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Optical Instruments
In this unit, we will study the physics of optical instruments. In particular, we will focus
on how these devices are engineered to let us ‘see’ things we otherwise wouldn’t be
able to see. Devices we will study include cameras, microscopes, telescopes, and the
human eye. In addition to studying the physics of how these instruments work, we’ll
learn a bit about how they were developed throughout history. The final project for the
unit will be to design the optics for a device called a “Magiscope” that allows children
to see Santa working at the North Pole.
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• Reflection & Refraction
• Ray Optics
• Wave Optics
• Thin Lens Equation
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SCIENCE & ENGINEERING PRACTICES
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Reading: Optical Engineering
Optical engineering is the discipline concerned with the design of optical instruments, such as
microscopes, telescopes, cameras, and specialized instruments for scientific research. The main
goal of optical engineering is to design an instrument that will create a useful, high quality
image. What exactly that means depends on the particular application. For example, a cell phone
camera needs to create a tiny image that will fit on the digital sensor housed inside the cell
phone. And, it needs to do this for objects at a variety of different object distances from the
camera, and in various light conditions. A telescope is designed to help astronomers observe very
distant objects from across the universe. A microscope helps biologists to observe very tiny
objects.
The history of optics is an example of science and technology working together – new
technological developments allow for better optical instruments, which lead to new scientific
discoveries. The biggest challenge in designing optical instruments is the quality of the lenses.
But optical engineers from throughout history have also developed new ways to put lenses
together to create new kinds of images. These optical instruments can then be used to study the
natural world, including the behavior of light. Further insights into the behavior of light can in
turn be used to develop more sophisticated optical instruments.
In order to design an optical instrument, we must first
understand how images are formed, and what
characteristics those images can have. Once we know
how to form images with simple optical elements, such as
lenses and mirrors, we can then develop mathematical
models to help us predict how combinations of lenses and
mirrors can be used to create exactly the image that is
desired by a particular application. The ultimate goal of
this unit is to build a model that explains the behavior of
light, and to use that model to design an optical
instrument.

Images
We can look at the image of an object and see something
that looks exactly like the real object (think about looking
at yourself in a mirror). However, the image is in a
different place than the object, and may also be bigger or
smaller than the object, as shown in Figure 1. An image
can be formed in many ways. The simplest way to form
an image is to allow light to pass through a very small
hole, but it can also be formed using lenses and mirrors.

Figure 1: A lens in front of a mountain
creates an image that is reduced, upright, and
virtual. (Image credit: Ethan Sees from
Pexels)

Physicists use several terms to describe images:
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•

A real image is one that can be projected on a screen, such as you would see at a movie
theater.

•

A virtual image can only be seen with the eye. This is the type of image formed by the
eyepiece of a microscope or telescope, for example.
Optical Instruments: Student Reader

•

An image is enlarged if the magnification is greater than 100%. The image is reduced if
it is smaller than the original.

•

An image is called inverted if it is upside down. An image is called upright if it is, well,
upright. 

The first step in designing an optical instrument will be to determine exactly what type of image
we need. For the cell phone camera example above, we would say the image needs to be reduced
(by a lot to fit on the tiny sensor) and real (in this case, projected on the sensor). We don’t
necessarily care if it is upright or inverted because the picture can always be turned around by
the software in your phone. Knowing this will help us to determine what lens(es) to put in the
camera. In this unit, we’ll play the role of optical engineers and explore the designs of various
optical instruments.
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Activity: Light Investigations
Optical engineers are tasked with designing optical systems to create particular types of images.
In order to understand how images are formed, we begin by developing a model for the behavior
of light. We will make a series of qualitative observations and then work towards a more precise,
mathematical model that can explain those observations.
In this activity, you will visit various stations to investigate the properties of light. For each
demonstration, record your observations and answer the questions posed below. You do not
need to do the stations in order. After completing the stations, work with your group to create an
initial model (explanation) for how light behaves.

Station 1: Light Rays
1. Make sure the light source is plugged in. Arrange the slide over the slits so that several
light beams are unblocked. How would you describe the path of the light beams?

2. Now let’s put something in the beam. We are going to place the piece that looks like this in
the path of the light beams:

If the piece is placed so that the beams come in perpendicular to the flat sides of the piece,
what do you predict will happen to the light beams? Sketch your prediction above.
3. Compare this to what you observe. Sketch your observation below:

4. Now, rotate the block so that the rays come in at an angle relative to the surface of the block.
What happens to the light beams now? Sketch your observation below.
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5. Where do the light beams change direction? What factor determines how much they change
direction?

Station 2: Lenses
1. Set up the light source to produce three light rays. First, we are going to place the convex
lens (curved outward) in the path of the light. Draw a picture of what you expect to happen
to the light, and compare it to what you observe.

2. Look at the light hitting the white screen. Move the screen back and forth to trace the path of
the light rays.
a. Can you find a point where the rays converge (land on top of each other)? How far is
the screen from the lens?
b. Where can you put the screen so that the light looks the same (in the horizontal
direction) on the screen as it does leaving the slits? (Hint: The spacing of the light
should be the same when you remove the lens.) How far is the screen from the lens at
this point?
3. Now place the concave lens (curved inward) in the path of the light rays. Draw a picture of
what you expect to happen and compare it to what you observe.

4. Look at the light hitting the white screen. Move the screen back and forth to trace the path of
the light rays.
a. Can you find a point where the rays converge?
b. What happens to the rays as you get farther from the lens?
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Station 3: Pencil Dunking
1. Stand the pencil straight up in the container of water. Look at the
pencil head on. Sketch what you see below the water:

2. Move your head around and view the pencil from an angle. Make a
sketch of what you observe.

3. Hold the pencil so it is in the water at an angle. Make a sketch of what
you observe.

Station 4: Light & Color
1. Play with at the various light sources on the table. Compare the flashlight, the laser, and the
LED. How are they similar? How are they different? Make at least three observations.

2. Now, put the protractor disk on the track. Put the prism on top of it. Note that the prism
should be standing tall, so that when you look down on it, you see a triangle. Adjust the slits
on the Pasco light source so that only one beam is coming out. Slowly rotate the prism, and
try to find the light as it exits the prism. Use an index card as a screen. What do you see?
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3. Repeat the procedure with the laser pointer. Record what you see.

4. Is the rainbow a product of the prism or a characteristic of the light? Explain based on your
observations.

Station 5: Fiber Optics
1. Play with the fiber optic toy. Where is the bright light emitted? Where is the light not emitted
(or emitted only dimly)?

2. Point the laser pointer at the short end of the long rectangular piece of plastic. Play with the
angle until you find an arrangement where the light ray bounces around inside the plastic and
emerges on the far end. Sketch the path of the laser below.

3. What’s going on here? How is this block of plastic behaving like the fiber optic?

Station 6: Fish Tank
1. The fish tank is filled with water and small amount of milk. The milk will make it so that we
can see the laser beam. Shine the laser in the tank. Make at least five observations about the
behavior of the light in the tank.
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Building a Model
1. Our goal is to develop a conceptual model for how light behaves. Based on the activities you
just did, what have you observed about how light behaves? Write at least three statements
that could be rules for the behavior of light.

2. What else do you need to know to explain these observations? Write at least three questions
you have about the behavior of light.

3. In physics, “ray” is a fancy word for an arrow and represents a straight line pointing in a
particular direction. Based on the observations you’ve just made, explain what you think
scientists mean by the “ray model of light”?

10
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Reading: Models of Light
The behavior of light may seem simple on the surface, but to build a robust mathematical model
of this behavior, we need two conceptual models. Sometimes it makes sense to use the “ray
model,” which treats light as a particle that moves in straight lines and obeys geometric
relationships. Other times, we will need to use the “wave model” which treats light as a wave.
The wave model can be used to explain why the geometries of the ray model work, as well as
other behaviors that can’t be explained by the ray model (such as diffraction).

Ray Model of Light
Observations of light (for example, from a flashlight or laser pointer) indicate that it travels in a
straight line, which means that light can be modeled as a ray. To a physicist, a ray is a vector
pointing in the direction the light is traveling, called the direction of propagation. The ray
model has several important features:
1. Light rays travel at the speed of light. The speed of light is usually represented by the
letter c, which comes from the Latin word for speed, celeritas. In a vacuum, it has the
value 𝑐𝑐 = 3.0 × 108 m/s. Air is close enough to a vacuum that this is also the value of
the speed of light in air when rounded to two significant figures.

2. Light rays travel in straight lines. Light rays can only change directions if they cross a
boundary from one medium to a new medium (refraction) or bounce off a boundary
between two media (reflection).
3. Light rays can cross. Rays of light can pass through each other without the direction of
propagation being affected in any way. In other words, light can collide with itself
without changing direction.
4. An object is a source of many light rays. All light rays must originate from a source.
When we look at an object, we see it because light rays from the lamp in the room
bounce off the object and reach our eyes. Typically, in the ray model, we neglect the light
source and just talk about the rays originating from the object.

The ray model of light is often represented visually using ray diagrams. Typically, when light is
emitted by a source (such as a lamp or the sun), rays are emitted in all directions. In ray
diagrams, we choose to draw only a small number of rays. Figure 1 (next page) shows a point
source, which emits rays of light radially out from the source. For a light source that is very far
away, we can consider the rays that reach us to be parallel. This is a bit of an approximation for a
light source, like the room lights, but works well when we consider a source very far away, like
the sun. This means that we can assume all the light from the sun that hits the Earth is traveling
in nearly the exact same direction. A laser is a special type of light source that emits light in only
one direction. Light traveling in one direction is sometimes called a “plane wave.”
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Figure 1: Rays from a point source (left) and a plane wave (right)

The ray model is a useful way to represent and predict how light travels through a medium and
how it bends when it passes from one medium to another (for example, from air to glass).
However, this model on its own can’t explain why the light bends or predict how much it will
bend. For that we need to look at light from another perspective.

Wave Model of Light
Imagine you shine a laser pointer through two holes on a card. What would you expect to see?
The ray model would predict two bright spots (Figure 2). But the reality is more complicated, as
shown in Figure 3. You see a pattern of bright and dark spots spread out across the screen. This
is called an interference pattern.

Figure 2: Ray model prediction of the double slit experiment.

Physicists explain this phenomenon by using a different conceptual model for light: light as a
wave. Using this model, light is a wave that spreads out from the slit. The waves from each slit
then interfere with each other like ripples in a pond. This is called Huygens’ Principle, named
after a scientist who used the wave model to explain this phenomenon during the Scientific
Revolution. (The particle model for light also emerged around the same time, such as Newton’s
Corpuscular Theory.)

Figure 3: A diagram of the double slit experiment. (Image credit: Wikipedia)
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Interference patterns are created when waves interact with each other through the process of
superposition. Superposition is the technical term for adding things together. In this case, we are
adding the amplitude of the waves together when they are in the same place at the same time.
When the light waves are aligned so that two crests meet, then a bright spot appears on the
screen. This is called constructive interference. When they are aligned so that a crest meets a
trough then, a dark spot is formed. This is destructive interference, as shown in Figure 4.

Figure 4: Constructive interference (left) and destructive interference (right). (Image credit: Wikipedia)

What does it mean that light is a wave? This question was long debated by physicists. A wave is
something that oscillates up and down with a regular frequency. The question that bothered
scientists was that they didn’t know what was oscillating in a light wave. Other waves move
through a medium, such as ocean waves traveling through water or sound waves traveling
through air. In those cases, the thing that is oscillating is the medium the wave travels through.
Because the scientists didn’t know what medium the light was traveling through, they made one
up – the ether. The ether was a mysterious substance that filled the space around us. The ether
hypothesis was debunked in the early 20th century. We know now that light is a form of
electromagnetic radiation, which means the thing that is oscillating is an electromagnetic field.
(Don’t worry too much about this point for now, we’ll talk about electric and magnetic fields
later in the semester.)

Wave Properties
Let’s define a few key aspects of light waves. Figure 5 (next page) shows two graphs that
illustrate the wave is oscillating in both space (top) and time (bottom). A wave that oscillates in
both space and time is called a traveling wave because it is moving through space. The fancy
physics word for moving is propagating. A wave that oscillates in time but not space would be,
for example, a mass bobbing on a spring. This mass-spring system has an oscillation in the
vertical direction, but the wave does not travel in the horizontal direction.
The top graph in Figure 5 shows the y-position with respect to x-position. Essentially this is a
snapshot of a wave at one point in time. From this graph, we can measure the wavelength, the
distance between two crests on the wave. Wavelength is represented by the Greek letter lambda
(λ) and is measured in meters because it is a distance. The wavelength of light is what
determines its color. For visible light, the wavelength is between 400 nanometers (violet) to 700
nanometers (red).
The bottom graph in Figure 5 shows how the wave oscillates with respect to time. If the first
graph was a snapshot, this one is the movie version. If I watch a wave from one point in space, I
will see the wave oscillate up and down. The time that it takes a wave to complete one oscillation
Optical Instruments: Student Reader
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is known as period (T), which is measured in seconds. The inverse of period is known as the
frequency (f) or cycles per second:
1

𝑓𝑓 = 𝑇𝑇

(1)

Frequency is measured in units called Hertz, which is equivalent to inverse seconds (1 Hz = 1/s)
or cycles per second. One way to conceptualize frequency is to imagine watching a wave pass by
you and counting how many waves pass you in a second.

Y(x)
x (m)

Y(t)

Period (T)

t(s)

Figure 5: The wavelength and period of a wave.

The wavelength and period can help us to determine the speed of a traveling wave. If we take the
time interval of one period (Δ𝑡𝑡 = 𝑇𝑇), we know that the wave travels a distance of one
wavelength (Δ𝑥𝑥 = 𝜆𝜆). This allows us to derive the following relationship:
Δ𝑥𝑥
𝜆𝜆
→ 𝑣𝑣 =
Δ𝑡𝑡
𝑇𝑇
And if we substitute in the definition of frequency, we get:
𝑣𝑣 =

𝑣𝑣 = 𝜆𝜆𝜆𝜆

(2)

𝑐𝑐 = 𝜆𝜆𝜆𝜆

(3)

This is true for all waves (sound waves, water waves, etc.). If the light is traveling through air or
a vacuum, we can say more specifically:
Where c is the speed of light, λ is the wavelength, and f is the frequency. In a vacuum, the speed
of light is constant, which means if frequency increases, wavelength decreases.

