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Geometric optics

The geometric optics is an approximation of the optics valid whenever the light on its
path encounters obstacles much larger than the wavelength. Then we neglect its wave
nature. In this case we can treat light as a set of rays that propagate rectilinearly, if the
medium is optically homogeneous.

LAWS OF GEOMETRIC OPTICS

1- The propagation of rays in an isotropic medium (a medium that has the same 
properties in all points) occurs in a straight line.

2- The path of a light ray between 2 points is always the one that requires the 
least time (in an isotropic medium this leads to a straight path).

3- The trajectory followed by a light beam is the same regardless of the direction 
of propagation.

4- The laws of reflection and refraction are valid.
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The diopter

Diopter is defined as the surface that separates 2 transparent media with different 
refractive index. This surface can be flat or curved. If it is a spherical surface, it is a 
spherical diopter.

The spherical diopter is stigmatic, that is, the rays that depart from a point source 
converge in one direction at a single other point (image) in the other medium.
The vertex of the spherical cap determines the optical axis, C is the center of curvature.

optical axis

It can be shown that in the ideal case (if 
the angle  between the ray and the optical 
axis is not too large - paraxial 
approximation -, if the refractive indices do 
not depend on the wavelength) all the rays 
starting from p converge at point q, and q 
is the image point of the light source p.

This therefore occurs in the approximation of:

1- Paraxial rays (they form small angles with the optical axis)
2- Amplitude of the spherical cap is small compared to the radius of curvature.

R
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It happens that the rays converge not in a point but in a segment, and the 
phenomenon of astigmatism occurs.

The ideal diopter is stigmatic and it is valid that: ଵ ଶ ଶ ଵ

p = distance of object - source from the interface
q = image distance from the interface
R = radius of curvature (> 0 when the cap has the convexity towards the object)

n1
n2

R

P’

P’D’=p

Q

Q’E’=q

1 2

1 2

We have a diopter, a source 
that can be extended, the 
optical axis, the object space, 
the image space.object

space
image 
space

C = center of curvature, any ray passing through C does not undergo deviations from 1 to 2.
F1 = first focus, all rays starting from F1 go to infinity in the image space (parallel to the optical axis).
F2 = second focus, all the rays coming from infinity in the object space converge in F2 in the image space.
V = vertex of the cap 
f1, f2 = focal distances

It can be shown that :
ଵ

ଶ

ଵ

ଶ
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When R = ∞ (flat diopter) we have that: ଵ ଶ

So, for example, the apparent depth of an object underwater is different from the real 
one. For the underwater depth of the image, we have: ଶ

ଵ

The "-" means that q corresponds to a virtual image where the refracted rays do not 
really (physically) converge. If we look at objects in water from the air then:

Objects appear closer than where they really are and also magnified.
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Thin lenses

Two spherical diopters facing and very close together form a thin lens, the thickness 
of which is negligible compared to the diameter and the radii of curvature of the 
spherical surfaces that surround it.

Thin lenses can be convergent (make parallel rays converge) or divergent (make 
parallel rays diverge). The biconvex (both convex surfaces)(1), the plano-convex (2) 
and the concave-convex (3) ones are converging lenses where the radius of the 
convexity, which is the second surface, is smaller (and therefore the curvature 
greater) than that of the concavity. The biconcave (4), the plano-concave (5) and the 
convex concave (6) are diverging.
All the nomenclature already introduced for the diopter and the approximation of 
paraxial rays applies.
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Law of conjugate points
For a thin lens the formula of conjugate points applies

ଶ

ଵ ଵ ଶ

If we put (so-called lens constructor equation):

ଶ

ଵ ଵ ଶ

we have the LAW OF CONJUGATED POINTS:

f = focal distance of the thin lens ( >0 for a converging lens forming real images, 
instead <0 for a diverging lens forming virtual images) 

CHARACTERISTICS OF THIN 
LENS TYPES IN AIR (as seen in 
the lens constructor equation, f 
depends on the medium in 
which we are)
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Dioptric power (Optical power) and image formation

Dioptric power or power of a lens, D, is defined:

1 diopter = 1 m-1

It is measured in diopters.
For example +2 diopters equals f = ½ m = 0,5 m

NOTE: The characteristics of a lens also depend on the refractive indices of the considered 
media. For example, a biconvex lens in air is positive or convergent (f> 0), but in water it can be 
divergent if the n of its material is less than 1.33.
IMAGE FORMATION BY RAYS: 
CONVERGENT LENS

Magnifying glass
When p <f then q <0 → left 
image is virtual.

IMAGE FORMATION BY RAYS: 
DIVERGENT LENS

image

image

image

Lens

object

object
object
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Linear magnification

LINEAR MAGNIFICATION G:

ᇱ

ᇱ

For the magnifying glass obviously G <0 and | G | > 1 since | p - f | <f.

Optical axis
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Aberrations: spherical and chromatic

Spherical aberration: when the rays are not 
paraxial. The rays at a large angle to the optical 
axis are focused at different points. This creates a 
blurred image: a point is imagined in a segment. It 
is minimized by modifying the curvature of the 
surfaces or by shielding the outermost part of the 
lens.

Chromatic aberration: n depends on λ, so 
depends on λ.

ଶ

ଵ ଵ ଶ

A white source will result in images in different 
points placed at different distances q from the 
lens for each different color. The edges of the 
lens images will appear more or less iridescent. By 
coupling different lenses, converging and diverging, 
of different materials with suitable refractive indices, 
one compensates at the various frequencies and 
minimizes the defect (achromatic lenses).

