
Fluids, Thermodynamics, Waves, & Optics
Optics
Lab 8
Lenses

Lana Sheridan

De Anza College

June 8/10, 2020



Overview
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• Theory

• Part 3.1: behavior of a converging lens

• Part 3.2: the lens equation

• Part 3.3: thick converging lens



Purpose of the Lab

To explore the use of lenses to form images.

You will use the Geometric Optics and Bending Light PhET
simulations to explore the how light is manipulated by a lens to
form images, both with a thin lens and with a thick lens.



Images Formed by Refraction

In the previous lab, we used this expression,
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which relates the object and image distances to the radius of
curvature of a refracting surface.



Focal Length of a Lens
Lenses are optical devices that can be used to create images.

focal length

The focal length of a lens is the distance from a thin lens to where
an image is formed when the object is at infinity.
For converging lenses, this the the distance to where the incoming
parallel rays are focused.
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Pitfall Prevention 36.5
A Lens Has Two Focal Points  
but Only One Focal Length A lens 
has a focal point on each side, 
front and back. There is only one 
focal length, however; each of the 
two focal points is located the same 
distance from the lens (Fig. 36.23). 
As a result, the lens forms an image 
of an object at the same point if it 
is turned around. In practice, that 
might not happen because real 
lenses are not infinitesimally thin.

convention. For a thin lens (one whose thickness is small compared with the radii 
of curvature), we can neglect t. In this approximation, p2 5 2q1 for either type of 
image from surface 1. Hence, Equation 36.11 becomes
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Adding Equations 36.10 and 36.12 gives
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For a thin lens, we can omit the subscripts on p1 and q2 in Equation 36.13 and call 
the object distance p and the image distance q as in Figure 36.22. Hence, we can 
write Equation 36.13 as
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This expression relates the image distance q of the image formed by a thin lens 
to the object distance p and to the lens properties (index of refraction and radii 
of curvature). It is valid only for paraxial rays and only when the lens thickness is 
much less than R1 and R 2.
 The focal length f of a thin lens is the image distance that corresponds to an 
infinite object distance, just as with mirrors. Letting p approach ` and q approach f 
in Equation 36.14, we see that the inverse of the focal length for a thin lens is
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This relationship is called the lens-makers’ equation because it can be used to deter-
mine the values of R 1 and R 2 needed for a given index of refraction and a desired focal 
length f. Conversely, if the index of refraction and the radii of curvature of a lens are 
given, this equation can be used to find the focal length. If the lens is immersed in 
something other than air, this same equation can be used, with n interpreted as the 
ratio of the index of refraction of the lens material to that of the surrounding fluid.
 Using Equation 36.15, we can write Equation 36.14 in a form identical to Equa-
tion 36.6 for mirrors:
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This equation, called the thin lens equation, can be used to relate the image dis-
tance and object distance for a thin lens.
 Because light can travel in either direction through a lens, each lens has two 
focal points, one for light rays passing through in one direction and one for rays 
passing through in the other direction. These two focal points are illustrated in 
Figure 36.23 for a plano-convex lens (a converging lens) and a plano-concave lens 
(a diverging lens).
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Figure 36.22  Simplified geom-
etry for a thin lens.
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Figure 36.23  Parallel light rays 
pass through (a) a converging lens 
and (b) a diverging lens. The focal 
length is the same for light rays 
passing through a given lens in 
either direction. Both focal points 
F1 and F2 are the same distance 
from the lens.



Images Formed by Thin Lenses

We will derive the thin lens equation
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We do this by considering each side of the lens as a refracting
surface.



Images Formed by Thin Lenses

A thick lens:

1104 Chapter 36 Image Formation

 What if you look more carefully at the fish and measure its apparent height from its upper fin to its lower 
fin? Is the apparent height h9 of the fish different from the actual height h?