14
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Transmission at a Boundary
Now we are equipped to think about what happens as a wave travels from one medium to
another. To visualize this, we use a pulse on the slinky, illustrated below. 1 The slinky on the left
is a normal sized slinky, while the one on the right is more tightly wound and has a smaller
diameter.
A pulse starts traveling through the slinky:

At some later point, part of the pulse is
transmitted to the second slinky, and part is
reflected back:
When the pulse enters the new medium, the width of the pulse changes. Why does this happen?
Because the speed of the pulse depends on the medium through which it travels. The pulse
travels more slowly in the second slinky. One way to infer this is to note that the reflected pulse
has moved farther from the boundary than the transmitted one. We can extrapolate this idea to a
wave – when the wave enters a new medium, the wavelength changes! We can see from equation
(1) that if the speed is reduced, then the wavelength will also get smaller.
It is important to note that the frequency stays constant in both materials. This happens because
at the boundary, the wave must be continuous. If the pulse raises the slinky on the left (at the
boundary), then the slinky on the right will also be lifted because the two are connected. If this
weren’t true, then the slinkies wouldn’t be hooked together and we’d have a discontinuity. The
frequency is determined by the source. For the slinky, this is controlled by the instructor making
the pulse. For light, it is determined by the source of the light.
Note that c is the speed of light in a vacuum. When light travels through another medium, such
as water, glass, or plastic, it slows down, just like the wave on the slinky slows down. The more
optically dense the material is, the slower light travels. This is analogous to trying to travel
through a hallway – if there are no other students in the hall, then you can move at your top
speed, nothing will slow you down. However, if the hallway is crowded with people (imagine a
high school when the bell rings), you can’t move nearly as fast as you did in the empty hallway.
The consequences of this change in speed will be explored in the next readings.

Which model is correct?
We now have two models for light – light as a wave and light as a ray. The wave model
describes light an as oscillating electromagnetic field. The ray model describes light as a particle
traveling in a straight line. Sometimes we will need to use the wave model to describe a
phenomenon, and sometimes the ray model offers a better explanation. Both models are
necessary for a complete understanding of light. In quantum mechanics, this phenomenon is
known as wave-particle duality.

1

Images from Tutorials in Physics by McDermott & Schaffer (p. 141).
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Students sometimes ask, but what is light really? Is it a wave or is it a particle? The answer is
neither, and it is both. Light is something that scientists have long struggled to understand. Both
the wave model and the particle model are making analogies between the behavior of light and
the behavior of things we do understand – waves and particles. Each analogy serves to explain
some aspect of light, but is not a complete explanation on its own. In other words, there are
limits to each model individually, but together they can give us a complete understanding of
light.

16
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Tutorial: Lasers and Holes
In the previous activities, we observed that light travels in a straight line. This is referred to as
the “ray model.” The ray of light can be seen bending (i.e., changing direction) when it passes
from one material from the other. This raises many questions: How much does it bend? Why
does it bend? To answer these questions, we need to more closely examine our model that light
travels in a straight line.

Part 1: Testing the Ray Model
1. Draw the rays of light leaving the light bulb below (this is an example of what we call a point
source of light).

2. Draw the light coming out of a laser pointer using the ray model.

3. Imagine shining a laser through a hole. Make a prediction about what you would see on the
screen.

On your desk, you should have an optics bench set up with a laser at one end and screen at the
other. You should also have a wheel with holes and slits in it (labeled “Single Slit Set”).
4. Now shine the laser through the hole (labeled “circular aperture” on the wheel). Try both the
smaller and the larger holes. What did you observe? Sketch the patterns here:

5. Next we’ll shine the laser through a vertical slit (the “single slit”). According to the ray
model (light travels in a straight line), what would you expect to see on the screen?

Optical Instruments: Student Reader
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6. Now, shine the laser pointer through the slits in the section labeled “Double Slit.” What do
you observe on the screen? What is the difference between what you observe when the laser
is shined through the various slits on the wheel? Draw a sketch.

7. Using the magnifying glass look at the slits. What is the difference among the slits? (There is
also some information written on the wheel that characterizes the slits.)

8. How does what you saw through the hole (circular aperture) compare to what you observed
when you shined the laser through the slits?

9. Can the ray model explain this phenomenon? If not, what are the limitations to the ray
model?

Part 2: Developing a New Model
The ray model does a good job describing how light behaves when it hits a boundary, but it can’t
explain how the light behaves when it passes through a small hole. This means we need to
modify our model. The natural philosophers who first observed the phenomena you just saw
(know as diffraction) were familiar with something that behaved in a similar way. If a water
wave moves across a body of water, and then moves through a small opening, it spreads out into
all directions on the other side of the hole. This led those philosophers to develop a model of
light as a wave. This is difficult to visualize so we will use a computer simulation to help us.
Go to the following website to see a ripple tank
simulation: https://www.falstad.com/ripple/
The simulation is acting like a tank full of water.
At one end is a “source” that vibrates up and
down to generate waves in the tank. The source is
acting like a stone being dropped in a pond. When
the stone is dropped in the pond, ripples travel out
across the surface of the pond in a circular
pattern. If you continue to drop stones in the pond
at a steady rate, the waves would continue to be
generated.

18
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Change the top setting to say “Example: Plane Wave.” After watching the waves for a moment,
hit the “stopped” box. (This will keep you from getting dizzy while you make observations.)
1. Sketch the pattern you see on the screen. Draw a line (or several) indicating the direction that
the wave is traveling through the water.

2. Change the top setting to say “Example: Single Source.” Uncheck the stopped box, and
watch the new pattern emerge. Sketch the pattern on the screen. Draw a line (or several)
indicating the direction that the wave is traveling through the water.

3. A ray is defined as pointing in the “direction of propagation” (i.e. the direction the wave is
traveling). Rays are always drawn perpendicular to the waves. Go back to the sketches you
made of the laser and the light bulb on the first page. Draw the waves for each.
4. The different sources in the simulation can be used to model different light sources. One of
the above is a light bulb and one is a laser. Which do you think is which? Use evidence from
observations and/or the simulation to support your argument.

5. Now, let’s simulate the experiment where we shine the laser through the hole. In the
simulation choose the “Example: Single Slit” setting. In this simulation, a plane wave is
incident on a small hole. Sketch what the wave looks like on the other side of the hole (it may
help to move the barrier down a little bit by clicking and dragging it).

6. Add the rays that represent the direction the wave is traveling to your sketch.
Optical Instruments: Student Reader
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Next, we will model the light hitting the screen in the Double Slit Experiment we performed with
the laser. To predict what we should have seen, we will draw a line across the pattern in the wave
tank, as shown in the screen shot below.

Note that the dotted line (the screen) intersects dark and light patches on the wave pattern. The
green areas would be bright spots on the screen (constructive interference). The dark areas would
be dark on the screen (destructive interference). Play around with the frequency setting to see
how this affects the pattern.
7. Explain how the wave model of light can be used to explain the interference pattern you saw
on the screen in the double slit experiment.

8. We now have two models of light: as a wave and as a ray. Are these two models consistent,
contradictory, or complementary? Why would we need two models for the behavior of light?

As a final test, let’s see if the wave model can explain the behavior we observed previously – in
particular, we’ll look at how light behaves when it goes through a lens.
9. Sketch how you would use the ray model to show how light bends when it passes through a
converging lens. (If you don’t remember, look at your notes from the Light Investigations
activity.)

20
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10. Now, let’s see how the light behaves using the wave model. On the simulation, change the
setting to “Example: Biconvex Lens.” You will have to scroll down a bit to find this one.
Run the simulation and hit stop after the waves pass through the lens. What do you notice
about the waves passing through the lens?

11. Light rays are drawn perpendicular to the wave fronts, in the direction the wave is moving.
Using this rule, sketch the wave fronts and rays below for the biconvex (converging) lens.

12. How does this compare to the behavior we observed in the Light Investigations? Are the two
models consistent or contradictory?

Optical Instruments: Student Reader
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Reading: Reflection & Refraction
We now have two models for light: we can think of light as a ray and we can think of light as a
wave. But we still have two unanswered questions about light: (1) Why does a light ray bend at a
boundary? and (2) How can we predict how much the light ray will bend?
To start with, let’s look at the link between the ray model and the wave model. The light ray
represents the direction the light is traveling. On the diagram below, the curving lines represent
the wave fronts of a light wave. The distance between wave fronts represents the distance
between two consecutive peaks on a wave (i.e. the wavelength). The rays are always drawn
perpendicular to the wave fronts and represent the direction the wave is traveling.

Figure 1: Rays of light are draw perpendicular to the wave fronts, which is in the direction of propagation. (a)
shows the wave fronts and rays for a point source and (b) shows the wave fronts and light rays for a plane wave,
such as the light coming from a laser.

For the waves from a point source (Figure 1a), such as dropping a stone in a pond, we can’t draw
just one ray, the rays point in all directions representing the wave traveling out in all directions.
For a plane wave (Figure 1b), you can see that the rays all travel in the same direction, so we can
represent the wave with just one ray. This is the case for a beam of light from a laser pointer or a
narrow beam from a flashlight. The ray model is much more complicated when we can’t draw
just one ray to represent the direction the light is
traveling. We will limit our discussion (for now)
to plane waves.
Any time a wave hits a boundary, the wave is
partially reflected and partially refracted. The
portion of the wave that is reflected or refracted
depends on the characteristics of the two materials
involved (e.g. how shiny it is or how transparent it
is). We saw this is in the slinky, and also when we
shone the laser pointer on the glass or plastic.
We’ll look at each of these effects individually.

Incident Ray

Reflected Ray

Refracted Ray

Figure 2: At each boundary, some of the light is
reflected and some is transmitted (refracted).
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Reflection
When a light ray hits a smooth surface, it is reflected at
the same angle at which it came in. In physics speak,
the angle of incidence equals the angle of reflection:
𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑛𝑛

(1)

As shown in the diagram, these angles are measured
relative to a line that is normal (meaning perpendicular)
to the surface.
There is also a phenomenon known as diffuse
reflection, which means light reflecting off of a surface
that is not smooth or shiny, like a table or your sweater.
The law of reflection still holds, but because the
surface is not smooth, the incoming rays hit parts of the
surface that are tilted in different ways and the reflected
rays spread out in all directions. In this case, we don’t
see an image formed the way we do with a mirror.

Figure 3: The Law of Reflection tells us that the angle
of incidence is equal to angle of reflection.

Refraction
Refraction is the physics word for bending. When light passes from one medium to another, the
light ray can bend (or refract). This happens because the speed of the wave changes as it passes
from one medium to another. Consider the following example (shown in Figure 4): A wave
moves from Medium 1 (plastic, for example) to Medium 2 where the wave moves mores quickly
(e.g. air).
As the wave fronts travel, the left edge of each wave
front crosses into the new medium while the right side
of the wave front is still in the original medium. The
segment of the wave front in the new medium is
traveling more quickly than the segment in the old
medium, and so it gets ahead. Observe that the wave
fronts crossing the boundary in Figure 4 are kinked due
to this effect. Once all parts of the wave front move
into the second medium, they move at the same speed;
in the second medium, there is once again a wave front
traveling together in a single direction, but it is not the
same direction it was traveling in the first medium!

Incident Ray

𝜆𝜆1
𝜃𝜃1

𝜆𝜆2

Medium 1
𝜃𝜃2

Medium 2

Refracted Ray

Note that since the wave fronts in the second medium
Figure 4: Refraction at a boundary.
have sped up relative to the waves in the first medium,
the wave fronts are also farther apart in the second
medium. We know that the distance between those wave fronts is the wavelength, which is
related to the speed of the wave:
𝑣𝑣 = 𝜆𝜆𝜆𝜆 → 𝜆𝜆 = 𝑣𝑣𝑣𝑣
Optical Instruments: Student Reader
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1

Where we have made the substitution that frequency is the inverse of time �𝑓𝑓 = 𝑇𝑇�. If 𝑣𝑣1 < 𝑣𝑣2 ,
then 𝜆𝜆1 < 𝜆𝜆2 (as shown in Figure 4).
We can use this diagram and what we know about geometry to derive a mathematical
relationship that describes how much the light ray will bend. (For details on the derivation, see
the Snell’s Law Tutorial.)
𝑣𝑣1

𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃1

=

𝑣𝑣2

𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃2

(2)

We can see from this relationship that a decrease in the wave speed (𝑣𝑣1 > 𝑣𝑣2 ) will correspond to
a decrease in the angle (measured relative to the normal). Anytime a light ray passes from air
into another medium like water or glass (𝑣𝑣1 > 𝑣𝑣2 ) it bends towards the normal (𝜃𝜃1 > 𝜃𝜃2 ). If the
light ray passes from the water or glass back out into the air, all the effects we have described are
reversed, and (𝑣𝑣1 < 𝑣𝑣2 ) then the ray bends away from the normal (𝜃𝜃1 < 𝜃𝜃2 ).
The amount of refraction experienced by light in a material is characterized by the index of
refraction. The index of refraction is the ratio of the speed of light in a vacuum to the speed of
light in the medium:
𝑐𝑐

𝑛𝑛 = 𝑣𝑣

(3)

𝑛𝑛1 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃1 = 𝑛𝑛2 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃2

(4)

Where n is the index of refraction, c is the speed of light in a vacuum, and v is the speed of light
in the material. The name “index of refraction” is based on the fact that light moving from air
into materials with a high index of refraction tends to bend a lot. We now know that this reflects
the fact that light travels slowly in materials with a high index of refraction. Rewriting equation
(2) using the index of refraction gives us:
This is called Snell’s Law, and allows us to predict how much the light ray will bend when it
passes from one medium to another.
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Extension: Snell’s Law of Refraction
In studying the behavior of light, we noticed that light bends when it hits a boundary, passing
from one medium into another. We will now build a mathematical model that can be used to
predict exactly how much the light will bend when it hits the new medium.
To do this, we will use the link between waves and rays, as shown in the figure below. The
figure shows two parallel rays hitting the surface of Medium 2. The wave front is drawn
perpendicular to the rays. On the right, we have zoomed in on the triangles highlighted in the left
figure.
C
Incident Ray

𝜆𝜆1

𝜃𝜃1
𝜆𝜆2

Medium 1
Medium 2

𝜃𝜃2

𝜃𝜃1

A

B

𝜃𝜃2

Refracted Ray
D

1. What happens to the light ray when it enters Medium 2? Compare the angle of incidence to
the angle of refraction.

2. Label the wavelengths in the diagram at right.

3. How does the wavelength relate to the speed of the wave in each medium? Write an
expression that relates the two quantities.

The diagram shows two triangles that share a side. The green triangle is in Medium 1 and the
yellow triangle is in Medium 2. We can use our knowledge of trigonometry to write down two
expressions:
𝐵𝐵𝐵𝐵

sin 𝜃𝜃1 = 𝐴𝐴𝐴𝐴
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and

𝐴𝐴𝐴𝐴

sin 𝜃𝜃2 = 𝐴𝐴𝐴𝐴
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Where θ1 is the angle of incidence and θ2 is the refracted angle. Note that we have used the
“alternate interior angle” principle of geometry to identify equivalent angles in the diagram.
4. Rewrite the expressions for sin 𝜃𝜃 by replacing the sides BC and AD with expressions in
terms of the velocity of the wave in each medium, the period of the wave (T).

5. The two equations both involve side AB, so we can solve each equation for AB and set them
equal to each other. Do this below, to give us a relationship between the velocity of the wave
in a medium and the angle of refraction.

6. Based on the equation you just derived, how would the angle of refraction compare to the
angle of incidence if 𝑣𝑣2 < 𝑣𝑣1 ? Compare your answer to the diagram.