Optical
axis

lens
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Astigmatism

Astigmatism (from the Greek ἀ-, ἀν- a, an, lack, deprivation; and 
στιγμή stigmé, point, that is "non-point") is, in general, an 
aberration that occurs when the optical system (also the eye) is 
unable to form a point image of a point object. In general, it is due 
to morphological changes in the optical system, which does not 
have a constant radius of curvature. In the eye it is due to 
morphological changes of the cornea and lens.

Extra-axial astigmatism: The point source does not 
lie on the optical axis and its rays are not all paraxial. 
The rays arriving from the source have a rotation 
symmetry different from that of rotation around the 
optical axis of the lens. The image corresponds to 2 
orthogonal segments separated by a small distance.
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The human eye - anatomy

Crystalline (n = 1.44): is a biconvex lens with variable curvature on the anterior surface regulated by the 
contraction of the ciliary muscles. The focal length of the lens is therefore variable.

Vitreous humor (n = 1.33): gelatinous substance.

Retina: photosensitive nervous tissue on which images are formed starting from photoreceptors, cones and 
rods. The images are transformed into action potentials (electrodynamic), sent to the brain for processing via 
the optic nerve.

Macula: formally called macula lutea, it is the central area of   the human eye, the most sensitive to light 
stimuli. It has an oval shape and is located near the center of the retina. The macula in humans has a 
diameter of about 5.5 mm and is divided into fovea and foveola. The fovea is the area with the highest 
concentration of cones.

Cornea (n = 1.33): it has a radius of curvature 
of ≈ 8 mm and is associated with most of the 
dioptric power of the eye.

Iris: is the colored part of the eye; it is an 
elastic membrane with a central opening 
called the pupil. The contraction of the 
membrane regulates the size of the pupil and 
the light intensity.
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Reduced eye model
The eye is assumed to be a single lens of variable "f". In relaxed conditions f = 17 
mm, equal to the average distance between the center of the lens (of the eye or the 
lens) and the retina. In these relaxed eye conditions we have a far vision, p = ∞, and 
therefore, for anatomical reasons, the dioptric power is in the far vision conditions:

Near point: The minimum distance that can be focused in the average normal adult 
(emmetrope) is 25 cm from the eye. In these conditions of near vision there is a 
dioptric power of:

In the normal, emmetropic eye, the eye operates continuously 
for p = 25 cm - ∞ (~ 6 m).
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Defects of vision
THE MAIN DEFECTS ARE DUE TO PROBLEMS OF REFRACTION OR 
ELASTICITY OF THE CRYSTALLINE OR STILL ANATOMICAL DEFECTS

MYOPIA
The dioptric power is excessive compared to the size of the 

eye. The remote point (sometimes even the next) are 
focused before the retina. It is corrected by placing a 

diverging lens in front of the eye. The corrective image 
formed is virtual, straight and reduced.

HYPERMETROPIA
The size of the eye is too small compared to its dioptric 

power. The remote point is focused behind the retina. It is 
corrected by placing a converging lens in front of the eye. 

The corrective image is virtual, straight and enlarged.
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Defects of vision (2)

ASTIGMATISM
It is due to the imperfect sphericity of the cornea 

(refractive-anatomical defect). The radius of 
curvature along one axis is different from the radius 

of curvature along another axis, perpendicular to the 
first. It is treated with cylindrical lenses that influence 

the path of the light rays on one plane only, without 
affecting the refraction of other planes.

PRESBYOPIA
It is due to the aging of the 

ciliary muscles and the lens, 
which loses its elasticity and 
is unable to bend enough. It 

is treated with converging 
lenses such as hyperopia.
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Mechanism of vision: visual acuity

Visual acuity: 2 point sources P and P 'are seen as distinct when they illuminate 
non-contiguous receptors.

P

P’

Q

Q’
Q’’

17 mm
The diameter of the cones on the fovea is 1.5 μm. There the density of cones is highest. In order 
not to hit 2 contiguous cones, let's set QQ ’≈ 4 μm. (QQ ’’ ≈ QQ ’). From the trigonometry of right 
triangles we have: ᇱ ି଺

ିସ

From diffraction derives another limit that is touched when the distance between photoreceptors 
becomes comparable to the λ of light. This limit is smaller, in fact it results:

ௗ௜௙௙௥.
ିସ ିସ

The limiting factor comes to be the structural detail of the retina.
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Mechanism of vision: color perception

The cones photoreceptors detecting the colors and are mainly in the fovea around 
the optical axis. The rods are distributed around the optical axis. The rods are 
evenly distributed on the retina (less on the fovea) and are 1000 times more 
sensitive than the cones. They have a single pigment, rhodopsin, which has an 
absorption peak at 500nm (blue - green). In these conditions we see objects with 
poor lighting (scotopic vision. Side vision is linked to the rods - "corner of the eye"). 
The lateral view in achromatic way allows to capture moving objects. At 15 ° from 
the optic axis on the nasal side there is a small blind area due to the entry of the 
optic nerve. We are not aware of it because the brain integrates in reconstructing 
images. The cones have 3 pigments:

X = generic mixed color
A, B, C = basic colors (usually blue, green, red)

a,b,c = coefficients relating to the intensities of colors A, B, C to constitute X.

Vector representation of colors :  X = (a,b,c)



Problem solving from the book: E.M. field



Problem solving from the book: refraction

The refractive index of water strongly depends on substances like salts 
and/or sugars that may be solvated. 1.33 is the value for pure water



Problem solving from the book: refraction



Problem solving from the book: 

total internal reflection



Problem solving from the book: thin lenses



Problem solving from the book: diverging lenses



Problem solving from the book: e.m. induction