Answer  Because all points on the fish appear to be fractionally closer to the observer, we expect the height to be 
smaller. Let the distance d in Figure 36.20a be measured to the top fin and let the distance to the bottom fin be d 1 h. 
Then the images of the top and bottom of the fish are located at

 q top 5 20.752d

 qbottom 5 20.752(d 1 h)

The apparent height h9 of the fish is

h9 5 q top 2 qbottom 5 20.752d 2 [20.752(d 1 h)] 5 0.752h

Hence, the fish appears to be approximately three-fourths its actual height.

WHAT IF ?

36.4 Images Formed by Thin Lenses
Lenses are commonly used to form images by refraction in optical instru-
ments such as cameras, telescopes, and microscopes. Let’s use what we 
just learned about images formed by refracting surfaces to help locate 
the image formed by a lens. Light passing through a lens experiences 
refraction at two surfaces. The development we shall follow is based on 
the notion that the image formed by one refracting surface serves as the 
object for the second surface. We shall analyze a thick lens first and then 
let the thickness of the lens be approximately zero.
 Consider a lens having an index of refraction n and two spherical sur-
faces with radii of curvature R1 and R 2 as in Figure 36.21. (Notice that 
R1 is the radius of curvature of the lens surface the light from the object 
reaches first and R 2 is the radius of curvature of the other surface of the 
lens.) An object is placed at point O at a distance p1 in front of surface 1.
 Let’s begin with the image formed by surface 1. Using Equation 36.8 
and assuming n1 5 1 because the lens is surrounded by air, we find that 
the image I1 formed by surface 1 satisfies the equation
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where q1 is the position of the image formed by surface 1. If the image 
formed by surface 1 is virtual (Fig. 36.21a), then q1 is negative; it is positive 
if the image is real (Fig. 36.21b).
 Now let’s apply Equation 36.8 to surface 2, taking n1 5 n and n 2 5 1. 
(We make this switch in index because the light rays approaching surface 
2 are in the material of the lens, and this material has index n.) Taking p2 as 
the object distance for surface 2 and q 2 as the image distance gives
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We now introduce mathematically that the image formed by the first sur-
face acts as the object for the second surface. If the image from surface 1 
is virtual as in Figure 36.21a, we see that p2, measured from surface 2, is 
related to q1 as p2 5 2q1 1 t, where t is the thickness of the lens. Because 
q1 is negative, p2 is a positive number. Figure 36.21b shows the case of the 
image from surface 1 being real. In this situation, q1 is positive and p2 5 
2q1 1 t, where the image from surface 1 acts as a virtual object, so p2 is 
negative. Regardless of the type of image from surface 1, the same equa-
tion describes the location of the object for surface 2 based on our sign 
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Figure 36.21  To locate the image formed 
by a lens, we use the virtual image at I 1 formed 
by surface 1 as the object for the image 
formed by surface 2. The point C 1 is the  
center of curvature of surface 1.

We can imagine that there first surface forms an image I1, and
that image becomes the object for the second surface.

The pink arrow shows I1



First image formed

Let n1 = 1, n2 = n.
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where q1 is the position of the image formed by surface 1. If the image 
formed by surface 1 is virtual (Fig. 36.21a), then q1 is negative; it is positive 
if the image is real (Fig. 36.21b).
 Now let’s apply Equation 36.8 to surface 2, taking n1 5 n and n 2 5 1. 
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We now introduce mathematically that the image formed by the first sur-
face acts as the object for the second surface. If the image from surface 1 
is virtual as in Figure 36.21a, we see that p2, measured from surface 2, is 
related to q1 as p2 5 2q1 1 t, where t is the thickness of the lens. Because 
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2q1 1 t, where the image from surface 1 acts as a virtual object, so p2 is 
negative. Regardless of the type of image from surface 1, the same equa-
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Second image formed
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We must relate p2 to q1. The new object is the image from the
previous surface so:

p2 = −q1 + t

where t is the lens thickness.



p2 could be positive (real object)...