The speed of light in a material is often measured relative to the speed of light in a vacuum. This
is used to calculate the index of refraction:
𝑐𝑐
𝑛𝑛 =
𝑣𝑣
Where n is the index of refraction, c is the speed of light in a vacuum, and v is the speed of light
in the material.
7. Rewrite the equation you derived above in terms of the index of refraction. This is called
Snell’s Law.
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Tutorial: Light & Color
Newton was one of many scientists in the 1600’s studying
the nature of light. One observation that puzzled Newton
was the color of light. He was inspired to study color after
observing what we now call chromatic aberrations in his
telescope. This is the effect where a slight rainbow is seen
around the edge of objects in an image (Figure 1). This
effect distorts the image, and correcting it is still a
challenge for optical engineers.
To help him understand chromatic aberrations, Newton
turned to a simpler device – a prism, which was a subject
of fascination at the time due to its ability to make a
rainbow from sunlight. Newton engaged in heated debates
with other scientists about the nature of color, including
how many colors were in the rainbow.
Newton’s most famous experiment in optics was designed
to answer the question of where the colors come from. He
designed an experiment to test two possible explanations:

Figure 1: Chromatic aberrations.

1) The colors of the rainbow are part of the sunlight and are made visible by the prism.
2) The colors of the rainbow are generated by the prism itself.
To test these explanations, Newton designed an experiment in which the sunlight (white light)
passed through one prism to make a rainbow. Then he took just the red light and passed it
through a second prism.
1. If explanation (1) is correct, what would
you expect to see when the red light passed
through the second prism? If explanation
(2) is correct, what would you see?

Figure 2: Rainbow formed by a prism.
(Image credit: sciencing.com)

2. Based on what you know about light and color, which hypothesis do you think agrees with
our modern understanding of light? Explain.
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We know now that the index of refraction of glass depends on the wavelength of the light. This
means that light waves of different wavelengths (i.e. different colors) travel at different speeds
through the medium. This effect is called dispersion and explains why rainbows are formed
when light passes through a piece of glass like a prism.
The table below shows the index of refraction data for various materials. The numbers next to
each color in the table represent the wavelength of that color light. You can see from the
table below that for most materials, the index of refraction does not change significantly with
wavelength. Most differences are in the second or third decimal place. However, if the object is
shaped in a particular way, such as the triangular prism or a diamond ring, this effect is
magnified.

(Data table from LumenLearning.com)

Index of refraction depends on the speed of light in the medium. But the speed of light is difficult
to measure experimentally. Instead, scientists will determine the index of refraction from
observing how light behaves when it moves through a material, and then use that value to
calculate the speed of light.
3. If we take Snell’s Law to be valid, how could scientists experimentally measure the index of
refraction of these various materials?

4. A beam of white light is incident on a crown glass prism at a 30o angle. Using data from the
table above, calculate the angle of refraction for red light and violet light. (Note that the
wavelengths for each color of light are given in the top row of the table.)
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5. Which color of light is bent the most? Which is bent the least? Make a sketch of the light
rays on the diagram below. The dotted line represents the normal line. Draw your rays
relative to this line. Use colored pens or pencils to represent the different colors. (Does not
need to be to scale.)

6. The speed of light in air is 𝑐𝑐 = 3.00 × 108 m/s. Calculate the speed of the red light in the
prism. Calculate the speed of the violet light in the prism.

7. Calculate the frequency of red light and violet light in air. Compare the frequency of the red
light in the air to the frequency of the red light in the prism.

The wavelengths given in the table above are for the light traveling through a vacuum or air. We
can use the index of refraction to figure out how the wavelength changes in the medium:
𝑛𝑛 =

𝑐𝑐 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
=
=
𝑣𝑣
𝜆𝜆𝑛𝑛 𝑓𝑓
𝜆𝜆𝑛𝑛

𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
𝑛𝑛
8. Calculate the wavelength of the red light in the prism. Calculate the wavelength of the violet
light in the prism.
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𝜆𝜆𝑛𝑛 =
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9. The dispersion effect is small when the light passes through the first boundary into the prism.
The effect is magnified when the light passes through the second boundary from the glass
back into the air. On the diagram above, sketch what the rays will look like when they exit
the prism. You don’t have to calculate the angle, but remember the rules for refraction when
you make the diagram. Compare your sketch to the photograph on the first page and resolve
any discrepancies.
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Tutorial: Total Internal Reflection
In the Light Investigations activity, you observed that light is not always transmitted at a
boundary. Under some circumstances the light is only reflected. This effect is called total
internal reflection. In this tutorial, we’ll use Snell’s Law to predict when we’ll see refraction
and when we will get total internal reflection.
20o
Air (n = 1.0)
Glass (n = 1.4)

1. On the diagram above, a light ray in the air is incident on a glass surface at a 20o angle. Use
Snell’s Law to calculate the angle of refraction. What is the angle of reflection? Draw both
rays on the diagram above.

2. Sketch the refracted and reflected rays when the angle of incidence is 80o.

80o

Air (n = 1.0)
Glass (n = 1.4)

3. What happens to the angle of refraction as the angle of incidence gets approaches 90o? What
happens to the angle of reflection? Is there ever a point where you would not see a refracted
or reflected ray?

4. Let’s repeat the exercise, but now we will start inside the glass. Calculate the angle of
refraction as the light travels from the glass into the air with an angle of incidence of 20o.
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5. Draw both the reflected and refracted rays on the diagram below.

Air (n = 1.0)
Glass (n = 1.4)
20

o

6. For each of the angles of incidence in the table below, calculate the angle of refraction.
Angle of incidence
20o

Angle of refraction

Angle of reflection

30o
40o
50o
7. The angle of refraction is approaching some value. What is it? What happened when you
tried to calculate the angle of refraction for an angle of incidence of 50o? Think about what is
physically happening in the system that makes this calculation impossible.

Usually, some of the light is reflected at a boundary and some of the light is refracted. However,
here we see that above some angle, called the critical angle, we will not be able to calculate the
angle of refraction. This is not just a mathematical fluke, but represents a real physical
phenomenon called total internal reflection. If the angle of incidence is greater than the critical
angle, then all of the light is reflected inside the glass and none is transmitted (refracted) through
the boundary.
How can we determine the critical angle for a given material? We know that Snell’s Law can be
used to calculate the angle of refraction (𝜃𝜃2 ):
𝑛𝑛1 sin 𝜃𝜃1 = 𝑛𝑛2 sin 𝜃𝜃2

If 𝑛𝑛1 > 𝑛𝑛2 , then there will be a case when 𝜃𝜃2 = 90𝑜𝑜 , which means sin(90𝑜𝑜 ) = 1. This is the
largest physically possible angle of refraction, and occurs at the critical angle. We can define the
critical angle for a material in the following way:
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𝑛𝑛1 sin 𝜃𝜃𝑐𝑐 = 𝑛𝑛2 sin 90𝑜𝑜
𝑛𝑛2
𝜃𝜃𝑐𝑐 = sin−1 � �
𝑛𝑛1
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8. Calculate the critical angle for the glass/air boundary we used above.

9. For a ray that is incident on the glass/air boundary at 50o, will the light be reflected or
refracted or both? Explain. Draw the relevant rays on the diagram above.

10. Do we have this same limitation when light passes from a low index of refraction medium
(e.g. air) into a higher index of refraction medium (e.g. glass)? In this case, 𝑛𝑛1 < 𝑛𝑛2 . Explain.

An important application of total internal reflection is a waveguide. A waveguide is used in
scientific applications to transmit signals efficiently from one place to another. The most familiar
type of waveguide is a fiber optic cable. Fiber optic cables are used frequently in
telecommunications (i.e. phone and internet lines). A typical fiber used for telecommunications
is made of silica, with an index of refraction of 1.44 for light with a wavelength of 1500 nm.
11. How fast is the light traveling in the silica?

12. You are in Madison, WI speaking to someone on the phone (using your parents’ land line) in
Sydney, Australia, which is about 9,100 km away. How long would it take the signal to travel
from Madison to Syndey, assuming that the fiber optic cable takes the shortest over land
route (not through the Earth)?

13. An advantage to using fiber optics to transmit signals is that there is very little energy lost in
the system. Use what you know about reflection and refraction to explain why this is the
case.
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Tutorial: Image Formation2
In this activity, we will build an explanation of how images are
formed using Snell’s Law. Start by holding a pin near the back of a
clear square container, partially filled with water as shown. (The
portion of the nail below the water is not drawn.)
We want to draw a ray diagram to predict where an image of the nail
will be formed, and then look through the container at the nail and
compare our observation to our prediction. For this we will use the
diagram below. Three rays are drawn coming out from the nail. We
need to show how each ray will bend when it crosses the boundary
between water and air.
1. Have a group member take the second nail and lower their head to
be level with the container. When someone looks through the side
of the container, they are seeing the image of the nail formed when light rays from the nail
refracts through the container. To determine the position of the image, have the group
member place the second nail down, next to the container, so it looks like it is right next to
the nail in the container.
Is the second nail closer, farther away, or the same distance away as the nail in the container?
2. Use your understanding of what happens when waves move from a medium with higher
index of refraction (𝑛𝑛𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 1.33) to a medium with lower index (𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 = 1.0) to draw the
bending of the waves as they move across the boundary. Predict the angle of the outgoing
rays using Snell’s Law, and use a protractor to draw them accurately in the diagram below.
Air (n=1.0)

Water
(n=1.33)

20°

2

20°

Adapted from Tutorials in Introductory Physics by McDermott and Shaffer
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3. Go back to your diagram on the first page. To find the position of the image of the nail:
a. Locate the place where the three rays cross,
or
If the rays do not cross, trace the final rays straight back across the container air boundary
(with a dotted line), and find where the traced-back rays cross. (This is tracing the path
where the light appears to come from.)
b. How does the position of the image compare to the observation you made above
about where the observer thought the nail was?

4. How would you define the location of an image using light rays?

5. Our model ignores the layer of glass between the water and the air. Can you make an
argument for why this glass layer is not very important? Would it be more difficult to
predict what would happen if you included the glass?
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Reading: Image Formation & Ray Diagrams
Optical instruments, such as cameras, telescopes, and microscopes, are designed to produce a
particular kind of image. Now that we have built a model for how light behaves, we can explore
how to manipulate light to get a desired result.

Image Formation
Think about looking at yourself in the mirror. Your reflection is an image. You know that this is
not actually you, but it looks just like you. An image is a visual representation of a real object
that is detected by your eye (or a sensor). However, the image is in a different place than the
object and may also be bigger or smaller than the object. What does it mean to see an image?
One way to conceptualize this is that the light rays emitted from an object (which go out in a
variety of directions) come back together in a different place, or your brain thinks they converge
at a different place (Figure 1). Typically this happens because some combination of lenses and
mirrors change the direction of the light rays.
For example, in the Image Formation Tutorial, we saw that the image of the nail appeared in
front of the actual nail. This happens because your brain traces the rays it sees back in a straight
line to where they would have originated from, ignoring the fact that there is a change in
medium.

Figure 1: An image is formed when light rays converge, as through a lens (right) or appear to converge (left).

How does your brain infer where an object is? The answer is complicated, but essentially your
brain is tracing the rays that enter your eye back to the place where they appear to have
originated from. Sometimes this correctly locates the real object, but sometimes what you are
looking at is an image formed by an optical system between your eye and the object.

Image Formation using Lenses
Optical instruments are typically built from lenses and mirrors. (We’ll focus on lenses in this
unit, but the rules for image formation are similar for mirrors.) To figure out how lenses form
images, we will use a technique called ray tracing, or drawing ray diagrams. Ray tracing allows
us to use geometry to predict where an image will be formed and how big that image will be.
A lens bends the light both when the light goes from air to glass and again when the light exits,
going from glass to air. To do a complete analysis, we would have to use Snell’s Law at each of
these boundaries, for each of the rays. That calculation can get quite tedious because the surface
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of the lens is curved, so we can make a few simplifications using the thin lens approximation.
This model assumes that the thickness of the lens is small compared to both the image distance
and the object distance. The object distance (p) is the distance from the object to the boundary
and the image distance (q) is the distance from the image to the boundary. As a simplification,
the thin lens approximation measures the object and image distances to the center of the lens.
There are two types of lenses. For a converging lens, the focal point (𝑓𝑓) is defined as the place
where parallel rays converge when they exit the lens. The focal point of a converging lens is
considered positive, which indicates it is on the opposite side of the lens from the incoming rays
(Figure 2).

+f

-f

Figure 2: Ray diagram for a converging lens (left) and diverging lens (right).

For a diverging lens parallel rays spread out (they diverge, hence the name). But if we trace
these rays backwards, we can see that they converge on the same side of the lens as the incoming
rays. The focal point for a diverging lens is defined as the place where the traced back rays
converge. The focal point is considered to be negative, reflecting the fact that the focal point is
on the same side of the lens as the object.

Converging Lens

A ray diagram for a converging lens is shown in Figure 3. Note that we are assuming the lens
has no thickness, so we often draw the refraction happening just once. (In reality, the ray bends
both when it enters and exits the lens.) We are also assuming that the lens is symmetrical, that is
has the same focal length on both sides of the lens. This assumption is true for many, but not all
lenses we find in the real world. (For example, your eye glasses are likely not symmetric).

f
f

Figure 3: Ray diagram for a converging lens forming a real image.

We start by drawing the object (often represented as an arrow) with its base on a line that passes
through the middle of the lens. This is called the optical axis. In any ray diagram, there are an
infinite number of rays that we could draw, but we choose to draw three special rays:
Optical Instruments: Student Reader
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•

Ray #1 (yellow) goes toward the lens parallel to the optical axis, and bends to travel
through the focal point on the far side of the lens.

•

Ray #2 (blue) passes through the center of the lens (at the axis) and keeps going without
bending.

•

Ray #3 (purple) passes through the near side focal point and out parallel to the optical
axis.

The tip of the image of the arrow is drawn where the three rays converge. The base of the image
stays on the optical axis because those rays passed straight through the lens without refraction. If
you place a screen at this location, you would see an image of the object projected on the screen,
such as at the movie theater or in a classroom using a projector to show lecture slides. This is
called a real image.

Virtual Images
Consider the Figure 5 below. Now the object is inside the focal length of a converging lens. The
rules for drawing a ray diagram are the same as above, but now we see that the rays diverge to
the right of the lens. In this case, we have to trace the final rays backwards to find the image.
When we trace the rays backwards, we draw them as dotted lines to indicate that the light is not
actually converging in that spot. Even though the light is not actually converging, your eye still
detects an image because it looks to your eye like the rays do converge (as above, your eye
doesn’t know about refraction and so your brain traces the rays back in a straight line).
This is what we call a virtual image. A virtual image can be seen by your eye, but not projected
on a screen. A hallmark of a virtual image is that it will have a negative image distance, which
indicates that the image is on the same side of the lens as the object.

f
f

Figure 5: Ray diagram for a virtual image formed by a converging lens.

