofer. Their wavelengths, together with re-
fractive indices, are given in Table 1. The F and C dark lines are due to ab-
sorption by hydrogen atoms, and the D dark line is due to absorption by the
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200 1600
A (nm)

Red
Green
Violet

White

Figure 12 Typical normal dispersion curve
and consequent color separation for white
light refracted through a prism.

Large deviation
Small dispersion

Small deviation
Large dispersion

Figure 13 Extreme cases showing the dis-
persion D for three wavelengths and the de-
viation 6 for the intermediate wavelength.
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Figure 14 Essentials of a spectrometer.
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TABLE 1 FRAUNHOFER LINES

A (nm) Characterization Crown glass Flint glass
486.1 F,blue 1.5286 1.7328
589.2 D, yellow 1.5230 1.7205
656.3 C,red 1.5205 1.7076

sodium atoms in the sun’s outer atmosphere.? Using the thin prism at min-
imum deviation for the D line, for example, the ratio of angular spread of the
F and C wavelengths to the deviation of the D wavelength, as suggested in
Figure 13, is

This measure of the ratio of dispersion ® to deviation & is defined as the
dispersive power A, so that

ng — n¢
A=—7—7-— 18
ny— 1 (18)

Using Table 1, we may calculate the dispersive power of crown glass to be
1/65, while that of flint glass is 1/29, more than twice as great. The reciprocal
of the dispersive power is known as the Abbe number.

Prism Spectrometers

An analytical instrument employing a prism as a dispersive element, to-
gether with the means of measuring the prism angle and the angles of devi-
ation of various wavelength components in the incident light, is called a
prism spectrometer. Its essential components are shown in Figure 14. Light to
be analyzed is focused onto a narrow slit S and then collimated by lens L
and refracted by the prism P, which typically rests on a rotatable indexed
platform. Rays of light corresponding to each wavelength component
emerge mutually parallel after refraction by the prism and are viewed by a
telescope focused for infinity. As the telescope is rotated around the in-
dexed prism table, a focused image of the slit is seen for each wavelength
component at its corresponding angular deviation. The deviation 6 is mea-
sured relative to the telescope position when viewing the slit without the

2Because the yellow sodium D line is a doublet (589.0 and 589.6 nm), the more monochromatic
d line of helium at 587.56 nm is often preferred to characterize the center of the visible spectrum.
The green line of mercury at 546.07, which lies nearer to the center of the luminosity curve, is also
used.
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prism in place. When the instrument is used for visual observations without
the capability of measuring the angular displacement of the spectral “lines,”
it is called a spectroscope. If means are provided for recording the spec-
trum, for example, with a photographic film in the focal plane of the tele-
scope objective, the instrument is called a spectrograph. When the prism is
made of some type of glass, its wavelength range is limited by the absorp-
tion of glass outside the visible region. To extend the usefulness of the spec-
trograph farther into the ultraviolet, for example, prisms made from quartz
(Si0,) and fluorite (CaF,) have been used. Wavelengths extending further
into the infrared can be handled by prisms made of salt (NaCl, KCl) and
sapphire (AL O3).

Chromatic Resolving Power

If the wavelength difference between two components of the light incident
on a prism is allowed to decrease, the ability of the prism to resolve them
will ultimately fail. The resolving power of a prism spectrograph thus repre-
sents an important performance parameter, which we shall evaluate in this
section. Imagine two spectral lines formed on a photographic film in a
prism spectrograph. The lines are images of the slit, so that for precise
wavelength measurements the entrance slit should be kept as narrow as
possible consistent with the requirement of adequate illumination of the
film. Even with the narrowest of slit widths, however, the spectral line image
is found to possess a width, directly traceable to the limitation that the
edges of the collimating lens or prism face impose on the light beam. The
phenomenon is therefore due to the diffraction of light, treated later. Since
the line images have an irreducible width due to diffraction, as AA decreas-
es and the lines approach one another, a point is reached where the two
lines appear as one, and the limit of resolution of the instrument is realized.
No amount of magnification of the images can produce a higher resolution
or enhancement of the ability to discriminate between two such closely
spaced spectral lines.

