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Optics is the study of light and all luminous phenomena. Luminous phenomena can be
of many kinds, related to the interaction of light with matter, like reflection, refraction,
diffraction and scattering. On the other hand, light, is generally defined as that range of
electromagnetic waves to which the eye is sensitive, plus those in the near vicinity.
Thus, light also includes the near ultraviolet and the near infrared regions.

Wave optics studies the light as an electromagnetic wave, geometrical or ray optics
considers light as rays and quantum optics considers light as photons. In this chapter we
will briefly describe these three aspects of optics.

The applications of optics and optical science are extremely numerous and interesting in
many fields. In this chapter we will describe some of the most important.

1. Geometrical Optics

Light is an electromagnetic wave propagating in the perpendicular direction to the
wavefronts, according to the Malus law. A wavefront is a surface in space with has a
constant phase at a given time for all points in the surface. A light ray is a mathematical
entity describing the direction in which the light energy propagates. In the next sections
we will study geometrical optics.

1.1 Fermat’s Principle and Law of Refraction

The basis of all geometrical optics theory is the Fermat principle which states that the
path followed by the light when traveling from one point in space to another is that for
which the traveling time is an extremum. Thus, the traveling time is a minimum,
maximum or stationary with respect to any neighboring path. The speed of light is
different in different media, with a maximum value ¢ = 299,792 km/sec in vacuum and
smaller in any other medium. The refractive index n is defined as the ratio of the speed
of light in vacuum to the speed of light in that medium as follows

n== (1)
\"

This refractive index is in most practical cases greater than one. The refractive indices
values for some transparent media are given in the following Table 1.

Material Refractive index
Vacuum 1.0000

Air 1.0003

Water 1.33

Fused silica 1.46

Plexiglass 1.49

Borosilicate crown 151

Ordinary crown 1.52

Canada Balsam 1.53
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Light flint 1.57
Extra dense barium crown | 1.62
Extra dense flint 1.72
Diamond 2.42

Table 1: Refractive indices for some transparent materials
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Figure 1: Fermat’s Principle in a reflecting sphere and a reflecting ellipsoid
The optical path OP, from one point P; to another point P, is defined as the physical
distance multiplied by the refractive index, as follows

P2
OP= | ndx ()

P1
r a reflecting circle and a reflecting ellipse.
The laws of refraction and reflection can then be derived from the Fermat’s principle.
Thus, if the light travels from one point P; in a medium with refractive index n to a
point P, in'a medium with refractive index n’, separated by a plane interface, as is Fig. 2
we have
nsin I =n’sin I’ (3)
where | and I’ are the angles forming the incident and refracted rays with respect to the
normal to the flat interface. Besides, the incident and the refracted rays are in a common
plane with the interface normal. This is Snell’s refraction law. BY close analogy, the

reflection law is

|=-1' (4)

which is a special case of Snell’s law whenn =-n’.
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A Normal to Surface

P;

Figure 2: Snell’s Law of reflection
1.2 First Order Optics

Most reflective or refractive surfaces used in optical systems are spherical or flat, where
a flat surface can be considered as a spherical surface with an infinite radius of
curvature. Non spherical surfaces are called aspheric surfaces but their use is quite
restricted to special optical systems. So, it is natural to begin with the study of systems
with only spherical surfaces.

The spherical surface is a circular section of a sphere with radius of curvature r. The
center V of the circular section is the vertex. A straight line passing through the vertex
V and the center of curvature C is the optical axis. In a system with homogeneous
refractive indices a light ray follows a straight trajectory in the first medium. If it is not
in a common plane with the optical axis it is an oblique ray, but the geometry involved
in the refraction of oblique rays is a little complicated.

Normal

Figure 3: Refraction of a ray of light in a spherical surface.
If the ray of light is in a common plane with the optical axis it is also called a

meridional ray and the plane containing both rays is the meridional plane. This plane is
the drawing plane. Meridional rays provide most of the important properties of optical
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systems. Let us consider a meridional ray with the parameters indicated in Fig. 3. The
incident ray has two degrees of freedom, i.e., the angle slope U with respect to the
optical axis and the distance from the vertex to the intersection of the ray with the
optical axis L. The refracted ray is also defined by two parameters (U’ and L’. Thus, four
equations are necessary to define the ray paths

sinl”  sinU’

nl’_. ©)
L'-r r

sinl” _ sinU’

=- 6

L'-r r (6)
-U+1=-U'+1I' (7)
and

nsinl=n’sin I’ (8)

With these four expressions we can show that if a beam of rays starts from a common
point on the optical axis (object), they pass very close to each other at another point in
the optical axis (object) as illustrated in Fig. 4. We see that if the diameter of the surface
is sufficiently reduced, we can consider all rays to be refracted to a common point.
These meridional rays, which are not far from the optical axis, are the paraxial rays.

Figure 4: Converging of a beam of rays in a spherical refracting surface

The study of paraxial rays is called paraxial or first order optics. Thus, we can replace
the sine of the angles by the angles measured in radians. Then, it is possible to obtain
the following useful relation known as gaussian equation.

AL ©)

With two spherical surfaces aligned in a common optical axis we have a lens. If the

separation between the surfaces is very small as compared with the radii of curvature of
the surfaces we have a thin lens. Applying the gaussian equation to the two surfaces of a
thin lens we may obtain:
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Lon- 1)(1 ] i] (10)

f ri r

where f is the focal length, defined as the distance from the lens to the point where the
paraxial rays converge, when the lens is illuminated with a point source (object) at
infinity. This point of convergence of the rays (image) is the focus. If the focus and the
point light source are on opposite sides of the lens, it is convergent (positive focal
lengths). Figure 5 shows convergent and divergent lenses.

