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Wavefronts 

■ Reflected Absorbed 
Light Light 

■ 

■ ~ l-- Transmitted 

■ 

/ 
Light 

Refracted 
■ Light 

■ Incident 
Light Ray 

Object 

= 
Reflected Light 

n = c/vl Refracted Light 

ii ti 

■ 

■ sin(90°) = 11 

0 • -1 ( nt) 
c = Slll ni 

■ 
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Index of refraction 

n 

Think about Snell's 
law at this point 

Just using one 
ray as an example 

n' 
~ Index of refraction 

Considering one 
point on object 

. . 
: ••• •• 0, ~ • h • -: R• •. 
: •·. • b •• 

Q " ~ C ----------------~- -----~------------------ Principal axis 

;..._ ____ S0-----+◄.....,..._----S;-----------+, 

Object distance Image distance 
Object 

n 
Think about Snell's 

law where the light rays 
reach the interface 

These three example rays, 
emanating from the same 
point on the object, form 

three different angles w ith 
the principal axis 

Radius of curvature 

n' 

Image forms here 

to the same point, in 
spite of differing angles, 
if a1, a2, and a3 are small 
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■ 

■ 

■ 

■ 

■ 

0 ~ sin 0 ~ tan 01 
cos 0 ~ 11 

• ,P fl' I sm 0 = 0 - 31 + 51 - ... ,P 04 I cos 0 = 1 - 2! + 4! - ••• 

n sin 01 = n' sin 021 
. 0 . . b h h sm 1 ~ sin a+ sm ~ - + -

So R 
. 0 . b . h h Sln 2 ~ Sln - Sln C ~ - - -

R Si 
n n' (n' - n) 
-+-=---
So Si R 

0 < 1O~ 
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��� ��� ���
a 

nR 
So > --- ⇒ Si > 0 

(n' - n) 

b 

nR 
So = ---- * Si --+ +oo 

(n' - n) 

.f1 

Plano Convex Plano Concave Positive Meniscus 
R1 > 0 R1 -+ oo IR1I < IR2I 

Rz -+ oo R2 >0 f>O 
f>O f< 0 

Biconvex Biconcave Negative Meniscus 
R1 > 0 R1 < 0 IR1I > IR2I 
R2 <0 R2 >0 f<O 
f >0 f <0 

nR 
So < --- ⇒ Si < 0 

(n' - n) 

Sign conventions 

Boundary 

curvature 

Incident light ( R>O 

) R<O 

converging lens : f > 0 

diverging lens f < 0 
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Biconvex lens 
(we're assuming it 's really thin) 

After light passes the first boundary (Rl) of the 
lens, the image (this one happens to be virtual) 

would form here based on our calculations. 
Now we use this " image" as the new "object" 

for considering the second interface (R2) 

Remember, we're just 
considering one point on 
object for simpl icity, but 
light is coming from all 

points, and in all directions 

Radius of 

curvature of 
2nd boundary 

Index of refraction 

Index of refraction 
of medium outside 
of lens (often air) 

at work here 

This relationship is known 
as the lens equation, 

where we define the focal 
length by the object and 
image distances. This can 
be shown geometrically 

1 1 1 
-+-
Sa Si f.. 

from lens 

Radius of curvature 
of boundary the 

light hits first 
Radius of curvature of 
the second boundary 

the light passes 

! Ima~ distanc~ 

ObJect distance 
from lens Focal length 

of lens 

n 

forms here 
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Let's pick the top of our image 
to see where that piece of the 

image forms 

Object 

Pick rays that we can trace 
based on our ru les 

Rays passing through the 
center of a lens are unaffected 

by the lens (Ru le 1) 

Add more rays from this 

point to see w here the 

Rays parallel to the optica l axis 
will pass through the focal 

point on the other side of the 
lens (Ru le 2) 

Object 

~ 

Rays passing through the focal 
point before the lens will be 
parallel to the opt ical axis 

after the lens (Rule 2) 

~ 
Infinite extent, 

thin lens 

Focal point of lens 

Focal point of lens 

Th ese rays intersect at a point, 
forming an image of a point 

that we know corresponds to 
the top of the object. 