Diverging Lens
There are similar rules for the ray tracing process for diverging lenses as well, as shown below in
Figure 6 (next page).
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•

Ray #1 (yellow) goes toward the lens parallel to the optical axis, and bends to travel away
from the focal point on the near side of the lens.

•

Ray #2 (blue) passes through the center of the lens (at the axis) and keeps going without
bending.

•

Ray #3 (purple) is drawn moving toward the far side focal point and bends to come out
parallel to the optical axis.
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A diverging lens always produces a virtual image, so you will always have to trace the rays
backwards to see where they converge. This is true whether the object is inside or outside the
focal point of the lens.

f

f

Figure 6: Ray diagram for a virtual image formed by a diverging lens.

Thin Lens Equation
In addition to drawing the diagrams, we can use a mathematical model that predicts where the
image will form. The formula is derived from geometric relationships between incoming and
outgoing rays that bend once, at the center of the lens. Because of this, this method of drawing
ray diagrams is often called geometric optics.
This is known as the thin lens equation:
1

𝑓𝑓

1

= +
𝑝𝑝

1

𝑞𝑞

(1)

Where f is the focal length, p is the object distance (distance from the object to the lens) and q is
the image distance (distance from the lens to the image). Typically these are all measured in
centimeters. You don’t have to convert to meters, as long as all three parameters have the same
units.
Object Distance

p

o
p
do
s

f
q
Figure 4: The diagram illustrates the object distance (p), image
distance (q), and focal length (f).
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Image Distance

i
q
di
s’

A note on notation: Many textbooks and
online resources use different notation for
geometric optics problems. The table
above lists some common combinations.
The focal length is pretty much always
designated as f.
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Magnification
We can also define magnification (m) to quantify how much bigger or smaller the image is than
the object:
ℎ

(2)

𝑚𝑚 = ℎ 𝑖𝑖

𝑜𝑜

Where ℎ𝑖𝑖 is the height of the image and ℎ𝑜𝑜 is the height of the object. If m > 1 then the image is
enlarged; if m < 1 then the image is reduced. If m is positive, then the image is upright; if m is
negative than the image is inverted. Using similar triangles, we can relate the magnification to
the object and the image distances:
𝑞𝑞

𝑚𝑚 = − 𝑝𝑝

(3)

You should always check to make sure your calculation is consistent with your ray diagram. If
your magnification is less than one, but your ray diagram shows an image that is larger than the
object, you have likely made a mistake. Go back and check your calculation and your rays to
make sure they are consistent.

A Summary of Signs in Ray Tracing
We now have three ways to represent our conceptual model for how images are formed by
optical systems:
•

Verbal representation – We can describe the image as real/virtual, upright/inverted.

•

Visual representation – We can draw a ray model and see where the rays cross to form an
image.

•

Mathematical representation – We can use equations to compute the image distance and
magnification.

Translating between these representations can sometimes be tricky. When you plug numbers into
the equations, it is important to be consistent about the signs that you are using to indicate the
distances. Generally, we draw the rays going from left to right. This is totally arbitrary, but is the
way physicists almost always do it.
The object distance is always positive, assuming the object is to the left of the lens. The image
distance is positive if the image is on the right side of the lens (forming a real image), and
negative if it is on the left (which is a virtual image). This means that you could use the results of
your calculations to describe the image. You just have to know how to translate the signs into
words. The table below summarizes the sign conventions used commonly in the US.
Lens Type
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Focal Length

Object Distance

Image Distance

Converging (outside f)

+

+

+

Converging (inside f)

+

+

–

Diverging

–

+

–
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Lab: Camera as a Single-Lens System
Now that we have some understanding of the behavior of light, we will work as optical engineers
to design various systems. The first optical instrument that we will explore is the camera. The
term camera comes from the Latin word for room. The earliest form of a camera was literally a
room – a camera obscura – in which light would pass through a small hole and form an image
on a wall or screen. By the 1700’s the camera obscura had been modified to include lenses,
which improved the image quality. Cameras that could create permanent images on film or
photographic plates were invented in the mid-1800’s. The physics of how these cameras work is
similar to modern digital cameras.
1. Compare the modern digital camera to (a) the camera obscura and (b) a film camera. What
are the similarities and differences?

In the following discussion, we use the descriptions of real or virtual, upright or inverted, and
reduced or magnified to describe these images. The fundamental distinction between real and
virtual images is that light rays converge to form a real image and diverge to form a virtual
image; real images may be projected onto a screen while virtual images must be viewed through
a lens system, such as the eye.
2. A camera captures an image on film or a digital sensor. Describe
the image. Is it upright/inverted, magnified/reduced, real/virtual?

3. What type of lens can produce an image like this?

Part 1: Camera Model
In this activity, we will investigate how a camera works. We will model the camera using a
system consisting of a single convex lens, an object (and light source), and a screen on which to
view the projected image, as shown in the figure below.
Light
Source
q

screen
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p

lens

pencil
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The distance between a lens and object, p, is called the object distance. The distance between a
lens and image, q, is the image distance. In a camera, the position of the sensor is fixed. To
model this, we will keep the screen fixed (as much as possible) and move the other elements.
4. Start with the pencil at one end of the optics bench and the screen at the other end. Shine the
desk lamp on the pencil.
5. Arrange the pencil, lens, and screen so that a clear image appears on the screen.
6. Draw a small square, about 4 cm on each side, on a post-it note. Stick the post-it to your
screen. This represents the sensor on your camera. As you adjust the image, keep in mind
that only what is inside this square would be captured by the sensor on your camera.
7. Arrange the source and lens so you have an image the same size as the object. Record the
distances between each element.

8. Imagine you are taking a picture of an object far away. Move the pencil far away from the
lens. Where do you put the lens to make a sharp image on the screen?
a. Make a sketch of the optics bench, including the distances between each element.
b. Measure the object height (i.e. height of the pencil) and image height at this point.
c. What happen to the size of the image, compared to the last case?

9. Imagine you are taking a picture of an object closer to the camera. Move the light source
closer to the screen than it was above. How do you have to move the lens to make the image
be in focus on the screen?
a. Make a sketch of the ray diagram, including the distances between each element.
b. Measure the object height and image height at this point.
c. What happen to the size of the image compared to the last case?

10. If you are using a camera and you change focus from a faraway object to a closer object,
what is physically happening to the position of the lens? Explain using evidence from above.
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The lateral magnification of an image can be calculated using the image height and object
height. Using similar triangles, we can show that this is also equivalent to the image distance
over the object distance. A negative magnification indicates that the image is inverted.
𝑚𝑚 =

𝑞𝑞
ℎ𝑖𝑖
=−
𝑝𝑝
ℎ𝑜𝑜

Where ℎ𝑖𝑖 is the image height, ℎ𝑜𝑜 is the object height, 𝑞𝑞 is the image distance, and 𝑝𝑝 is the object
distance.
11. Calculate the magnification of your images that you found above, first using height and then
using distance. What accounts for any difference?
𝑞𝑞
ℎ𝑖𝑖
𝑚𝑚 = −
𝑚𝑚 =
𝑝𝑝
ℎ𝑜𝑜
Same Size Image
Smaller Image
Larger Image
12. How would you change the set up to make our model more like a real camera?

Part 2: Thin Lens Equation
The thin lens equation is a model based on the geometry of how light rays are predicted to pass
through a lens. To test this model, we will measure the image and object distances for a given
lens, and then determine the focal length of the lens using the thin lens equation:

1 1 1
= +
f
p q
Where the distance between a lens and object, p, is the object distance, the distance between a
lens and the image, q, is the image distance and f is the focal length.
1. Start by recording your data from above in the table below. You have already collected three
data points!
2. Now find at least three more data points. Place the pencil at several new positions, and adjust
the lens or screen so the projected image is as sharply focused as possible. Record the object
and image distances in the data table.
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Data Table
Object distance (cm)

Image distance (cm)

3. Make a graph in Excel to find the focal point of your lens. To do this plot 1/p on the vertical
axis and 1/q on the horizontal axis. Why would we plot it this way?

4. Draw a best fit line (trendline) through your data points. Use Excel to find the equation of the
line. Determine the slope and y-intercept of the line. Ask if you do not know how to find a
trendline using Excel.

5. Use your graph to determine the focal length of the lens. (Remember y = mx + b is the
equation of the line.)

6. How does the experimental focal length compare with the value written on the lens? Why is
it more accurate to make a graph than to just calculate the focal point from one set of
measurements?
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Extension: Camera Dissection
The goal of this activity is to explore how a single lens reflex (SLR) camera works. These are old
film cameras, but the optics would be similar in a modern digital camera. The main difference is
that instead of film, the image is projected on a digital sensor. Exploring how the camera is
designed will help you to understand the basics of image formation from simple lens systems.
1. Take the lens off of the camera. Look through the lens. Adjust the distance between the lens
and your eye until you can see a focused image. Describe the image below.

2. In this case, is the magnification greater than or less than one? Explain.

3. For objects that are far away (more than ~10 focal lengths), we can treat the light as coming
from infinitely far away. This means we can assume the rays are parallel. If object distance is
infinite, how does the image distance relate to the focal length?

4. Adjust the f-number on the lens (those are the numbers 16, 11, 8, 5.6, 4, 2.8). What does this
do? How will this affect the image? What is the relationship between the size of the aperture
and the f-number?

5. The wheel on the top of the camera has numbers from 1 to 1000. This is how you adjust the
shutter speed. Move it to 1 and click the shutter. Then move it to 1000 and click the shutter.
Do you notice any difference? Which setting keeps the shutter open longer? Open the back of
the camera and watch what happens when you push the button to take a picture.

The f-number is defined as the focal length f, divided by the diameter of the aperture D:
f-number =
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The amount of light that hits the film (or digital sensor) is controlled by the size of the aperture
and the shutter speed. The larger the aperture, the more light gets in. The intensity of light I
hitting the sensor is inversely proportional to f-number squared:
1
𝐷𝐷2
𝐼𝐼 ∝
∝
(f-number)2 𝑓𝑓 2

6. The f-numbers may seem like a strange series of numbers. Each number is √2 greater than
the previous number. What effect does increasing the f-number by √2 have on the intensity
of the light?

The exposure is the total amount of light that hits the detector while the shutter is open. The
longer the shutter is open the more light gets in. Exposure is given by:
Exposure = 𝐼𝐼Δ𝑡𝑡𝑠𝑠ℎ𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢

7. The diagram below shows that an f2 aperture has a 1/60 s shutter speed and an f11 aperture
has a ½ second shutter speed. Show that these settings allow an equivalent amount of light to
hit the sensor.

Image from The Book of Photography by Hedgecoe (1976).
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8. Look at the camera body (with the lens off). Look inside where the lens attaches. What
optical element is in there? What is the purpose of this?

9. Click the button to take a picture (note that you will have to wind the “film” before you take
a second picture). What happens? Why would that happen? (Think about where the film
would be.)

10. Put the lens back on the camera body. Look through the viewfinder. Focus on an object.
What did you physically have to do to adjust the focus? What is going on with the lens(es)
when you do this?

11. Sketch a ray diagram of how you think light travels from the object (a) to your eye and (b) to
the film. Check your answer with the instructor.
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Reading: Two-lens Systems
Many optical systems have not only one lens, but many lenses. But why do we need a second or
third lens? Optical engineers spend a tremendous amount of time and energy figuring out how to
make higher quality lenses, which will create higher quality images. However, no lens is perfect,
so much of what optical engineers do is figure out how to correct for the various imperfections,
aberrations, and/or distortions that are caused by lenses. Additional lenses could correct for one
effect only to introduce another distortion, which means that modern optical devices are often
made of many lens systems.
In the next several tutorials, we’ll look at two-lens systems in cameras, microscopes, and
telescopes. Here we’ll go through a basic example that will prepare you to explore these optical
devices in more detail. The physics of multiple lens systems is the same as for single lens
systems, but we need to apply the rules for each lens. We’ll start with a two-lens system as an
example.
The figure below shows two lenses. The first is a converging lens (on the left), with a focal
length of 𝑓𝑓1 = +3.0 cm. The second is a diverging lens, with a focal length of 𝑓𝑓2 = −4.0 cm.
The object is located 6.0 cm to the left of the first lens. It is 3.0 cm high. Assume one box is 1
cm.

Figure 1: Example two-lens system. Try it on your own first!

We’ll draw the ray diagram one lens at a time. Take a minute and use a ruler to draw the ray
diagram for the first lens. Then use the thin lens equation to calculate the position of the image.
Check the calculation with your ray diagram. Did you get the same answer?
Figure 2 shows the ray diagram for the first lens. We’ll calculate the position of the image using
the thin lens equation:
1
1
1
= +
𝑓𝑓1 𝑝𝑝1 𝑞𝑞1
1
1
1
= −
𝑞𝑞1 𝑓𝑓1 𝑝𝑝1
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1
1
1
1
=
−
=
𝑞𝑞1 3.0 cm 6.0 cm 6
𝑞𝑞1 = 6.0 cm

Figure 2: Ray diagram for the first lens.

The trick to solving multiple lens systems is that the image from the first lens becomes the object
for the second lens (image #1 = object #2). Then we can repeat our ray tracing, just as if it were a
single lens system. Drawing the rays on the diagram is straight forward, but doing the
calculations can get a bit tricky. The position of the intermediate image from lens #1 remains
fixed. But to use the thin lens equation, we need to know how far the intermediate image (object
#2) is from the second lens. To figure this out, we need to know the distance between the lenses.
In the figure, you can see that the two lenses are 17 cm apart. Image #1 is 6.0 cm to the right of
the first lens, which means that the intermediate image is 11.0 cm from the second lens. This is
our value for 𝑝𝑝2 . We can now plug this into the thin lens equation to find the final image
distance:
1
1
1
= +
𝑓𝑓2 𝑝𝑝2 𝑞𝑞2

1
1
1
= −
𝑞𝑞2 𝑓𝑓2 𝑝𝑝2

1
1
1
=
−
𝑞𝑞2 −4.0 cm 11.0 cm
𝑞𝑞2 = −2.9 cm

Now try to do the ray tracing for the second lens. See if your final image location agrees with the
calculation from the thin lens equation. (After you’ve done it yourself, check your answer against
the ray diagram on the next page.)
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Figure 3: Ray diagram showing the location of the final image.

To find the total magnification of the system, we multiple the magnification of each lens:
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑚𝑚1 𝑚𝑚2
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �−

𝑞𝑞1
𝑞𝑞2
� �− �
𝑝𝑝1
𝑝𝑝2

In this case, we can plug in the image and object distances for each of the lenses:
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �−

−2.9 cm
6.0 cm
� �−
� = −0.26
11.0 cm
6.0 cm

The negative sign indicates that the final image is inverted relative to the original image. The fact
that the total magnification is less than one means that the image is smaller than the original. We
can then use the total magnification to find the height of the final image:
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

ℎ𝑖𝑖
ℎ𝑜𝑜

ℎ𝑖𝑖 = 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ℎ𝑜𝑜 = (−0.26)(3.0 𝑐𝑐𝑐𝑐) = −0.79 cm

Again, the negative sign tells us that the image is inverted. The height and orientation for the
final image agree with the result from the ray diagram (Figure 3).
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Lab: Camera as a Two-Lens System
A real camera has more than one lens, so we can improve our model by adding a second lens to
the system. In this tutorial, we’ll explain why we might want to add a second lens to the system.
1. The diagram at right shows a cross section of a real camera
lens. However, in the last lab we showed that this system can
be modeled as a simple one lens system. Is this a good model?
Explain.