Consider Figure 15a, in which a monochromatic parallel beam of light is
incident on a prism, such that it fills the prism face. Employing Fermat’s prin-
ciple, the ray FTW is isochronous with ray GX, since they begin and end on
the same plane wavefronts, GF and XW, respectively. Their optical paths can
be equated to give

FT +TW = nb

where b is the base of the prism and # is the refractive index of the prism, cor-
responding to the wavelength A. If a second neighboring wavelength compo-
nent A’ is now also present in the incident beam, such that A’ — A = AA,
the component A’ will be associated with a different refractive index, n' =
n — An. For normal dispersion, An will be a small, positive quantity. The

65

(a) (®)

Figure 15 Constructions used to determine chromatic resolving power of a prism. (a) Refraction of

monochromatic light. (b) Refraction of two wavelength components separated by AA.
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emerging wavefronts for the two components, shown in Figure 15b, are thus
separated by a small angular difference, A, and are accordingly focused at

different points in the focal plane of the telescope objective. Fermat’s princi-
ple, applied to the second component \’, gives

FT +TW — As = (n — An)b

Subtracting the last two equations, we conclude

As = b An (19)
or, introducing the dispersion,
dn
As = bl — | AA 20
5= () @)

Equation (20) now relates the path difference As to the wavelength differ-
ence AA. The angular difference A« can also be introduced, using

am B (Y1), o

where d is the beam width. We appeal now to Rayleigh’s criterion, which de-
termines the limit of resolution of the diffraction-limited line images. This cri-
terion is explained and used in the later treatment of diffraction, where it is
shown that the minimum separation A« of the two wavefronts, such that the
images formed are just barely resolvable, is given by

Aa = (22)

A
d

Combining Egs. (21) and (22), therefore,

i (@)

or the minimum wavelength separation permissible for resolvable images is

A

(A)\)min = b(dl’l/d)\)

(23)

The resolving power provides an alternate way of describing the resolution
limit of the instrument. By definition, the resolving power R

A _dn
(A/\)min dA

R (24)

where we have incorporated Eq. (23). Since dispersion is limited by the glass,
prism resolving power might be improved by increasing the base b. However,
this technique soon requires impractically large and heavy prisms. The dis-
persion dn/dA may be calculated, for example, from the Cauchy formula for
the prism material, using Eq. (17).
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Example 2
Determine the resolving power and minimum resolvable wavelength differ-
ence for a prism made from flint glass with a base of 5 cm.
Solution
With the help of Table 1 we can calculate an approximate average value of

A
the dispersion TZ for A = 550 nm as

An  np—np 17328 — 1.7205

o = = —1.19 X 10*nm™
AN Ap— Ap 486 — 589 ? fm

Thus, the resolving power is

, d
R = b(;) = (0.05 X 10° nm)(1.19 X 10~ nm™") = 5971
The minimum resolvable wavelength difference in the region around 550 nm
is, then,
A 5550 A
(A)‘)min - th - 5971 =1A

Although grating spectrographs achieve higher resolving powers, they
are generally more wasteful of light. Furthermore, they produce higher-order
images of the same wavelength component, which can be confusing when in-
terpreting spectral records. These instruments are discussed later.

Prisms with Special Applications
Prisms may be combined to produce achromatic overall behavior, that is, the
net dispersion for two given wavelengths may be made zero, even though the
deviation is not zero. On the other hand, a direct vision prism, Figure 16b, ac-
complishes zero deviation for a particular wavelength while at the same time
providing dispersion. Schematics involving combinations of these two prism
types are shown in Figure 16. The arrangement of prisms in Figure 16a,
combined so that one prism cancels the dispersion of the other, can also be
reversed so that the dispersion is additive, providing double dispersion.