If q1 is negative (virtual image 1)...
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where q1 is the position of the image formed by surface 1. If the image 
formed by surface 1 is virtual (Fig. 36.21a), then q1 is negative; it is positive 
if the image is real (Fig. 36.21b).
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We now introduce mathematically that the image formed by the first sur-
face acts as the object for the second surface. If the image from surface 1 
is virtual as in Figure 36.21a, we see that p2, measured from surface 2, is 
related to q1 as p2 5 2q1 1 t, where t is the thickness of the lens. Because 
q1 is negative, p2 is a positive number. Figure 36.21b shows the case of the 
image from surface 1 being real. In this situation, q1 is positive and p2 5 
2q1 1 t, where the image from surface 1 acts as a virtual object, so p2 is 
negative. Regardless of the type of image from surface 1, the same equa-
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by a lens, we use the virtual image at I 1 formed 
by surface 1 as the object for the image 
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center of curvature of surface 1.

... p2 is positive (object in front of surface).



p2 could be negative (virtual object)...
If q1 is positive (real image 1)...
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36.4 Images Formed by Thin Lenses
Lenses are commonly used to form images by refraction in optical instru-
ments such as cameras, telescopes, and microscopes. Let’s use what we 
just learned about images formed by refracting surfaces to help locate 
the image formed by a lens. Light passing through a lens experiences 
refraction at two surfaces. The development we shall follow is based on 
the notion that the image formed by one refracting surface serves as the 
object for the second surface. We shall analyze a thick lens first and then 
let the thickness of the lens be approximately zero.
 Consider a lens having an index of refraction n and two spherical sur-
faces with radii of curvature R1 and R 2 as in Figure 36.21. (Notice that 
R1 is the radius of curvature of the lens surface the light from the object 
reaches first and R 2 is the radius of curvature of the other surface of the 
lens.) An object is placed at point O at a distance p1 in front of surface 1.
 Let’s begin with the image formed by surface 1. Using Equation 36.8 
and assuming n1 5 1 because the lens is surrounded by air, we find that 
the image I1 formed by surface 1 satisfies the equation
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where q1 is the position of the image formed by surface 1. If the image 
formed by surface 1 is virtual (Fig. 36.21a), then q1 is negative; it is positive 
if the image is real (Fig. 36.21b).
 Now let’s apply Equation 36.8 to surface 2, taking n1 5 n and n 2 5 1. 
(We make this switch in index because the light rays approaching surface 
2 are in the material of the lens, and this material has index n.) Taking p2 as 
the object distance for surface 2 and q 2 as the image distance gives
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We now introduce mathematically that the image formed by the first sur-
face acts as the object for the second surface. If the image from surface 1 
is virtual as in Figure 36.21a, we see that p2, measured from surface 2, is 
related to q1 as p2 5 2q1 1 t, where t is the thickness of the lens. Because 
q1 is negative, p2 is a positive number. Figure 36.21b shows the case of the 
image from surface 1 being real. In this situation, q1 is positive and p2 5 
2q1 1 t, where the image from surface 1 acts as a virtual object, so p2 is 
negative. Regardless of the type of image from surface 1, the same equa-
tion describes the location of the object for surface 2 based on our sign 
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by a lens, we use the virtual image at I 1 formed 
by surface 1 as the object for the image 
formed by surface 2. The point C 1 is the  
center of curvature of surface 1.

... p2 is negative (object behind surface).

Either way, the sign is taken care of in the expression p2 = −q1 + t.



p2 could be negative (virtual object)...
If q1 is positive (real image 1)...
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We now introduce mathematically that the image formed by the first sur-
face acts as the object for the second surface. If the image from surface 1 
is virtual as in Figure 36.21a, we see that p2, measured from surface 2, is 
related to q1 as p2 5 2q1 1 t, where t is the thickness of the lens. Because 
q1 is negative, p2 is a positive number. Figure 36.21b shows the case of the 
image from surface 1 being real. In this situation, q1 is positive and p2 5 
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negative. Regardless of the type of image from surface 1, the same equa-
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Relate the original object to the final image
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For a thick lens, you need to use these two equations!

For a thin lens, t is negligible, so take it to be zero.
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Thin Lens Equation

Lastly, measure the object distance to be p = p1 + t/2 and
q = q2 + t/2.