Image 
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Again, pick rays that you 
can easily trace, such as 

the one going through the 
center of the lens (Rule 1) 

Object 
Let's consider the rays from 
another point on the object , 
th is time from the bottom 

Even though we now know 
where the image is formed, for 
completeness, we can look at 

another ray to demonstrate that 
they intersect at the image plane 

~ 
Unfortunately Rule 2 gives us 
the sa me ray as Rule 1 in this 

case, so let's use rule 3: 
Pick a ray parallel to another 
ray that we've already drawn, 
and it will then intersect with 

that ray at the focal plane 
after passing through the lens 

1 + 1 _111 
Sa S; 

We know the image of the 
bottom of the object forms 
here since the ray intersects 
with the image plane here 

Image plane -----. 
ge 

Foca l plane 
of lens The rays from the 

bottom of the object 
converge here 

Note that this is a 
real, inverted image 
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Converging lens 

* Focal length of lens 

,.____ S0 ----.'-- - S; ---• 

Object distance Image distance 

Light converges {S; > O} 

Object 

image 

- so _._ __ S- - - ----­
' 

Light is collimated 
{S; ➔ 00, infinite image distance) 

Real, inverted 

image on retina 

■ 

■ 

Light diverges {S; < O} 
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Object 

Real image 

formed on 

retina 

■ 

Rays from the object going through the first lens form a real image on the screen 

Real , 

inverted 

image 

Screen 

Rule 1: ray passes through 
the center unaltered 

b . ',,-Optical ax is 
0 Ject 

Light scattered from screen goes through the second lens (your eye) 

Rule 1: ray passes through 
the center unaltered 

Real, inverted 
image after first 

lens is considere 
as object of 
second lens 

_____ oi::tical ____________ _ 

axis 

\ 
Rule 2: ray parallel to optical 
axis goes through focal point 

Screen 

Let's assume this is 
the focal point of your 

eye in this instance 

Real image 

formed on retina 
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_ Optical_ 

axis 

■ 

■ 

■ 

■ 

Virtual 

image 

Consider rays from a point on the object going through the first lens 

Focal point of lens 

-~~:i.c_~---------* ___ . s;;;::::::;:2==~ Joc.=..:= 
axis 

Th in, converging lens Ru le 1: ray passes through 
the center unaltered 

Find where the virtual image will form 

■ 

Rule 2: ray parallel to optical 
axis goes through foca l point 

Note that the rays are diverging 
because the object is within the 

foca l distance of the lens 
(think about lens equation) 

Project the rays backward to see where they intersect. Note that these rays are not 
actually trave ling in a backward direction, which is why they are drawn as dotted lines. 

Since the light is not actually converging here, this will create a virtual image. 

Consider rays from another point on the object (this time from the bottom) going through the first lens 

Virtual image 

Optical 

axis 

Rule 1: ray passes through 

Rule 2: ray parallel to optical 
axis goes through focal point 

A virtual image forms here, based on where the projected rays 
converge. Remember that no physical light actually converges here. 

Use the image from t he first lens as the object of the second lens (pretend like the first lens isn't there) 

Virtual image 

-~E>!~<::!L 
axis 

Your eye is actually pretty complex, but let's 
pretend it's a lens with a set focal length for the 

purposes of practicing ray tracing. 

Rule 1: ray passes through 
the center unaltered 

Rule 2: ray parallel to optical 
axis goes through focal point 

__ ,!l_1:,~Umage 
formed on retina 
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Image your friend 
wants to extend 

Lens 1 

Focal length 
of lens 

Lens 2 

---- ~---- --- * -------- ~---- ----*--------
2f ------.-- •---- 4f 

- ~------------------------------ ~ ---------------
Object 
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