A prism design useful in spectrometers is one that produces a constant
deviation for all wavelengths as they are observed or detected. One example is
the Pellin-Broca prism, illustrated in Figure 17. A collimated beam of light

67

M <A
A
A< A <§
2 1 Ay > A
(a) Achromatic prism (b) Direct-vision prism for wavelength A

Figure 16 Nondispersive and nondeviating prisms.
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Figure 17 Pellin-Broca prism of constant de-
viation.

Optical Instrumentation

enters the prism at face AB and departs at face AD, making an angle of 90°
with the incident direction. The dashed lines are merely added to assist in ana-
lyzing the operation of the prism, a single structure. Of the incident wave-
lengths, only one will refract at the precise angle that conforms to the case of
minimum deviation, as shown, with the light rays parallel to the prism base
AE. At face BC, total internal reflection occurs to direct the light beam into
the prism section ACD, where it again traverses under the condition of mini-
mum deviation. Since the prism section BEC serves only as a mirror, the beam
passes effectively with minimum deviation through sections ABE and ACD,
which together constitute a prism of 60° apex angle. In use, the spectral line is
observed or recorded at F, the focal point of lens L. Thus, an observing tele-
scope may be rigidly mounted. Instead, the prism is rotated on its prism table
(or about an axis normal to the page), and as it rotates, various wavelengths in
the incident beam successively meet the condition of incidence angle for min-
imum deviation, producing the path indicated, with focus at F. The prism rota-
tion may be calibrated in terms of angle, or better, in terms of wavelength.

Reflecting Prisms

Total internally-reflecting prisms are frequently used in optical systems, both to
alter the direction of the optical axis and to change the orientation of an image.
Of course, prisms alone cannot produce images. When used in conjunction with
image-forming elements, the light incident on the prism is first collimated and
rendered normal to the prism face to avoid prismatic aberrations in the image.
Plane mirrors may substitute for the reflecting prisms, but the prism’s reflecting
faces are easier to keep free of contamination, and the process of total internal
reflection is capable of higher reflectivity. The stability in the angular relation-
ship of prism faces may also be an important advantage in some applications.
Some examples of reflecting prisms in use are illustrated in Figure 18. The
Porro prism, Figure 18d, consists of two right-angle prisms, oriented in such a
way that the face of one prism is partially revealed to receive the incident light
and the face of the second prism is partially revealed to output the refracted
light. The prism halves are separated in the figure to clarify its action. Images
are inverted in both vertical and horizontal directions by the pair, so that the
Porro prism is commonly used in binoculars to produce erect images.
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(d)

Figure 18 Image manipulation by reflecting prisms. (a) Right-angle prism. (b) Dove

prism. (c) Penta prism; pentagonal cross section. (d) Porro prism.

4 THE CAMERA

The simplest type of camera is the pinhole camera, illustrated in Figure 19a.
Light rays from an object are admitted into a light-tight box and onto a pho-
tographic film through a tiny pinhole, which may be provided with any simple
means of shuttering, such as a piece of black tape. An image of the object is
projected on the back wall of the box, which is lined with a piece of film.

As stated earlier, an image point is determined ideally when every ray
from a given object point, each processed by the optical system, intersects at
the corresponding image point. A pinhole does no focusing and actually
blocks out most of the rays from each object point. Because of the smallness
of the pinhole, however, every point in the image is reached only by rays that
originate at approximately the same point of the object, as in Figure 19b.
Alternatively, every object point sends a bundle of rays to the screen, which
are limited by the small pinhole and so form a small circle of light on the
screen, as in Figure 19a. The overlapping of these circles of light due to each
object point maps out an image whose sharpness depends on the diameter of
the individual circles. If they are too large, the image is blurred. Thus, as the
pinhole is reduced in size, the image improves in clarity, until a certain pin-
hole size is reached. As the pinhole is reduced further, the images of each ob-
ject point actually grow larger again due to diffraction, with consequent
degradation of the image. Experimentally, one finds that the optimum pin-
hole size is around 0.5 mm when the pinhole-to-film distance is around 25 cm.
The pinhole itself must be accurately formed in as thin an aperture as possi-
ble. A pinhole in aluminum foil, supported by a larger aperture, works well.
The primary advantage of a pinhole camera (other than its elegant simplicity!)
is that, since there is no focusing involved, all objects near and far are in focus
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Figure 19 Imaging by a pinhole camera.
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Figure 20 Simple camera.