2. What are the limitations of this model for the camera?

Part 1: Zoom Lens

Now we will build a two-lens model of a camera on the optics bench. You will explore how two
lenses allow you to create a broader range of images on the screen, which represents the
camera’s sensor.
3. Start by setting up your optics bench as shown below. The lens should be 20 cm away from
the object.
•

Find the image from the first lens on an index card.

•

Add the second lens so that is on the other side of the index card. Start at a distance of
at least one focal length away from the image.

•

Move the screen to locate the final image. It may be off the end of your optics bench.

•

Adjust the lenses and screen so that an image appears on the screen that is larger than
the original image. Sketch the arrangement here, including distances.
Light
Source

screen

Lens 2

Lens 1 (f = 10 cm)

pencil

4. When working with two-lens systems, we use the image from the first lens as the object for
the second lens. To confirm that this is a good model, place the half-screen or index card
between your two lenses to find the intermediate image on your optics bench. Take note of
the distances between the elements on the optics bench.
Optical Instruments: Student Reader

51

5. Use the thin lens equation to confirm the location of the final image.
a. Start by calculating the location of the image from the first lens. How does it compare
to the location of the half-screen?

b. Now calculate the location of the final image. Remember that the image from the first
lens is the object for the second lens. How does this value compare to the location of
the screen on your optics bench?

6. The total magnification of the image is given by the product of the magnification of
each lens(𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑚𝑚1 𝑚𝑚2 ). Calculate the total magnification using your measurements
from the optics bench.

7. How does that compare to the magnification of the image on the screen? Use
ℎ
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡 = ℎ 𝑖𝑖 to find the experimental magnification.
𝑜𝑜

8. Adjust the lenses so that an image appears on the screen that is smaller than the original
image. Sketch the arrangement here, including distances. (Hint: Start with the object 40 cm
from the first lens.)

9. Repeat the calculations for the final image location and magnification for this system.
Compare to the experimental values.
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10. How does the image formed here compare to the image from the single lens system (i.e. just
the 10 cm lens)? What are the advantages to having more than one lens?

11. Multiple lens systems can be used to build zoom lenses. In a zoom lens you can often turn a
ring on the lens to change the magnification. What would be happening to the lenses that
make up your zoom lens when this ring is spun? (If you have a zoom lens available, try it!)

Part 2: Chromatic Aberrations
12. Look at the pictures of chromatic aberrations. What do you notice about
the image? The effect is particularly noticeable at around the edges of
the object.

This effect is called a chromatic aberration, the lens is also acting like a
prism, bending different colors of light by slightly different amounts.
13. How is the focal length of the lens related to the wavelength of light?
Explain your answer in terms of the index of refraction of the lens. Sketch a ray diagram
showing where red and blue light would converge. (Using colored pencils/pens would be
helpful here.)

14. Often, a second lens needs to be added to the system to correct for the chromatic aberrations.
If the primary lens in the camera is converging, what type of lens would correct for this
effect? Sketch a ray diagram here.

15. Construct a system on your optics bench that has one diverging lens and one converging lens.
Are you able to make a real image on the screen? How is this possible if diverging lenses
only make virtual images?
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Case Study: The Debate over Optics in
Renaissance Art
On a fine summer day in 1623, Constantijn Huygens hosted a group of acquaintances and
friends at his father’s house in The Hague. Huygens had just returned home after his second trip
to England as the secretary of the Dutch delegation. He was eager to demonstrate some newly
invented devices he had brought home with him. Several painters were in attendance…
During the afternoon, Huygens showed his guests an instrument he had purchased in England
from a close friend, the inventor Cornelis Drebbel. Huygens explained to his guests that this
“machine” was “a kind of viewing device, by [means of] which likenesses of things presented to
it from outside are directed on to a white [or bright] plate within its enclosed space.” Huygens
had set up a wooden box on the windowsill of his dining room. The box had a brass extendable
tube –like the kind Drebell [sic] made for his microscopes– facing outdoors. The tube held a
glass lens, which projected an image of the people outside onto a bright white plate inside the
box. Huygens informed his friends that he had been using the device for making paintings, with
great “delight” at the results.
(Snyder, 2015, p. 123-124)

Figure 1: A 17th century drawing of a camera obscura. (Image credit: kid-museum.org)

The camera obscura was an important optical instrument in the history of science. It
helped scientists to understand the nature of light, and also to carefully examine physical objects
in new ways. In the 17th century, when modern science was emerging, careful observation was a
key scientific practice. This is same time when optical instruments such as the telescope and
microscope were being used to study details of objects beyond what could be seen with the
naked eye. But when were camera obscura devices first used by artists? This question has been
the subject of much debate in the art history community.
In 2004, art historians and physicists gathered at a meeting of the Optical Society of
American to continue this debate. At question was a painting from 1523 by Lorenzo Lotto called
Husband and Wife (Figure 2). This is about a century before Huygens showed off his new
camera obscura to his friends in the opening story. If this painting was created using an optical
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instrument, it would be evidence that the technology was developed much earlier than previously
thought.

Figure 2: Husband and Wife by Lorenzo Lotto, 1523 (Image credit: Wikiart)

Part 1: History of the Camera Obscura
The story told above by historian Laura Snyder demonstrates the enthusiasm for new
optical instruments during the Scientific Revolution, which occurred in Europe during the
1600’s. Huygens’ device that he was eager to share with his friends is what is called a camera
obscura. 3 His instrument was the product of several hundred years of engineering – the first
records of camera obscura devices were used in the fifth century BC in China. In the 11th
century, an Arab scholar named Alhazen used a camera obscura to view an eclipse. (This was an
important development because astronomers were in danger of blinding themselves by looking
directly at the sun.).
The earliest camera obscura devices were simple – a hole in a wall in a dark room, as
shown in Figure 1. The Italian artist and inventor, Leonardo daVinci described a camera obscura
in his notebook in 1502, which was later published as the Codex Atlanticus:
If the facade of a building, or a place, or a landscape is illuminated by the sun and a small hole is
drilled in the wall of a room in a building facing this, which is not directly lighted by the sun, then
all objects illuminated by the sun will send their images through this aperture and will appear,
upside down, on the wall facing the hole.
You will catch these pictures on a piece of white paper, which placed vertically in the room not
far from that opening, and you will see all the above-mentioned objects on this paper in their
The term camera obscura wasn’t used until the early 1600’s. The first use in print was in a book by Johannes
Kepler, now famous for his laws of planetary motion
3
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natural shapes or colors, but they will appear smaller and upside down, on account of crossing of
the rays at that aperture. If these pictures originate from a place which is illuminated by the sun,
they will appear colored on the paper exactly as they are. The paper should be very thin and must
be viewed from the back. (Eder, 1945)

Leonardo daVinci made 270 drawings of his experiments with the camera obscura. This
differentiated him from other scholars at the time, who were not taking a systematic approach to
studying optics.
1. Look at Figure 1. Describe the image that is formed on the wall by a camera obscura. Is it
real/virtual, inverted/upright, magnified/reduced?

2. If you were to design a camera obscura, what could you do to make the image smaller? What
could you do to make the image larger?

3. Why is the image upside down? How does this provide evidence for the ray model of light?

4. Brainstorm: What types of experiments do you think daVinci could have performed with this
device? What could he have learned about the nature of light from these experiments?

Part 2: Improvements
The camera obscura was originally something of a novelty. However, with improvements in the
1500’s, the camera obscura became a useful tool for artists. The first improvement was the
addition of a lens to the hole, suggested by Daniele Barbaro in 1569. He first tried using the lens
from his spectacles, then later manufactured higher quality glass lenses.
1. What type of lens (converging or diverging) would Barbaro have used in the camera
obscura? Explain.

2. How would the addition of a lens change the image formed by the camera obscura?
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3. One of the advantages of adding the lens to the camera obscura is that it created a brighter
image. Explain why the use of the lens allowed for a design which would let in more light.

4. Draw a ray diagram of the light coming through the hole and lens.

Barbaro then added an aperture to his device on the other side of the lens. The aperture was
essentially a smaller hole placed on the other side of the lens. This improved the image by
decreasing the chromatic aberrations. A chromatic aberration is the rainbow that sometimes
appears around the edges of a photograph.
5. Use what you know about index of refraction to explain what causes chromatic aberrations.

6. How would a small aperture help to reduce this effect?

A final improvement was the addition of a mirror, an
idea that was first published by Giovanni Battista
Benedetti in 1585. After this development, the
camera obscura became a vaudeville act, set up in
portable tents by traveling showman. Larger,
permanent camera obscura devices were installed in
castles and public buildings as a form of
entertainment (Figure 3). Della Porta, an Italian
showman, explained the value of the camera obscura
for artists in his 1569 writings, along with “methods
for removing warts, curing baldness, and countering
armpit odor” (Snyder, 2015, p. 129).
7. What would be the benefit of including a mirror
in the camera obscura? How would this make it
more useful as a form of entertainment?
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Figure 3: A camera obscura used for
entertainment. (Image credit: boingboing.net)
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8. Draw a ray diagram of the camera obscura with a lens and a mirror.

9. How were these 17th century scientists acting like optical engineers? What is the difference
between developing optical devices in the 17th century and developing new devices today?

Part 3: The Debate over the Use of Cameras in Early Renaissance Art

The emphasis on careful observation during the 17th century influenced artists, as well as
scientists. Art historians debate when the camera obscura was first used by artists, and which
artists used the device. Artists at the time were secretive about their methods and reluctant to
write down their methods or even their paint formulas. Some historians link the use of optical
devices to the increase in realism seen in paintings of this time period, particularly among Dutch
artists such as Vermeer.
Architect Philip Steadman (2011) describes one way in which the camera obscura was
used by artists:
An image of a cubicle-type camera, with a lens, was published in The Great Art of Light and Shadow by
the Jesuit polymath Athanasius Kircher in 1646. It is a rather eccentric diagram, but the principle is sound
enough. In this design the image is projected onto a translucent screen, made perhaps of oiled paper or
ground glass, and the artist looks at it on the far side of the screen, away from the scene - an arrangement
first suggested by Leonardo da Vinci. This has the advantage that the user does not get in the way of the
light.

Kircher’s design is shown in Figure 4. Artists were also known to use smaller, box camera
obscura devices, such as the one described in the introduction. The addition of the lens was key
because it allowed the image to be projected smaller than in real life, closer to the size it would
be painted, and the image was much brighter than in the pinhole style camera obscura devices.
This allowed painters to trace their designs onto the canvas before they began painting.
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Figure 4: Kircher’s design for a camera obscura that was used by artists. (Image Credit: Wikipedia)

1. One technique used by art historians to determine whether or not artists used optical devices
is to look for distortions in paintings that are consistent with the distortions caused by lenses.
What might cause distortion in images?

2. The painting below is considered to be an example of one painted using lenses. What
distortions in the image support this assertion?

Figure 5: A View of Delft by Carel Fabritius, 1652. (Image credit: Wikipedia)
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3. Refer back to the painting in question in the introduction (Figure 2). How could Lotto have
set up the optics to make this painting? Make a sketch.

A physicist named Charles Falco has studied historic paintings for evidence that the
artists used optical instruments. The magazine Physics Today reports on Falco’s findings:
From the painting’s 56% magnification – deduced by assuming that the woman’s shoulders are of
average width – Falco calculates that the artist used a lens or concave mirror with a focal length
of 54 cm. Given that, distortions in the perspective of the carpet design can be explained only by
the artist’s having twice adjusted the lens to bring different parts of the design into focus, he says.
“My calculations agree with the measured changes in magnification to within 0.2%.” Where the
carpet looks fuzzy, he adds, it’s outside the lens’s depth of field. It’s such calculations on
geometrical distortions that convince him: “We’re not saying that the lenses are the only way to
get the perspective right,” Falco said in his talk at Rochester. “We’re saying that lenses are the
only way to get the perspective wrong in precisely the way I am showing you they got it wrong.”

(Feder, 2004, p. 31)
However, not all scholars are in agreement about Falco’s analysis. Art historian Walter Liedke
argues that “the distortions in the carpet could have come from the painting’s canvas having been
stretched” or because the painting was not based on a real scene (Feder, 2004). Sara Schenchner,
a science historian, presents another counter argument – that the optical devices (i.e. lenses and
mirrors) available in the 16th century were not high enough quality to make a detailed image.
4. How could we test Falco’s theory that Lotto used optics?

5. How could Falco have calculated the focal length of the lens?

6. What additional evidence would we need to collect to settle this debate?

7. Does the use of optics in Renaissance art diminish the value of the painting? Does it make
you appreciate the artwork any less?
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Optional Extension
We can make a simple camera obscura with an oatmeal or coffee canister. Use a pin or thumb
tack to make a hole in the metal or cardboard end of your container. Place the container so the
hole is facing a bright light source. Use the translucent lid as a screen to view the image. You can
use an artificial light source in the classroom or, if it is sunny, try looking out a window or taking
the camera outside.
1. How does the image on the screen
compare to the original object? Is it
upright or inverted, magnified, etc.?

2. What are the limitations to this device?
How could it be modified to improve
the image quality?
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Reading: Optics of the Eye
The eye is an important optical device that we often take for granted. The physiology of the eye
has been a subject of study throughout recorded history, dating back to the ancient Greeks. The
breakthrough in understanding how the eye works was contemporary with the development of
the camera obscura in the 1600’s. Johannes Kepler (famous for his laws of planetary motion)
was the first to suggest that the lens in the eye acted like the lens in the camera obscura.
Historian Laura Snyder 4 explains:
The eye, then, was a picture-making optical instrument. It is no accident that, discussing the way
that all rays from one point formed an image on the retina, Kepler used the term pencilli, which
referred to the artist’s brushes. To Kepler, the image on the retina was painted by a brush, just as
was the artist’s picture. As he put it, “the retina is painted with the colored rays of visible things.”
(Snyder, 2015, p. 140).