Since t is effectively zero, we have:
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p and q can vary, but since n, R1, and R2 are constant for a fixed
lens, we know 1

p + 1
q = const.

If p →∞, q → f , by the definition of the focal length.

This gives the thin lens equation
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Lens Maker’s Equation

Thin lens equation
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+

1

q
= (n − 1)

(
1

R1
−

1

R2

)

The LHS is the inverse of the focal length, giving the lens maker’s
equation:

1

f
= (n − 1)

(
1

R1
−

1

R2

)



Magnification with a Lens

By definition,

M =
h ′

h

And it follows from simple trigonometry that

M = −
q

p



Sign Conventions for Lenses!

1

p
+

1

q
=

1

f

Variable is Positive is Negative

p object in front of surface [virtual object]1

q image behind lens image in front of lens
(real) (virtual)

h ′ (and M) image upright image inverted

R1 and R2 object faces convex surf. object faces concave surf.
(C behind surface) (C in front of surface)

f lens is converging lens is diverging

1Useful in derivations.



Understanding the Sign of f

1

f
= (n − 1)

(
1

R1
−

1

R2

)

Always n > 1, so (n − 1) is positive (if zero, there’s no lens!).

(
1
R1

− 1
R2

)
could be positive or negative, depending on the signs

and magnitudes of R1 and R2.



Sign Examples: Converging Lenses

1106 Chapter 36 Image Formation

 Figure 36.24 is useful for obtaining the signs of p and q, and Table 36.3 gives the 
sign conventions for thin lenses. These sign conventions are the same as those for 
refracting surfaces (see Table 36.2).
 Various lens shapes are shown in Figure 36.25. Notice that a converging lens is 
thicker at the center than at the edge, whereas a diverging lens is thinner at the 
center than at the edge.

Magnification of Images
Consider a thin lens through which light rays from an object pass. As with mirrors 
(Eq. 36.2), a geometric construction shows that the lateral magnification of the 
image is

 M 5
h r
h

5 2
q
p

 (36.17)

From this expression, it follows that when M is positive, the image is upright and on 
the same side of the lens as the object. When M is negative, the image is inverted 
and on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses
Ray diagrams are convenient for locating the images formed by thin lenses or sys-
tems of lenses. They also help clarify our sign conventions. Figure 36.26  shows such 
diagrams for three single-lens situations.
 To locate the image of a converging lens (Figs. 36.26a and 36.26b), the following 
three rays are drawn from the top of the object:

Front, or 
virtual, side

Incident light

Back, or
real, side

p negative
q positive

p positive
q negative

Refracted light

Converging or 
diverging lens

Figure 36.24  A diagram for 
obtaining the signs of p and q for 
a thin lens. (This diagram also 
applies to a refracting surface.)

Table 36.3 Sign Conventions for Thin Lenses
Quantity Positive When . . . Negative When . . .

Object location (p) object is in front of lens object is in back of lens
  (real object).  (virtual object).
Image location (q) image is in back of lens image is in front of lens
  (real image).  (virtual image).
Image height (h9) image is upright. image is inverted.
R1 and R 2 center of curvature is in back center of curvature is in front
  of lens.  of lens.
Focal length ( f ) a converging lens. a diverging lens.

Plano-
convex

Convex-
concave

Biconvex

Biconcave Convex-
concave

Plano-
concave

a

b

Figure 36.25  Various lens 
shapes. (a) Converging lenses 
have a positive focal length and 
are thickest at the middle.  
(b) Diverging lenses have a  
negative focal length and are 
thickest at the edges.
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When the object is in front of and outside 
the focal point of a converging lens, the 
image is real, inverted, and on the back side 
of the lens.

When the object is between the 
focal point and a converging lens, 
the image is virtual, upright, larger 
than the object, and on the front 
side of the lens.

When an object is anywhere in 
front of a diverging lens, the image 
is virtual, upright, smaller than the 
object, and on the front side of the 
lens.

Figure 36.26 Ray diagrams for locating the image formed by a thin lens.