Optical Instrumentation

Lens

on the screen. In other words, the depth of field of the camera is unlimited.
The primary disadvantage is that, since the pinhole admits so little of the
available light, exposure times must be long. The pinhole camera is not use-
ful in freezing the action of moving objects. The pinhole-to-film distance,
while not critical, does affect the sharpness of the image and the field of
view. As this distance is reduced, the angular aperture seen by the film is
larger, so that more of the scene is recorded, with corresponding decrease in
size of any feature of the scene. Also, the image circles decrease in size, pro-
ducing a clearer image.

If the pinhole aperture is opened sufficiently to accommodate a converg-
ing lens, we have the basic elements of the ordinary camera (Figure 20). The
most immediate benefits of this modification are (1) an increase in the
brightness of the image due to the focusing of all the rays of light from each
object point onto its conjugate image point and (2) an increase in sharpness
of the image, also due to the focusing power of the lens. The lens-to-film dis-
tance is now critical and depends on the object distance and lens focal
length. For distant objects, the film must be situated in the focal plane of the
lens. For closer objects, the focus falls beyond the film. Since the film plane is
fixed, a focused image is procured by allowing the lens to be moved farther
from the film, that is, by “focusing” the camera. The extreme possible posi-
tion of the lens determines the nearest distance of objects that can be han-
dled by the camera. “Close-ups” can be managed by changing to a lens with
shorter focal length. Thus, the focal length of the lens determines the subject
area received by the film and the corresponding image size. In general,
image size is proportional to focal length. A wide-angle lens is a short focal-
length lens with a large field of view. A telephoto lens is a long focal-length
lens, providing magnification at the expense of subject area. The telephoto
lens avoids a correspondingly “long” camera by using a positive lens, sepa-
rated from a second negative lens of shorter focal length, such that the com-
bination remains positive.

Also important to the operation of the camera is the size of its aperture,
which admits light to the film. In most cameras, the aperture is variable and is
coordinated with the exposure time (shutter speed) to determine the total ex-
posure of the film to light from the scene. The light power incident at the
image plane (irradiance E, in watts per square meter) depends directly on
(1) the area of the aperture and inversely on (2) the size of the image. If, as in
Figure 21, the aperture is circular with diameter D and the energy of the light
is assumed to be distributed uniformly over a corresponding image circle of
diameter d, then

area of aperture ~ D?
x _

=— 25
area of image d? 25)
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p (T

The image size, as in Figure 21, is proportional to the focal length of the lens,
SO we can write

e (2)

The quantity f/D is the relative aperture of the lens (also called f-number or
fistop), which we symbolize by the letter A,

_f
A= 27)

but is, unfortunately, usually identified by the symbol f/A. For example, a lens
of 4-cm focal length that is stopped down to an aperture of 0.5 cm has a rela-
tive aperture of A = 4/0.5 = 8. This aperture is usually referred to by pho-
tographers as f/8. The irradiance is now

E, x (28)

e
Most cameras provide selectable apertures that sequentially change the irradi-
ance at each step by a factor of 2. The corresponding f-numbers, then, form a

geometric series with ratio \6, as in Table 2. Larger aperture numbers corre-
spond to smaller exposures. Since the total exposure (J/m?) of the film depends

on the product of irradiance ( sz : S) and time (s), a desirable total exposure may
be met in a variety of ways. Accordingly, if a particular film (whose speed is de-

scribed by an ISO number) is perfectly exposed by light from a particular scene
with a shutter speed of 517) s and a relative aperture of f/8, it will also be perfectly

exposed by any other combination that gives the same total exposure, for ex-

ample, by choosing a shutter speed of 11@5 and an aperture of f/5.6. The change
in shutter speed cuts the total exposure in half, but opening the aperture to the

next f/stop doubles the exposure, leaving no change in net exposure.