Additionally, Leonardo daVinci thought the image was formed on the eye due to the eye’s pupil
acting like the aperture in a pinhole camera (like the early camera obscura that formed an image
without a lens). It turns out that both the lens and the pupil contribute to the working of the eye,
much in the same way the camera lens and the f-stop contribute to forming an image in the
camera.
Knowing that people would be skeptical that the eye created an inverted image, Rene Descartes
designed an experiment to demonstrate the effect for the public. Snyder describes the
experiment:
By peeling off the outer membranes of the eye and replacing them with an artificial screen, the
retinal images formed at the back of the eye could be observed. Descartes rather gruesomely
suggested that the experimenter “take the eye of a newly deceased man, or failing that, an ox or
some other large animal; carefully cut away the three enveloping membranes at the back, so as to
expose a large part of the humor without shedding any; then cover the hole with some white
body, thin enough to let daylight through, for example a piece of paper or eggshell.” This
deconstructed eye should be put in the opening of a window so that the front of it faced objects
outside lit by the sun, and the back (with the eggshell or paper) faced the dark room. The only
light entering the room would be through the eye. “If you now look at the white,” Descartes
instructed, “you will see, I dare say with surprise and pleasure, a picture representing in natural
perspective all the objects outside.” (Synder, 2015, p. 140-141)

Once natural philosophers had discovered how to manipulate light to create images on a screen,
they were then able to explain how the eye works. This analogy between mechanical devices and
the human body was becoming common in the 17th century and reflected a movement towards a
“mechanical philosophy.” This philosophy, popularized by Rene Descartes, argued that the
natural world (including physiology) could be explained in terms of physical machinery.
(Another example was the study of hydraulics, which helped to explain blood flow through the
body.)
Despite the similarities between the camera and the eye, there are some significant differences.
In the eye the distance between the lens and the retina (the image distance) is fixed. However, in
4

Snyder, L. (2015). Eye of the Beholder: Johannes Vermeer, Antoni van Leeuwenhoek, and the Reinvention of
Seeing. New York: W.W. Norton & Co.
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the camera, the lens is physically moved to adjust the image distance, which allows the camera to
focus on objects at a range of distances.
In the eye, the lens itself is responsible for fine-tuning the focus, a process called
accommodation. Through this process, the ciliary muscles around the lens can change the focal
length of the lens by changing its shape. The relaxed eye can see objects very far away (like
mountains in the distance) clearly. The ciliary muscles allow you to see objects that are closer to
the eye by shortening the focal length of the lens, effectively squeezing it so it is more rounded.
Have you ever noticed your parents or grandparents holding a paper far away from their face to
read comfortably? Many people with otherwise normal vision often need reading glasses as they
age. This condition is called presbyopia, and is due to the ciliary muscles around the eyes
loosing flexibility. Therefore, they aren’t able to focus clearly on object that are too close to the
lens.
The closest point that you can focus on is called the near point. For a normal eye with good
vision, this is 25-30 cm. Someone whose eyes naturally focus closer than 25 cm is nearsighted,
or myopic. Someone whose eyes focus beyond 25 cm is farsighted, or hyperopic. These
conditions are primarily the result of the cornea bending the light too little or too much, relative
to the size of the eyeball. Most young people who wear glasses are nearsighted. Farsighted
people are typically able to function adequately without needing corrective lenses.
These conditions can be corrected with the use of glasses. If you can’t see an object clearly
because it is too far away, then the doctor will prescribe glasses for you that create an image of
the object that is within the range you can focus on. In this case, the eye doctor is acting as an
optical engineer. He or she has to figure out what kind of lens can be used to correct your vision.
Let’s take a nearsighted person (me) as an example. I am looking out the window at a house
across the street. Without my glasses, it is a big blurry mess; I can only focus on objects that are
within the range of 10-30 cm of my face. In order to see the house across the street clearly, I
need a set of glasses that will take an object that is far away and create an image of that object
that is 30 cm from my eye. I also want the image to remain upright. What kind of lens will create
an image closer and upright? If we look back at the ray diagrams for converging and diverging
lenses, you can see that a diverging lens will get the job done.
Recall from your study of two-lens systems that the image from the first lens becomes the object
for the second lens. In this case, my glasses are the first lens, which move the image of the house
into the range where my eye (the second lens) can then create an image (in focus!) on my retina.
I can check my reasoning by taking a look at my eyeglasses. My lenses are fatter at the edges
than in the middle, which means they are diverging lenses. Don’t be fooled by the fact that most
eyeglasses are convex. It is more important to compare the thickness at the edges and in the
middle.
The strength of an eyeglass lens is often given by the power of the lens. Lens power is defined as
the inverse of the focal length (in meters):
1

𝑃𝑃 = 𝑓𝑓

(1)

The unit for lens power is Diopters (D = m-1). This is the prescription for glasses that you get
from your eye doctor.
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A normal eye has a strength of about P = 50 diopters. The figure below shows the effect of ± 1
diopter change. The farsighted person below (P = 49 diopters) can go for many years without
knowing it because they can focus clearly to infinity. With a nominal close-focus distance of 31
cm, young eyes can likely focus on closer objects with effort. But with the loss of pliability of
the internal lens in later years, they may have eye-strain headaches and reach the point where
they cannot read at normal distances. For a nearsighted person (P = 51 diopters), vision defects
are more noticeable (shown below). They may lose focus beyond 1 meter and add only 7 cm to
the close-focusing capability.

Figure 1: Range of vision for normal, nearsighted, and farsighted eyes. (Image credit: HyperPhysics)

Fortunately, we can use corrective lenses so that near and far sighted people can have clear
vision! Let’s look at an example. Rachael is near sighted and can focus on objects that are no
more than 10 cm from her eye. Assume that her glasses sit 1 cm in front of her eye. The object
she wants to see is a tree off in the distance, 1.5 meters away (1.49 m from the glasses). We need
to figure out what focal length lens will create an image of the tree that is 10 cm in front of her
eye (the far point), which is 9 cm in front of the lens. Before we set up the thin lens equation,
let’s define our variables:
Object distance: 𝑝𝑝 = 1.49 𝑚𝑚 = 149 𝑐𝑐𝑐𝑐
Image distance: 𝑞𝑞 = −9 𝑐𝑐𝑐𝑐

Note that the image distance is negative because it is on the same side of the lens as the object.
We usually think of this as “behind” the lens. Now we can plug this into the thin lens equation:
1 1 1
1
1
= + =
+
𝑓𝑓 𝑝𝑝 𝑞𝑞 150 𝑐𝑐𝑐𝑐 −9 𝑐𝑐𝑐𝑐
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Note that the focal length is negative, which means that Rachael needs a diverging lens in her
glasses. To find the prescription (power) of the lens, we need to convert the focal length to
meters:

𝑃𝑃 =

𝑓𝑓 = −0.096 m

1
1
=
= −1.04 m−1
𝑓𝑓 −0.096 m

A lens with a power of approximately -1 diopters will fix Rachael’s vision. Figure 2 shows a
sketch of this arrangement.
q = - 9 cm

p = 149 cm

Image of
the tree is
at the far
point.

1.0 cm

Glasses lens is 1 cm
from the eye. This is a
diverging lens.

Figure 2: Diagram of corrective lens for nearsighted eye.

Now let’s take another example. Brian is losing his close vision as he gets older. He finds that he
needs to hold a book 40 cm from his eye so that it is in focus. This is his nearpoint. The normal
reading distance is 25 cm. What prescription does he need so that he can hold the book at a
normal distance, but have a clear image at his nearpoint? Again, let’s start by defining the
variables. We’ll assume, as above, that the glasses will sit 1.0 cm from his eye.
Object distance: 𝑝𝑝 = 24 𝑐𝑐𝑐𝑐

Image distance: 𝑞𝑞 = −39 𝑐𝑐𝑐𝑐

Note that the image distance is still negative because it is on the same side of the lens as the
object. Now we can plug this into the thin lens equation, as above:
1 1 1
1
1
= + =
+
𝑓𝑓 𝑝𝑝 𝑞𝑞 24 𝑐𝑐𝑐𝑐 −39 𝑐𝑐𝑐𝑐
𝑓𝑓 = +62 𝑐𝑐𝑐𝑐

Note that the focal length is positive, which means that Brian needs a converging lens in his
reading glasses. This scenario is depicted in Figure 3. To find the prescription (power) of the
lens, we need to convert the focal length to meters:
𝑃𝑃 =
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1
1
=
= +1.6 m−1
𝑓𝑓 +0.62 m
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p = 24 cm

Image of
the book is
at the near
point.

1.0 cm

q = -39 cm
Glasses lens is 1 cm from the
eye. His reading classes are
converging lenses.
Figure 3: Diagram of corrective lenses for the nearsighted eye.

Note that none of the above calculations have included the dimensions of the eye itself. The only
information that we used was the far point/near point and the image and object distance. While it
is true that this is a two-lens system, figuring out the prescription of the corrective lens is
functionally a single lens problem.
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Tutorial: Optics of the Eye
Part 1: Developing a model for the eye
1. Look at the diagrams of the eye and the camera shown below. How are they similar? How
are they different?

2. Complete the table below to identify the analogous parts of the eye and camera:
Eye

Camera

Iris/Pupil
Cornea/Lens
Retina/Optic Nerve
3. As with the camera, we can model the eye as a single lens system. What are the limitations of
this model for the eye?

4. The cornea and the lens work together to focus light in
the eye. Look at the diagram and table below. There are
four boundaries where the index of refraction changes
(air-cornea, cornea-aqueous humor, aqueous humor-lens,
lens-vitreous humor). At which boundary will the light
bend the most?
Part of the Eye

Index of Refraction

Air

1.000

Cornea

1.376

Aqueous humor

1.336-1.339

Vitreous humor
Lens

1.386-1.406
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5. Which part of the eye (cornea or lens) is primarily responsible for focusing the light?

6. In a camera, we were able to focus the image by changing the image distance (the distance
between the lens and the sensor). In the eye, we cannot change the distance between the lens
and the retina. What must change in order for the image to focus on the retina?

7. The lens is responsible for fine tuning the focus of the eye, a process called accommodation.
The ciliary muscles around the lens can change the focal length of the lens by changing its
shape. Consider the two lenses shown below.
a. Sketch the ray diagrams for each of the scenarios below. To do this, draw a line from
the tip of the object (arrow) that is parallel to the axis until it hits the lens. Then draw
the line exiting the lens and passing through the tip of the image.
b. Which of the lenses below would have a longer focal length?

The eye has two lenses: the cornea and the lens. However, we can simplify our model of the eye
by considering the effect of the two lenses combined to be that of a single lens system. This
assumption is often made by physics textbooks, and much of the information you will find online
will treat the eye as if it only had one lens. For the rest of this exercise, we’ll treat the eye as a
single lens system. This way, when we add corrective lenses we will have a two-lens system
instead of a three-lens system, which gets really complicated, really quickly.
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Normal Eye
8. A normal eye can focus on objects as close as
25 cm. What is the focal length of the eye in
this case, given the diameter of the eye is about
2.5 cm?

pnear ~ 25cm

deye ~ 2.5cm

object at near point focuses on retina

9. A normal eye can also focus on very distant
objects (effectively infinitely far away). What
is the focal length in this case?

range of vision

far away object focuses on retina

10. What is the range of focal lengths for the cornea-lens system? Which part of the system is
responsible for changing the focal length?

Part 2: Defects of the Eye
The range of objects a person can focus on with their eye can be described by a near point and a
far point. The far point is the farthest away an object can be where a person focus on that object.
For a normal eye this is very far away, effectively infinity. The near point is the closest an object
can be that the eye can focus on it. For a normal eye, this is about 25 cm.
11. To find your near point, hold a piece of paper in front of your face. (If you have glasses, take
them off for now.) Close one eye and move the paper towards your face. Stop when the print
is no longer in focus. Try it with both eyes. Are they the same? Record your near points here:

12. Find someone in the class who wears glasses.
a. What is the difference in their near point with and without the glasses?
b. Based on this, can you tell if they are nearsighted or farsighted?
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c. Look at the lenses in their glasses. Are they converging or diverging lenses?

13. The diagram below shows how light from a distant object is focused by people with myopia
and hyperopia. What type of lenses (converging or diverging) would you use in each case to
correct the vision? Does this agree with the assessment you just made about your classmate
with glasses? Explain.

Nearsighted eye
A nearsighted eye can only focus on objects within a
certain distance. The farthest a nearsighted eye can
focus we can call the “far point.” At this point, the eye’s
focal length is the longest it can be. To correct this, we
put a lens in front of the eye that takes a faraway object
and place its image at the eye’s far point.
This means that if the object we want to see is
far away, the object distance is 𝑝𝑝 = ∞. The
image distance for the corrective lens will be
the distance to the point where they eye wants
to focus, the “far point.”
I can only focus on objects that are within
about 15 cm of my eyes. Let’s figure out
what prescription contact lenses I need to fix
my eyesight.
14. What is my far point?

pfar (farthest eye can see)

deye~2.5cm

object at far point focuses on retina
range of vision

farther object focuses in front of retina
dspacing
pfar (farthest eye can see)

distant object has image at far point

15. What is the image distance for this system? (Hint: What is dsp for contact lenses?)
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16. Is the image distance positive or negative? Explain.

17. Knowing the image and object distances, I can now find the focal length of the contact
lenses. What is the prescription power of this lens?

18. What focal length lens must my glasses be to correct my vision? [Hint: What is dspacing for
glasses? What does this change in the calculation?] What is the power of this lens?

Farsighted Eye
A farsighted eye can only focus on objects beyond a
certain distance. The closest a farsighted eye can focus
we can call the “near point.” At this point, the eye’s
focal length is the shortest it can be. To correct this,
we put a lens in front of the eye that takes an object at
a normal reading distance (about 30 cm) and makes an
image of it at the eye’s near point.
This means that we want a corrective lens that
has an object distance of 𝑝𝑝 = 30 𝑐𝑐𝑐𝑐. The
image distance for the corrective lens will be
the point where they eye wants to focus, the
“near point.”
My mom can only focus on objects that are
beyond about 1.0 m of her eyes.
19. What is her near point?

snear (closest eye can see)

deye~2.5cm

object at near point focuses on retina
range of vision

closer object focuses behind retina
dspacing
snear (closest eye can see)
sread

object at reading distance has image at near point

20. What is the image distance needed for her contact lenses? What is the object distance?
21. What focal length lens must her contact lenses be to correct her vision? What power?

22. What focal length lens must her glasses be to correct her vision? What power?
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Reading: Angular Magnification &
Telescopes
Telescopes and microscopes are optical devices that can be used by scientists to explore the
natural world. Telescopes bring objects that are far away into clear view. Microscopes allow us
to observe life on the cellular level. Both instruments are products of the Scientific Revolution.
Systematic use of these optical devices was instrumental in the development of modern science.
Today optical engineers continue to design new telescopes and microscopes that extend the
limits of human observation even farther. The Hubble Space telescope can observe objects in
space that are 10-15 billion light years away! The best optical microscopes can magnify objects
by 1000 times!