R1 R2 R1 R2 R1 R2

R1 +ve R1 +ve R1 +ve

R2 −ve R2 +ve R2 ∞
R1 < R2

f +ve f +ve f +ve



Sign Examples: Diverging Lenses

1106 Chapter 36 Image Formation

 Figure 36.24 is useful for obtaining the signs of p and q, and Table 36.3 gives the 
sign conventions for thin lenses. These sign conventions are the same as those for 
refracting surfaces (see Table 36.2).
 Various lens shapes are shown in Figure 36.25. Notice that a converging lens is 
thicker at the center than at the edge, whereas a diverging lens is thinner at the 
center than at the edge.

Magnification of Images
Consider a thin lens through which light rays from an object pass. As with mirrors 
(Eq. 36.2), a geometric construction shows that the lateral magnification of the 
image is

 M 5
h r
h

5 2
q
p

 (36.17)

From this expression, it follows that when M is positive, the image is upright and on 
the same side of the lens as the object. When M is negative, the image is inverted 
and on the side of the lens opposite the object.

Ray Diagrams for Thin Lenses
Ray diagrams are convenient for locating the images formed by thin lenses or sys-
tems of lenses. They also help clarify our sign conventions. Figure 36.26  shows such 
diagrams for three single-lens situations.
 To locate the image of a converging lens (Figs. 36.26a and 36.26b), the following 
three rays are drawn from the top of the object:

Front, or 
virtual, side

Incident light

Back, or
real, side

p negative
q positive

p positive
q negative

Refracted light

Converging or 
diverging lens

Figure 36.24  A diagram for 
obtaining the signs of p and q for 
a thin lens. (This diagram also 
applies to a refracting surface.)

Table 36.3 Sign Conventions for Thin Lenses
Quantity Positive When . . . Negative When . . .

Object location (p) object is in front of lens object is in back of lens
  (real object).  (virtual object).
Image location (q) image is in back of lens image is in front of lens
  (real image).  (virtual image).
Image height (h9) image is upright. image is inverted.
R1 and R 2 center of curvature is in back center of curvature is in front
  of lens.  of lens.
Focal length ( f ) a converging lens. a diverging lens.

Plano-
convex

Convex-
concave

Biconvex

Biconcave Convex-
concave

Plano-
concave

a

b

Figure 36.25  Various lens 
shapes. (a) Converging lenses 
have a positive focal length and 
are thickest at the middle.  
(b) Diverging lenses have a  
negative focal length and are 
thickest at the edges.
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When the object is in front of and outside 
the focal point of a converging lens, the 
image is real, inverted, and on the back side 
of the lens.

When the object is between the 
focal point and a converging lens, 
the image is virtual, upright, larger 
than the object, and on the front 
side of the lens.

When an object is anywhere in 
front of a diverging lens, the image 
is virtual, upright, smaller than the 
object, and on the front side of the 
lens.

Figure 36.26 Ray diagrams for locating the image formed by a thin lens.

R1 −ve R1 +ve R1 ∞
R2 +ve R2 +ve R2 +ve

R1 > R2

f −ve f −ve f −ve



Geometric Optics: Parts 3.1-3.2



Lab Activity - Part 3.2
You will plot a graph based on data taken for your object and
image distances. From the instruction sheet:
“Measure the object distance p and, without moving the object,
measure the image distance q. For a virtual image, record q as
negative. Record these points in a table and their inverses. Repeat
so that you have 8 pairs of values for p and q. Plot a graph of two
of the columns in your table, one on the horizontal axis and one on
the vertical, so that the result is a straight line. From the graph,
extract a value for the focal length. Make sure to include your
graph in your submission.”

p (cm) q (cm) 1
p (cm−1) 1

q (cm−1)



Lab Activity - Part 3.2

• Make sure to label your axes.

• Put a best-fit line through your data points and show the
equation of the line on your graph.

• From the best-fit line, find f .



Bending Light, Prisms: Part 3.3



Bending Light, Prisms: Part 3.3



Bending Light, Prisms: Part 3.3




