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Overview 

1 

• Last lecture: 
– spherical and plane waves 
– perfect focusing and collimation elements: 

• paraboloidal mirrors, ellipsoidal and hyperboloidal refractors 
– imperfect focusing: spherical elements 
– the paraxial approximation 
– ray transfer matrices 

• Today: 
– paraxial ray tracing using the matrix approach 
– thin lenses 
– focal length and power of optical elements 
– real and virtual images 
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Ray transfer matrices 
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optical 
axis 

Propagation through uniform space: 
distance d, index of refraction nleft 

Refraction at spherical interface: 
radius R, indices nleft, nright 

By using these elemental matrices, we may ray trace through an arbitrarily long cascade 
of optical elements (provided the paraxial approximation remains valid throughout.) 
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Spheres, ellipsoids, hyperboloids, and paraboloids 
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in the paraxial approximation 

sphere 

ellipsoid 

hyperboloid 

all ovoids look alike 
in the paraxial regime 
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Sign conventions 
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• Light travels from left to right 
• A radius of curvature is positive if the surface is convex towards the left 
• Longitudinal distances are positive if pointing to the right 
• Lateral distances are positive if pointing up 
• Ray angles are positive if the ray direction is obtained by rotating the 
+z  axis counterclockwise through an acute angle 

optical axis 

positive 
curvature 

negative 
curvature 

negative 
ray angle 

positive 
ray angle 

positive 
direction 

positive 
ray elevation 

negative 
ray elevationnegative 

direction 
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R<0
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Types of refraction from spherical surfaces 
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• Positive power bends rays “inwards” 

• Negative power bends rays “outwards” 

+ 

Positive power 

1 n 

R>0 

1 

– 

R<0 

Negative power 

n 
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Example: thin spherical lens in air 
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Thin or thick? 
truncated 

spherical surface 

followed 
by 

optical 
axis 
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Example: thin spherical lens in air 
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optical 
axis 

optical 
axis 
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R<0

• Positive lenses have positive power ⇔ positive focal length 

• Negative lenses have negative power ⇔ negative focal length 

Bi-convex 
lens 

R>0 R<0 
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Types of lenses 
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+ 
Simple spherical 

refractor (positive) 

1 n 

R>0 

+ + 

n1 1 

– – 
Bi-concave 

lens 

n1 1 

R>0R<0 

Simple spherical 
refractor (negative) 

1 n 

– 

+ N 
Plano-convex 

lens 

n1 1 

R>0 R=∞ 

Plano-concave 
lens 

– N 

n1 1 

R<0 R=∞R<0 
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• A positive lens creates a real image of an object at infinity 

• A negative lens creates a virtual image of an object at infinity 
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Real and virtual images of a source at infinity 
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(converging spherical wave) 
real image 

Bi-convex 
lens 

R>0 R<0 

Bi-concave 
lens 

R>0R<0 

n1 1virtual image 
(diverging spherical wave) 

n1 1 
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• A positive lens will image a real object at infinity (collimate a diverging 

• A negative lens will image a virtual object at infinity (collimate a converging 

spherical wave) 

spherical wave) 
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Image at infinity of real and virtual sources 
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(diverging spherical wave) 
real source 

Bi-convex 
lens 

R>0 R<0 

Bi-concave 
lens 

R>0R<0 

n1 1 virtual source 
(converging spherical wave) 

n1 1 
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How to make sense of the sign conventions 
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• Recall: light propagates from left to right; therefore: 
• if an object is to the left of the optical element 

– then the distance from the object to the element is positive; 
• if an object is to the right of the optical element 

– then the distance from the object to the element is negative; 
• if an image is to the right of the optical element 

– then the distance from the element to the image is positive; 
• if an image is to the left of the optical element 

– then the distance from the element to the image is negative; 

image to the right 
of the element 

image to the left 
of the element

object to the right 
of the element 

object to the left 
of the element 
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Sign conventions and off-axis objects 
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object at infinity image at infinity 
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