History of the Telescope
The telescope was invented in 1608 by the Dutchman Hans
Lippershey for observing ships coming across the horizon. Galileo
Galilei heard about the device from a friend and within 24 hours
constructed his own that surpassed the magnification of the
original. Galileo’s telescopes were carefully crafted instruments to
be used for military and navigational purposes. (Interesting side
note: Galileo used organ pipes as the tubes on his telescopes.) He
often gifted them to important people as political favors. A gift to
the Doge of Venice resulted in Galileo being awarded tenure at the
University of Pisa, where he was a professor, and they doubled his
salary!
The astronomical observations made by Galileo marked the
beginning of the Scientific Revolution. By 1610, Galileo’s
telescopes could magnify up to 20x. Galileo observed craters on
the moon and sunspots, both of which upset the commonly held
belief that celestial bodies were perfect spheres. Galileo’s reports
of these imperfections were taken by many as a direct attack on
God’s creation. Furthermore, Galileo observed the phases of Venus
Figure 3: Galileo’s 1609 telescope.
and the moons of Jupiter, both of which supported Copernicus’
(Image credit: Max Planck Institute)
heliocentric model of the universe. Galileo didn’t merely observe
the heavens, he built conceptual models to explain the motion of
the planets. Based on these models, he made predictions about how the planets and moons would
behave, and then tested those predictions with further observation. This is one of the first
documented cases of systematic scientific inquiry. Many scholars consider Galileo to be the first
modern scientist because of these observations.
One important philosophical question at the time was whether or not we could trust the images
formed by the telescope. Were the craters on the moon actually there, or were they an artifact
from the telescope itself? Galileo was sure his observations were real, but this public skepticism
is one reason it took so long for his ideas to be accepted. This is similar to the skepticism that we
might feel about images we see online today – are they real images captured with a camera or
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were they doctored in some way with photoshop? How do we know that we can trust images of
objects that we haven’t seen for ourselves?
Although Galileo was initially careful about reporting these observations without interpretation
(because his interpretation would upset the prevailing worldview), he did eventually offend the
pope, which led to his trial and house arrest. This fate is not as bad as it could have been. Others
who offended the pope at the time were executed by the Inquisition. Galileo was lucky to live at
home, continuing his experiments on mechanics and publishing his work until he died in 1642, at
the age of 77.

Angular Magnification
Both telescopes and microscopes depend on the use of your eye as part of the optical system. To
make the devices more comfortable to use, they are typically designed so that the final image is
virtual and very far away. The image distance can be approximated by infinity in our equations.
This poses some problems for calculating magnification.
Previously we had defined magnification as:
ℎ

𝑞𝑞

𝑚𝑚 = ℎ 𝑖𝑖 = − 𝑝𝑝
𝑜𝑜

(1)

Using this formula for a microscope, we would get an infinite magnification! For a telescope,
both the image and the object are “infinitely” far away, which is mathematically complicated to
deal with. Furthermore, when we can calculate the magnification, we find that it is very small.
This is because planets are huge! The image of a planet, for example, is much, much smaller
than the planet itself. But, because the telescope makes an image that is much closer to us then
the planet, it still looks bigger than the planet does to our naked eye.
The magnification that we defined previously is technically called lateral magnification, and is
helpful for describing the images formed by lenses over small distances, where we don’t need to
worry about the effects of perspective. However, we know from experience that when you bring
an object closer to your eye, it appears larger. This is because it fills up a larger portion of your
field of view (i.e. space on your retina), which makes it look larger compared to the surrounding
objects. Moving an object this way leads to an angular magnification because the angle
between the top of the object and your eye gets larger as the object gets closer. In this case, the
angular magnification is defined as the ratio of these two angles:
𝜃𝜃

𝑚𝑚𝜃𝜃 = 𝜃𝜃2
1

Object (1)

(2)

𝜃𝜃1

𝜃𝜃2

Object (2)

eye

Figure 1: Angular Magnification

Another way we can get angular magnification is to use a simple magnifier (i.e., a converging
lens). An object placed within the focal length of the lens will create an image that is larger than
the original, as shown in Figure 2.
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image

object

eye

Figure 2: Angular magnification for a simple magnifier.

For a simple magnifier, the angular magnification is defined as the ratio of the angle made by the
image and the angle made by the object when it is placed at someone’s near point. Through
geometry, we can show that this is equal to the ratio of the near point of the eye (25 cm) to the
focal length of the lens:
𝜃𝜃

𝑚𝑚𝜃𝜃 = 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

25 cm
𝑓𝑓

(3)

The angular magnification will be more useful to describe images formed by the telescope and
microscope than the lateral magnification.

Optics of the Telescope
How is a telescope constructed? There are many possibilities; we’ll just focus on one for now. A
simple refracting telescope is made up of two converging lenses, as shown in Figure 4 (on the
next page). The one closest to your eye is called the eyepiece. The one nearer to the object is
called the objective. Note that the eyepiece always has a shorter focal length than the objective,
which creates an image that is smaller than the original obejct. The lenses are arranged so that
their focal points are at the same point, between the two lenses, as shown in the figure above.
This means that the distance between the two lenses is the sum of the focal lengths:
(4)

𝐿𝐿 = 𝑓𝑓𝑜𝑜 + 𝑓𝑓𝑒𝑒

Where L represents the length of the telescope tube, 𝑓𝑓𝑜𝑜 is the focal length of the objecting, and 𝑓𝑓𝑒𝑒
is the focal length of the eyepiece. The telescope is designed this way to maximize the angular
magnification of the object. Also, in this configuration, the image made by the objective will be
just beyond the focal point of the objective. This also places it just inside the focal point of the
eyepiece, insuring that the final image is virutal and far away from the objective. The farther
away the image is from the objective, the larger the final image will appear.
The angular magnification of the final image depends on both lenses. The equation can be
derived from geometry:
𝜃𝜃

𝑓𝑓

𝑚𝑚𝜃𝜃 = 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑓𝑓𝑜𝑜
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
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𝑒𝑒

(5)
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This is the value that is reported as the magnification of the telescope. For Galileo’s 20x
telescope, it means the image would take up 20 times as much angular space in the field of view
as the original.
eyepiece

objective
𝑓𝑓𝑜𝑜

𝐿𝐿

𝑓𝑓𝑒𝑒

Figure 4: Ray diagram of a telescope

Telescope Example
Imagine that you are a watchman using Galileo’s new telescope to watch ships crossing the
horizon into the Venice harbor. This particular telescope has an objective lens with focal length
30 cm and an eyepiece with focal length 1.8 cm. Given the arrangement shown in Figure 4, we
know that the total length of the tube of this telescope (L) would be 31.8 cm because the two
lenses would share a focal point.
A 15 meter tall ship is visible 2.0 km away. Let’s first calculate the lateral magnification of this
ship. To do this, we need to know the image and object distances for the system, as shown in
equation (1). In this problem, we know the object distance and the focal length of the objective
lens (L1), which allows us to calculate the image distance using the thin lens equation:
𝑝𝑝1 = 2.0 km = 2000 m = 2.0 × 105 cm
𝑓𝑓1 = 30 cm
1 1 1
= +
𝑓𝑓 𝑝𝑝 𝑞𝑞

1
1
1
1
1
= − =
−
𝑞𝑞1 𝑓𝑓1 𝑝𝑝2 30cm 2.0 × 105 cm
𝑞𝑞1 = 30.0045 cm
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Note that this value is very close to the focal point because the object is very far away, and could
be approximated as infinitely far away. We’ll keep the extra siginificant figures so that we can
calculate the final image distance.
Now the image from the objective (L1) because the object for the eyepiece (L2). If the total
length of the tube is 31.8 cm, and the image from L1 is at 30.0045 cm, then the distance from the
image to L2 is 1.7954 cm. We can use this to calculate the final image distance:
𝑓𝑓2 = 1.8 𝑐𝑐𝑐𝑐

𝑝𝑝2 = 1.7954 𝑐𝑐𝑐𝑐

1
1
1
1
1
= − =
−
𝑞𝑞2 𝑓𝑓2 𝑝𝑝2 1.8 1.7954
𝑞𝑞2 = −702 cm

The final image is formed over seven meters from the eyepiece! This could be considered by a
physicist to be infintely far away from the observer because the distance is so much larger than
the focal length of the lens. However, it is a closer infinity than the distance to the original object
(2000 m).
Now that we have all of the object and image distances, we can calculate the magnification.
First, we'll calculate lateral magnification using equation (1):
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑚𝑚1 𝑚𝑚2 = �−

𝑞𝑞1
𝑞𝑞2
� �− �
𝑝𝑝1
𝑝𝑝2

−30.4 cm
+702 cm
��
� = 0.059
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �
5
2.0 × 10 cm 1.7954 cm

The lateral magnification indicates that the ship is reduced to just 6% of its original size. So why
does it look bigger through the telescope? The image, although smaller than the original, is much
closer to the observer (7 meters away vs. the original 2000 meters). This makes the ship appear
larger to the eye because it takes up a larger fraction of the field of view. To calculate this
apparent magnification, we use the angular magnification equation for the telescope (5):
𝑚𝑚𝜃𝜃 =

𝑓𝑓𝑜𝑜 30.4 cm
=
= 17
𝑓𝑓𝑒𝑒
1.8 cm

The angular magnification calculation tells us that the ship appears to be 17x as large as the
apparent size of the original ship.
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Tutorial: Telescopes
In this tutorial, we will explore how we can design an optical system to examine objects that are
too far away to be seen with the naked eye. In order to understand how telescopes work, we first
will have to introduce a new concept: angular magnification.

Part 1: Angular Magnification
1. If an object is too small to see, what is something you can do without a lens to make it appear
larger?

2. The diagram below shows an object that is far away from the eye. Draw a ray from the top
and bottom of the object to the eye’s pupil.

eye

Object

3. Now we’ll move the object closer. Draw the arrow about 1 cm from the eye. Draw a ray from
the top and bottom of the object to the eye.

Object

eye

4. What happens to the apparent size of the object as you bring it closer? What happens to the
actual size of the object?

5. What is the lateral magnification associated with moving an object around in this way?

6. Another way to magnify an image is with a single convex lens. Use the convex lens to
observe the words on this page. Describe what you see. What kind of image is this (real or
virtual)?

7. In this case, does the object physically move closer to the eye? If not, why does the object
look larger?
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Angular magnification for a simple magnifier is given by the following equation, where f is the
focal length of the lens:
𝑚𝑚𝜃𝜃 =

25 cm
𝑓𝑓

8. Why do you think the near point enters into the equation?

9. Use this equation to calculate the magnification of the convex lens on your table.

10. The magnification is often used to characterize a lens instead of the focal length. What is the
focal length of 8x lens?

Part 2: Telescopes
1. Look through a telescope or binocoulars at an object in the distance. (Look through a window
if possible.) Describe the image. Is it closer or farther from you than the object? Is it real or
virtual? Is the image larger or smaller than the original object?

2. Is the image that you see being enlarged? Think about both angular and lateral magnification.
Explain.

3. A telescope is designed so that the image is formed far away (approximated by infinity) for
comfortable viewing. What does this mean? Explain using what you know about how the eye
works.

4. Note that a telescope is constructed so that the distance between the lenses is the sum of the
focal lengths. Why would a telescope be designed this way? (Hint: if the object is very far
away, where will the image made by the first lens be formed?)
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5. Give two reasons why is it better to use angular magnification than lateral magnification
when describing the image formed by a telescope.

6. You’ve been asked to build a telescope from a 2.0x magnifier and a 5.0x magnifier.
a. What is the maximum angular magnification you can achieve?
b. Which lens should be used as the objective? Explain.
c. What will be the length of your telescope?

7. One of the improvements that Galileo made to the telescope was to use one converging lens
and one diverging lens. This version of the telescope could produce images that were not
inverted, but right side up. Given that Galileo’s telescopes were often used for military and
navigational purposes, this made the instrument more user-friendly.
Make a sketch of the ray diagram for this telescope showing that the final image will be
upright. Note that in the Galilean telescope, the length of the telescope is still the focal length
of the eyepiece plus the focal length of the objective, but now the focal length of the eyepiece
is negative. This means that the length of the telescope is less than the focal length of the
objective.
eyepiece

𝑓𝑓𝑜𝑜

𝑓𝑓𝑒𝑒

8. Some astronomers are more interested in light gathering power than magnification so that
they can observe distant (faint) stars. What would we have to do to the telescope to gather
more light?
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9. The Hubble Space Telescocpe has a 2.4 meter diameter mirror. This is an example of a
reflecting telescope, which uses mirrors, rather than a refracting telescope that use lenses.
Why would the optical engineers use mirrors instead of lenses for such a large telescope?

10. Modern astronomers need to record their observations for future reference and analysis. If the
telescope produces a virtual image, how could they capture the image?
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Reading: Microscopes
Brief History of the Microscope
After Galileo rocked the world with his observations of
celestial objects, it was only a matter of time until
revolutionary observations would be made here on Earth. In
the second half of the 17th century, microscopes were
becoming popular tools for natural philosophers to study the
natural world. English scientist (and archrival of Isaac
Newton) Robert Hooke was an early adopter of the
microscope, and had the advantage of having a talented wife
who famously illustrated his observations. His book
Micrographia introduced the scientific community to a new
way of seeing the world. Hooke observed everyday objects,
like cork and flies, and discovered never before observed
details. He is credited with discovering the cell. He named
his discovery after the cells in the cork wood that he thought
looked like monk’s cells in a monastery.

Figure 4: Drawing of cork from
Hooke’s Micrographia, 1665 (Image
credit: Wikimedia)

As amazing as Hooke’s discoveries were, they were just the
beginning. Scientists at this time had a desire to understand
how things worked, and so the focus of microscopy shifted from observing the exterior of insects
and plants to the inner workings of living things. This included observations of all manner of
human fluids and tissues. For this, Antoni van Leeuwenhoek would become famous.
Leeuwenhoek was an amateur scientist who developed new techniques in microscopy which
allowed him to observe more than anyone before him. He discovered the red blood cell, watched
a louse biting him under a microscope, and carefully examined his own semen for clues to how
life begins.
Leeuwenhoek is most famous for discovering a vast array of microorganisms in water. Historian
Laura Snyder 5 explains the significance of this discovery:
In the history of civilization, this discovery must rank high on the list of radical transformations
of our view of our world, and our place within it – even higher, perhaps, than Copernicus’s claim
that the Earth is a planet, like the others, and does not have any special status as the literal center
of the universe. What Leeuwenhoek had realized is that there exists a new world of living beings,
a world never before seen, never before even imagined – a world in the water we drink, perhaps
even in the food we eat – even, it will turn out, inside our own bodies. This discovery would
have profound implications for fields as diverse as medicine, brewing, literature, biology,
anatomy, and microscopy. But first, it would have to be noticed, and accepted as true. (Snyder,
2015, p. 253)

Leeuwenhoek’s work was not noticed and accepted initially because he was not an active
member of the scientific community. A letter of introduction from a Dutch scientist gave him
contact with the Royal Society in London, the world’s first scientific society. In his lifetime, he
5

Snyder, L. (2015). Eye of the Beholder: Johannes Vermeer, Antoni van Leeuwenhoek, and the Reinvention of
Seeing. New York: W.W. Norton & Co.
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submitted over 200 letters to the Royal Society documenting his observations. However, the
more established scientists were skeptical of his observations (particularly his claims about the
size of the microorganisms) because Leeuwenhoek was extremely secretive about his methods.
To this day, there is no written record of the techniques he used to make his amazing discoveries.
Fortunately, historians of science have done some detective work to discover his probable
methods. Most microscopes at that time were single-lens systems; essentially magnifiers with
very short focal lengths. There are relatively simple techniques that Leeuwenhoek likely used to
increase the quality of observations with the simple microscope, including adjusting the lighting
in the room and mounting the specimens very carefully. He also could have placed a drop of
water on the lens to increase the magnifying power of the system.
There is evidence that he went one step farther and used what is called a solar microscope, which
is essentially a camera obscura for viewing microorganisms. The device is described by Snyder:
A solar microscope is a mirror, two
convex lenses fitted inside a tube, and a
square wooden and metal mounting plate.
The plate is positioned in a small opening
in a closed window shutter, with the
mirror outside and the tube inside. The
mirror outside the shutter reflects the
sun’s rays into the tube, so that the light
passes through the [converging] lens, the
specimen on the table, and then the
objective lens. As with a room-type
camera obscura, an image of the
specimen is projected onto a wall or
screen opposite the shuttered window.
Unlike most camera obscuras, this type
casts a magnified image. (Snyder, 2015,
p. 296)

If true, this would make Leeuwenhoek the
inventor of the two-lens microscope, which
greatly increased the magnifying power. It
would also explain how Leeuwenhoek was
able to make such detailed illustrations of his
observations by projecting them on a screen.
(He admitted to not being much of an artist.)
Snyder further reports that it is plausible
Leeuwenhoek got the idea for the device from
his neighbor, the artist Johannes Vermeer.
(Recall that Vermeer is one of the artists who
historians suspect used a camera obscura to
help him make such detailed paintings.)