TABLE 2 STANDARD RELATIVE APERTURES
AND IRRADIANCE AVAILABLE ON CAMERAS

A = f-number (A = f-number)? E,
1 1 E,
1.4 2 Ey/2
2 4 Ey/4
2.8 8 Ey/8
4 16 Ey/16
56 32 Ey/32
8 64 Ey/64
11 128 Ey/128
16 256 Ey/256
22 512 Ey/512
41
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Figure 21 Illumination of image. The aper-
ture (not shown) determines the useful diam-
eter D of the lens.
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Figure 22 Construction illustrating depth
of field MN. Object and image spaces are
not shown to the same scale.

Optical Instrumentation

The particular combination of shutter speed and relative aperture cho-
sen for an optimum total exposure is not always arbitrary. The shutter speed
must be fast, of course, to capture an action shot without blurring the image.
The choice of relative aperture also affects another property of the image, the
depth of field. To define this quantity precisely, we utilize Figure 22, which
shows an axial object point O at distance s, from a lens being imaged at O’, a
distance s on the other side. All objects in the object plane are precisely fo-
cused in the image plane, disregarding the usual lens aberrations. Objects
closer to (s;), and farther from (s,), the lens, however, send bundles of rays
that focus farther (s; + x) from and closer (si; — x) to the image plane, re-
spectively. Thus, a flat film, situated at distance s, from the lens, intercepts cir-
cles of confusion corresponding to such object points. If the diameters of
these circles are small enough, the resultant image is still acceptable. Suppose
the largest acceptable diameter is d, as shown, such that all images within a
distance x of the precise image are suitably “in focus.” The depth of field is
then said to be the interval MN in object space conjugate to the interval
M'N’, as shown. Notice that although the interval M’'N' is symmetric about
s in image space, the depth of field interval (MN) is not symmetric about s,
in object space.

The near-point and far-point distances, s; and s,, of the depth of field
(MN) can be determined once the allowable blurring parameter d is chosen
and the lens is specified by focal length and relative aperture. The angle « in
Figure 22 may be specified in two ways,

D d
tana = — and tana = —
So X

so that

x=— (29)

It is then required to find, from the lens equation, the object distance s; cor-
responding to image distance s + x and the object distance s, corresponding
to image distance s; — x. After a moderate amount of algebra, one finds

sof (f + Ad)
=2 30
o1 f2 + AdSO ( )
sof (f - Ad)
= 31
52 fz - AdSO ( )
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where the aperture is A = f/D. The depth of field, MN = s, — s, can be
expressed as

2Adso(so — f)f2
f4 _ AZdZS%

depth of field = (32)

Acceptable values of the circle diameter d depend on the quality of the pho-
tograph desired. A slide that will be projected or a negative that will be en-
larged requires better original detail and hence a smaller value for d. For
most photographic work, d is of the order of thousandths of an inch.

Example 3

A 5 cm focal length lens with an f/16 aperture is used to image an object 9 ft
away. The blurring diameter in the image is chosen to be d = 0.04 mm.

Problem

Determine the location of the near point (s;), far point (s,), and the depth
of field.

Solution

Based on Figure 22 and the given data, we have:
so = 9ft =275cm d = 0.004 cm
f=5cm A =16

For the near point, using Eq. (30),

_ s (f + Ad) _ (275)(5)[5 + 16(0.004)]

= = 163.5cm = 5.4 ft
2 + Ads, 25 + 16(0.004)(275) cm

For the far point, using Eq. (31),

_sf(f — Ad) _ (275)(5)[5 — 16(0.004)] .
27T " aae 25 — 16(0.004)(275) o T 03 em =301

Thus, the depth of field, MN in Figure 22, is about 25 ft for a 5-cm focal
length lens imaging an object 9 ft away. In effect this lens will image all ob-
jects from 5 ft to 30 ft with an acceptable sharpness.