Convergent Divergent
lenses lensés

Figure 5: Different shapes for converging and diverging lenses
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Figure 6: Real and virtual objects and images
If the object is at the right had side of the lens, the distance | from the lens to the object
is positive

and the object is virtual. If this object is at the left of the lens, the distance | is negative
and the object is real. (See Fig. 6). If the image is at the right of the lens, the distance I,
from the lens to the object is positive and the image is real. If this image is at the left of
the lens, the distance I’, is negative and the image is virtual.
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The object and image distances for a thin lens are related by

—=—-= (11)
Optical systems with spherical surfaces with a common axis of symmetry can also be
described with first order optics, as in many geometrical optics textbooks.

Principal
planes

‘.‘.‘| ’.. 5 ,
[N N )

Figure 7: a) Illustration of the principal and nodal points in an optical system
b) Rotation of a lens about the second nodal point.
In thick optical systems formed by several thin and/or thick lenses, the principal points
P; and P, and the nodal points N, and N, are defined as graphically shown in Fig. 7(a).
The distance from the principal point P, to the focus F; is the effective focal length.
This focal length can be experimentally measured with the property of the principal
points illustrated in Fig. 7(b).

1.3 Aberrations

Paraxial
focus

Marginal
focus

Figure 8: Spherical aberration.

We have seen that strictly speaking, if we have a point light source, only paraxial rays
converge at a single point called the image. If the diameter of the lens is not very small
compared with the radii of curvature of the surfaces the rays will not cross the axis at
the same point, as shown in Fig. 8. Marginal rays will have a different point of
convergence as the paraxial rays. This is the spherical aberration of a lens. It can be
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canceled with a proper lens design, so that some surfaces compensate the spherical
aberration of other surfaces. However, given a thin lens some rules of thumb can be
found to reduce as much as possible the spherical aberration. The approximate condition
is that the angle of incidence of the ray entering the lens and the angle of refraction of
the ray exiting the lens should have magnitudes as close as possible to each other, as
shown in the examples in Fig. 9.

Figure 9: Proper lens orientations to reduce the spherical aberration in a lens.
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Figure 10: Image in the presence of coma aberration.

Even of the spherical aberration is perfectly eliminated in an optical system, if the point
object is laterally shifted away from the optical axis, the image also shifts but a single
converging point for the rays no longer exists. Instead of a point, the image has the
shape illustrated in Fig. 10 due to the coma aberration. Fortunately, if in a single thin
lens without any stop in front or in the back of the lens, the spherical aberration is
minimized, the coma is also minimized. In more complicated lens systems, with several
lenses and a stop, the spherical aberration and coma are completely independent and
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their analysis is quite complicated. The magnitude of the image with coma grows
linearly with the image separation from the optical axis (image height). It is interesting
and useful to know that symmetric optical systems, with the object and image also
placed symmetrically with respect to the lens, automatically eliminate the coma
aberration, as in Fig. 11.

Object e | -

T -
- Lt - -

—|— 74 Image

Stop

Figure 11: Symmetric system without coma.

There is another off axis aberration called astigmatism. In this aberration rays in the
meridional plane (or tangential plane) converge at different point than rays in a
perpendicular plane (sagittal), as illustrated in Fig. 12. The astigmatism makes the
image of a point appear elongated as an ellipse or even a small line, instead of a point.
The magnitude of this aberration grows with the square of the image height.

Ravs Tangential Rays

A &

o

Figure 12: Rays in an optical system with astigmatism.

Coma and astigmatism degrade the quality of the off axis images. Since coma grows
linearly with the off axis image displacement while astigmatism grows with the square
of this displacement, a practical consequence is that coma is more important than
astigmatism for small off axis displacements. On the other hand, for large off axis
displacements astigmatism is more important than coma. Symmetric optical systems are
free of coma, but not free of astigmatism.

If the image is a perfect point, but its lateral off axis displacement is not linear with the
object displacement, an aberration known as distortion appears. Then, the image of a
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square looks as illustrated in Fig. 13. In general the analysis of distortion is quite
complicated. The distortion aberration, like coma, is automatically canceled in a
completely symmetrical optical system.

(a) Positive Distortion (b)Negative Distortion

(Pincushion) (Barrel)

Figure 13: Image of a square with positive or negative distortion.

Another aberration appears if for different point objects in a plane the corresponding
point images are not in a plane but in a sphere. This is probably the most complicated of
all aberrations, because it is associated to astigmatism. In the presence of astigmatism,
there are four different image surfaces, with different curvatures. These are: a) the
tangential surface, where the tangential rays are focused, b) the sagittal surface, where
the sagittal rays are focused, c) the best focus surface, where neither the sagittal nor the
tangential rays are focused, but we have an average focus between these two and, c) the
Petzval surface, where the image is clearly focused if the astigmatism is zero. These
surfaces are illustrated in Fig. 14.

Curved Images

Figure 14: Image surfaces with astigmatism and field curvature. S is the sagittal surface,
T is the tangential surface, P is the Petsval surface and M is the medium surface,
between the tangential and the sagittal surfaces.
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Figure 15: Nature of the axial chromatic aberration
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Figure 16: Images with axial and magnification chromatic aberrations.

The refractive index is a function of the wavelength of the light. So, images with
different colors may be located at different planes and with different magnifications. If
the magnification is the same for different colors, but the images are at different axial
locations we have axial chromatic aberration. If the images for different colors are at the
same axial locations, but have different magnifications, we have magnification
chromatic aberration. These chromatic aberrations are illustrated in Figs. 15 and 16. A
thin lens is corrected for both aberrations simultaneously if a doublet with two different

glasses is designed.
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