82

Figure 5: Solar microscope. This image is from a 1762
book, Ledermüller’s Nachleese. (Image credit: Department
of Special Collections, Memorial Library, University of
Wisconsin-Madison.)
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Optics of the Microscope
Over the centuries since Leeuwenhoek first studied microorganisms, technology has improved
and better lenses now allow up to 1000x magnification in modern microscopes. (Further
magnification can be obtained using other imaging methods, such as electron microscopy.)
Modern microscopes use a two-lens system to magnify images, as shown in Figure 1. As with
the telescope, the eyepiece is the lens closer to your eye and the objective is the lens closer to the
object you are studying. Unlike the telescope, the microscope’s objective has a shorter focal
length than the eyepiece. This system creates a final image that is larger than the original object.
eyepiece

objective

𝐿𝐿

𝑓𝑓𝑜𝑜

𝑓𝑓𝑒𝑒

Figure 1: Ray diagram for a microscope

To figure out the total magnification of the microscope, we will need to find the magnification of
each lens. For the objective lens, we will use lateral magnification. Recall that lateral
magnification is the ratio of the image height (hi) to the object height (ho) or the image distance
(q) to the object distance (p):
𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜 =

ℎ𝑖𝑖
𝑞𝑞
=−
ℎ𝑜𝑜
𝑝𝑝

For a microscope, the object is typically placed just outside the focal point of the objective so we
can make the approximation that the object distance is equal to the focal length of the objective
(p = fo). Additionally, the focal lengths of the lenses are much less than the length of the
microscope tube (𝐿𝐿 ≫ 𝑓𝑓𝑜𝑜 + 𝑓𝑓𝑒𝑒 ). This means we can assume the length of the tube L is equal to
the image distance q. This approximation assumes that the image from the first lens is formed
very near to the second lens. Note that the sign convention is that an inverted image would be
negative.
𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜 = −

𝐿𝐿
𝑓𝑓𝑜𝑜

The image is further magnified by the eyepiece. The object for the eyepiece is the image from
the objective. The microscope is constructed so that this initial image is located approximately at
the focal point of the eyepiece. The eyepiece acts like a simple magnifier. The image distance
from the eyepiece is where your eye sees the final image. This would be at the near point of your
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eye (usually 25 cm). This is why if you wear glasses, you might have to adjust the focus on the
microscope.
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 =

25 cm
𝑓𝑓𝑒𝑒

The total magnification of the system is the product of each lens’s magnification:
𝐿𝐿

𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 = − 𝑓𝑓 �
𝑜𝑜

25 cm
𝑓𝑓𝑒𝑒

(1)

�

Given this expression, we can choose focal lengths for the lenses that will give us a desired
magnification.

Microscope Example
In your biology class, you may have looked at your cheek cells under the microscope. A typical
cheek cell is 60 micrometers (60 × 10−6 𝑚𝑚). The compound microscope in your biology lab has
a 10x lens as the objective and a 100x lens as the eyepiece. The length of the microscope’s tube
is 15 cm. What is the total apparent magnification of the cheek cells with this microscope?
To figure this out, we first need to find the focal length of each of the lenses in the system. For a
simple magnifier (convex lens), we can use the following relation:

𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 =

𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑚𝑚 =

25 cm
𝑓𝑓

25 cm 25 cm
=
= 2.5 cm
𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜
10

25 cm 25 cm
=
= 0.25 cm
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒
100

Now we can plug this into equation (1) to find the total magnification of the system:
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = −

𝐿𝐿 25 cm
15 cm 25 cm
�
�=
�
� = 600
𝑓𝑓𝑜𝑜
𝑓𝑓𝑒𝑒
2.5 cm 0.25 cm

From here, we can calculate the apparent size of the final image:
𝑀𝑀 =

ℎ𝑖𝑖
ℎ0

ℎ𝑖𝑖 = 𝑀𝑀ℎ𝑜𝑜 = (600)(60 × 10−6 m) = 0.036 m = 3.6 cm
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Lab: Microscopes
Telescopes were developed to study objects too far away to be seen clearly with the naked eye.
Early natural philosophers were also interested in getting a closer look at everyday object here on
Earth. In the mid-1600’s, early scientists such as Antonie van Leeuwenhoek and Robert Hooke,
used the first microscopes to magnify small objects. Leeuwenhoek is considered by some to be
the father of microbiology, due to his many discoveries about microbial life.
1. Look through the microscope. Describe the image formed by the microscope relative to the
object. Is it real or virtual? Inverted or upright? Magnified or reduced?

The microsope is a two lens system. The eyepiece is the one that you look through to view the
image. The objective lens is the one closest to the object. It’s common for a microscope to
include a prism that bends the light for a more comfortable viewing angle, but for simplicity we
won’t worry about that for now.
2. Make a sketch of how you think the lenses should be arranged to form the image you
described above. You can assume that one of the lenses has a longer focal length than the
other.

Now we will use the optics bench to build a model of a microscope. Play around with the lenses
provided to build a microscope. Below are some hints to help you get started:
•

Start with an object distance to 20 cm. (Assuming that the focal length of your objective
is 10 cm. If you are using a different focal length lens, consult your instructor for a
starting distance.)

•

You will need to use the “microscope slides” as your object. Use the light source to
illuminate the slide.

•

Note that the “tube length” must be greater than sum of the focal length of the first lens
and the focal length of the second lens (𝐿𝐿 > 𝑓𝑓1 + 𝑓𝑓2 )

•
•

First make an image using one lens. Use the half-screen or index card to find the image.
Place the second lens one focal length away from the image formed by the first lens.

3. Adjust your lenses until you can see a clear image when you look through the eyepiece.
Describe the image: Is it real or virtual? Inverted or upright? Magnified or reduced? Does
this agree with what you saw through the real microscope?
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4. Sketch your microscope below. Include the locations of each element on the optics bench.

5. Sketch a ray diagram of the microscope on your optics bench.

6. Use the thin lens equation to predict where the final image will appear. (For two lenses, this
will be a two-step process.)

7. The final image ends up near infinity! How does the eye help us to see something that is
infinitely far away?

8. Note that the image formed by the objective lens is approximately at the focal point of the
eyepiece. What is the purpose of this? Why would we want a microscope set up in this way?

9. Virtual images cannot be projected onto a screen. How can you see a virtual image? Explain
using what you know about how the eye works.

86

Optical Instruments: Student Reader

10. Calculate the magnification of your microscope using the equation derived in the reading:
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = −

𝐿𝐿 25 cm
�
�
𝑓𝑓𝑜𝑜
𝑓𝑓𝑒𝑒

11. Which lens, the objective or the eyepiece, has the longer focal length? How does this
compare to the telescope? Explain why there is a difference.

12. How is your optics bench “microscope” similar to and different from a real microscope?
How could you modify the physical set up to improve on this as a model?

You’ll see many biological microscopes will have 100x or 40x stamped on them. This tells us
how much the eyepiece will magnify the object when used with your eye. This does not include
the additional magnification from the objective. Note that the magnification is often reported as
positive, even though we know that the image is inverted.
13. A standard biological microscope has an 8.0 mm focal length objective and a tube length of
160 mm.
a. What focal length eyepiece should be used to achieve a total magnification of 100x?
b. If the original cell you look at is 10 µm in diameter, how large would it appear
through the microscope?
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Project: Manchester's Magiscope
The final project for the optics unit requires you to design a novel device: a Magiscope. The
Magiscope was designed by Frank. X. Marx in 1939 as a “magical telescope” that would allow
children to view Santa working at the North Pole. Below is an excerpt from a story about the
rediscovery of the mysterious Magiscope that ran in the Isthmus in 2011. 6
Terry Schar sent us the following note:
“Anybody else remember the magical
telescope in Manchester's Square Store?
You peered into the eyepiece and you
could see all the way to inside Santa's
workshop at the North Pole, and actually
see them working! I never did figure out
how they did that!” …
It turns out Terry Schar’s memory is all
the more remarkable because the magic
telescope apparently was only at
Manchester’s for one single Christmas
season — way back in 1939. It wasn’t
until two years later, 1941, that the
secrets of the telescope and how it
worked were revealed to a perplexed
Madison population. …

Figure 1: Children enjoying the Magiscope at a Madison,
WI department store in 1938.
(Image credit: Wisconsin Historical Society)

From [a newspaper article on] January 17, 1941: “An amusement device which has just been
patented has a large and impressive telescope through which the looker seems to be watching a
scene at a great distance, but actually, by the use of a small telescope and an arrangement of
mirrors, he is looking at a subject on the next floor through a small, unnoticed hole in the ceiling.
(U.S. Patent 2,222,084. Harry S. Manchester, Inc. Madison, Wis.)
The article continues: “Remember it? It’s just U.S. Patent 2,222,084 now, but when it was on the
fourth floor of Manchester’s during Christmas 1939, it was the marvelous, mystifying Magiscope.
And that’s no fooling either! Not only were the youngsters who came up to look at Santa Claus
through the Magiscope mystified, but their parents and even some of the most noted scientists at
the university (who also came up to have a peek) were also completely at a loss to explain it. But
now that S.N.L. has let the cat out of the bag, I might as well tell you the rest.”
“The huge telescope, you remember, was sticking out of the east windows and, apparently you
were looking through it off in the direction of Milwaukee. What you saw, however, apparently
was a scene at the north pole, with a living, talking, moving Santa in it. Some folks thought he
was out on the top of Oscar Mayer’s, others that he was in a top-floor room at the Madison
hotel... but all the time he was right up there on the fifth floor at Manchester’s, and his image was
being reflected down into the telescope through a hole no larger than a dime in the ceiling.”

6

“Lost Madison” is a Facebook site devoted to preserving and sharing historical images of Madison, WI. This story
appeared on their website in December 2012. For the full story, see:
https://www.facebook.com/media/set/?set=a.394916373916441.92986.339942466080499&type=3
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Figure 2: Ad in the local paper for the Magiscope. (Image credit: Capitol Times)

The patent application gives some more details about Marx’s invention (see the following
pages), but it leaves out exactly which lenses he used to build the device. This was likely
intentional so that he could patent the idea, and not one particular design. He states at the end of
the patent application:
It will be obvious that various modifications may be made without departing from the spirit and
scope of my invention, and hence I do not wish to be limited in any particular, but rather what I
claim as my invention is shown by the appended claim. (Marx, 1940)

Your task is to act as an optical engineer to design a Magiscope. You have your
understanding of lenses and other optical devices, as well as Marx’s patent application to help
you. Note that there is no one right answer to this puzzle. As Marx states above, there are many
ways to design the Magiscope!
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Figure 3: Original patent application for the Magiscope. Marx, F. (1940). US Patent 2,222,084.
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Magiscope Project Guidelines
Your task in this project is to design a Magiscope like the one described in the article. You have
the diagram from the patent application to get you started, but you’ll need to fill in the details.
Start by figuring out what the final image should look like:
•
•
•

Is it real or virtual?
It is upright or inverted?
What is the angular magnification? What is the lateral magnification?

The written part of your final report should be 2-3 pages, and include the following information:
•
•
•
•
•
•
•

How is this instrument like a telescope? What are the similarities and differences?
Estimate the distance to Santa, the length of the telescope, etc. Explain your reasoning.
What combination of lenses and mirrors would you use? What would the focal length
be?
A detailed description of the assumptions you are making about distances, magnification,
etc.
A summary of the process you used to solve the problem. What was your strategy?
Show all calculations, and clearly label all equations you used to solve the problem.
Also include a clear ray diagram of how the light travels through the Magiscope from
Santa to the child viewing the image through the eyepiece.

Special note on writing about physics
The purpose of this project is to have you apply physics concepts to a real design problem. When
you explain your design decisions, be as explicit as possible about their connections to physics.
This is what makes this a college project, and not a middle school level project.
A middle school student might write:
“We added another lens to flip the image.”
A good physics student would write:
“We added a converging lens to the system to invert the image. We decided to use a lens
with a focal length of 10 cm based on calculations done using the thin lens equation. The
thin lens equation gives us the relationship between the object distance (p), image
distance (q), and focal length (f):
1

𝑓𝑓

1

1

= 𝑝𝑝 + 𝑞𝑞

(1)

Substituting in the desired image and object distances, we used equation (1) to calculate
the focal length.”
Note that in physics, equations are always written on a separate line in the text and numbered.
The number makes it easy to reference the equation from the text. Always include sample
calculations to demonstrate how you used the equations.
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Project Rubric
Criteria
Introduction
• Give a brief introduction to the paper and explain the context for the
problem you are solving.

Points
earned

Points
available
5

Explained physics clearly and accurately, including:
• How is this instrument like a telescope? What are the similarities
and differences?
• What combination of lenses and mirrors would you use? What
would the focal lengths be?
• Equations are written out on separate lines and numbered.
Equations are referenced in the text and all parameters are
explained.

15

Explained process used to solve the problem, including:
• Estimate the distance to Santa, the length of the telescope, etc.
• What would you estimate is the apparent magnification?
• A description of the assumptions you are making about distances,
magnification, etc. Justify all assumptions.
• Show all calculations, and clearly label all equations you used to
solve the problem.

15

Ray diagram:
• Include a clear ray diagram of how the light travels through the
lenses in the Magiscope from Santa to the child viewing the image
through the eyepiece.
• It is okay to make two ray diagrams, one for the upstairs and one for
the lower level.
• Label all distances and focal lengths.

5

Writing mechanics:
• Paper is well-written, proof-read, and free of spelling and
grammatical errors.
• Paper is structured in a logical manner, including an introduction
that articulates the problem being solved.

10

TOTAL
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50
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