Most cameras are equipped with a depth-of-field scale from which values of s;
and s, can be read, once the object distance and aperture are selected. Ac-
cording to Eq. (32), depth of field is greater for smaller apertures (larger
f-numbers), shorter focal lengths, and longer shooting distances.

The camera lens is called upon to perform a prodigious task. It must pro-
vide a large field of view, in the range of 35° to 65° for normal lenses and as
large as 120° or more for wide-angle lenses. The image must be in focus and
reasonably free from aberrations over the entire area of the film in the focal
plane. The aberrations that must be reduced to an acceptable degree are, in ad-
dition to chromatic aberration, the five monochromatic aberrations: spherical
aberration, coma, astigmatism, curvature of field, and distortion. Since a correc-
tive measure for one type of aberration often causes greater degradation in the
image due to another type of aberration, the optical solution represents one of
many possible compromise lens designs. The labor involved in the design of a
suitable lens that meets particular specifications within acceptable limits has
been reduced considerably with the help of computer programming. Human
ingenuity is nevertheless an essential component in the design task, since there
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is more than one optical solution to a given set of specifications. The demands
made upon a photographic lens cannot all be met using a single element. Vari-
ous stages in solving the lens design problem are illustrated in Figure 23a, from
the single-element meniscus lens, which may still be found in simple cameras, to
the four-element Tessar lens. The use of a symmetrical placement of lenses, or
groups of lenses, with respect to the aperture is often a distinctive feature of such
lens designs. In such placements, one group may reverse the aberrations
introduced by the other, reducing overall image degradation due to factors

N AEER
L L

Single meniscus lens Achromatic double meniscus

Cooke triplet
Tessar

Petzval

(a)

Figure 23 (a) Camera lens design. (b) Cut-
away view of a 35-mm camera, revealing the
multiple element lens. (Courtesy Olympus
Corp., Woodbury, N.Y.)
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such as coma, distortion, and lateral chromatic aberration. The multiple-element
lens in a 35-mm camera is shown in the cutaway photo (Figure 23b).

5 SIMPLE MAGNIFIERS AND EYEPIECES

The simple magnifier is essentially a positive lens used to read small print, in
which case it is often called a reading glass, or to assist the eye in examining
small detail in a real object. It is often a simple convex lens but may be a dou-
blet or a triplet, thereby providing for higher-quality images.

Figure 24 illustrates the working principle of the simple magnifier. A small
object of dimension /, when examined by the unaided eye, is assumed to be held
at the near point of the normal eye—nearest position of distinct vision—at posi-
tion (a), 25 cm from the eye. At this position the object subtends an angle « at
the eye. To project a larger image on the retina, the simple magnifier is inserted
and the object is moved physically closer to position (b), where it is at or just
inside the focal point of the lens. In this position, the lens forms a virtual image
subtending a larger angle «,, at the eye. The angular magnification® of the sim-
ple magnifier is defined to be the ratio a,,/«aq. In the paraxial approximation,
the angles may be represented by their tangents, giving

o)y B h/ N . 25

ay  h/25 s

If the image is viewed at infinity,s = f and

25
M = 7 image at infinity (33)
At the other extreme, if the virtual image is viewed at the nearpoint of the
eye, then s’ = —25 cm, and from the thin-lens equation,
_25f
ST 54 f

giving a magnification of

25 . :
M = 7 + 1 image at normal near point (34)
(I
SR
| ~Io~
| ST~
: \\\\\
~ ~
| \\\\\\ 6%
~ M
| \\\\\\ - A
I h o h
(a) (b)
<~— 5 —>
| 25cm
v

3When viewing virtual images with optical instruments, the images may be at great distances,
even “at infinity,” when rays entering the eye are parallel. In such cases, lateral magnifications also ap-
proach infinity and are not very useful. The more convenient angular magnification is clearly a mea-
sure of the image size formed on the retina and is used to describe magnification when eyepieces are
involved, as in microscopes and telescopes.
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Figure 24 Operation of a simple magnifier.
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