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What Do You Think?
A boy asks one girl for a date, and she answers
“yes.” Another boy asks a second girl for a
date, and she answers “no.” The same “cause”
did not produce the same “effect.”

• In what situations does the same “cause” always
produce the same “effect”?

• In what other situations does the same “cause” not
always produce the same “effect”?

In your Active Physics log, write down one cause-effect
relationship that always holds and one cause-effect
relationship that only holds occasionally. Be prepared to
discuss your responses with your small group and your
class.

For You To Do
In order to better understand the structure of
the atom, you need to better understand the
behavior of electrons. To understand electrons,
you will first look at the nature of light.

GOALS
In this activity you will:

• Observe the diffraction of
light waves.

• Observe the interference
of sound waves.

• Observe the interference
of light waves.

• Create a model of wave
interference.

• Measure the wavelength of
light using a Young’s
double slit apparatus.

• Solve simple problems of
the photoelectric effect.

• Describe the wave-particle
duality of light.

• Describe the wave-particle
duality of electrons.

• Represent an electron
confined to a one-
dimensional box and note
the probability of where
the electron will be
located.

Activity 5 Extending and Amending the Model
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1. Shine a laser beam against a wall. Trace the beam onto a
piece of paper and measure its thickness.
a) Record your measurement.
b) Place a single slit in front of the beam. Measure and

record the thickness of the beam again.
c) Place a thinner slit in front of the beam. Measure and

record the thickness a final time.
d) What happens to the width of the laser beam as it passes

through a smaller and smaller opening?

The process of light bending as it squeezes through a small
opening is called diffraction. Light bending around an edge is
also referred to as diffraction. Diffraction is one of the
properties that water waves and sound waves exhibit. This
leads us to the conclusion that light is a wave.

2. In the diagram shown, water waves have traveled through
two openings. The solid lines represent the crests of the
waves. The dotted lines represent the troughs of the waves.

a) Sketch the diagram in your log.
b) When waves meet, they interfere with one another.

Constructive interference occurs when the crests of the
first wave meet the crests of the second wave. Constructive
interference is where you would see large disturbances in
the water. On the sketch, mark with an X the regions of
constructive interference where the crests intersect.

c) Destructive interference occurs when the troughs of one
wave meet the crests of the other wave. Destructive
interference is where you would see undisturbed water. Mark
with an O the regions of destructive interference where the
crests of one wave interact with the troughs of another.

d) There are lines of constructive interference which can be
seen from the pattern of Xs. Add these lines. There are
lines of destructive interference formed by the pattern of
Os. Add these lines as well.

As you can see, there are positions of constructive
interference (lots of movement of the water) and positions
nearby of destructive interference (where the water is still).

3. Hit a tuning fork gently against a rubber stand. Place the
tuning fork near your ear. Slowly rotate the tuning fork so
that one prong gets closer to the ear while the other gets
further away. Listen carefully to the volume of the sound.

Never look directly
at a laser beam or shine a
laser beam into someone’s
eyes.Always work above the
plane of the beam and
beware of reflections from
shiny surfaces.

Do not touch 
the vibrating tuning fork 
to your skin, especially 
near your ear.
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a) Record your observations in your log.
b) A tuning fork produces identical sounds from each prong.

At one orientation from the prongs to your eardrum, you
heard a loud sound. This was constructive interference.
When the orientation from the prongs to your ear was
different, the sound diminished. The interference of waves
is another property of wave behavior. If you are unsure
that you observed the interference of sound, listen to the
tuning fork again.

4. Shine a laser beam through two slits or a diffraction grating
made up of many slits. Direct the beam at a distant wall.
Observe the pattern of the light on the wall.

a) Record your observations in your log.
b) From your observations, what can you conclude about the

ability of light to interfere? Explain.

On the distant wall you will see places where the light from
neighboring slits interfere constructively (there is maximum
light) and places where the light interferes destructively
(there is little or no light). Evidence of the interference of
light would seem to prove that light behaves like a wave.

c) Water and sound travel in waves. From your observations,
what could you conclude about how light travels? Explain.

5. You can use the
interference of light
to measure the
wavelength of light.
Mount a diffraction
grating in the path of
a laser beam. Mount
a screen several
meters away from the
grating as shown.
Observe the pattern
of spots on the
screen.

x

L

Grating

Laser

Screen

about 1
 m

Never look directly at
a laser beam or shine a laser
beam into someone’s eyes.
Always work above the plane 
of the beam and beware of
reflections from shiny surfaces.
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a) Measure and record the separation between one spot and
the next, x.

b) Measure and record the distance from the grating to the
screen, L.

c) Measure and record the spacing between the lines of the
grating, d. Alternatively, you can use the spacing given by
the manufacturer.

6. From your measurements, find the wavelength of the light.
You will use the following equation:

� = �
d
L
x
�

where � is the wavelength of laser light,
L is the distance from the grating to the spot on the screen,
x is the separation between the spots,
d is the spacing between lines in the grating.

a) Show your calculations in your log.

The Photoelectric Effect

Now that you have found that light behaves like a wave and
measured its wavelength, you can turn to the puzzle of the
20th century that Einstein solved. The puzzle had to do with
the behavior of light when it freed an electron from a metal.
In the photoelectric effect, beams of light shine on metals.
Some wavelengths (and frequencies) of light will always free
electrons, while other wavelengths (and frequencies) will
never free electrons.

7. Why do some wavelengths (and frequencies) of light always
free electrons, while other wavelengths (and frequencies)
never free electrons? To understand the photoelectric effect,
think of using a vending machine.
A vending machine sells potato chips. Suppose a bag of
potato chips costs 10¢. The machine is not able to add coins.

• If you place 10¢ in the machine, a bag of potato chips
comes out.

• If you place 5¢ in the machine, your 5¢ is returned.
• If you place 25¢ in the machine, a bag of potato chips

comes out and you get 15¢ in change.
• If you place two nickels in the machine, the two nickels

are returned (the machine cannot add coins).
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a) What would happen if you placed a 50-cent piece in the
machine?

b) What would happen if you placed 20 pennies in the
machine?

c) What would happen if you placed a $1.00 coin in the
machine?

d) An equation that could describe the behavior of the
machine would be:
returned money = money inserted – cost of chips.
Does this equation work for the examples above?

In the photoelectric effect:

• Some frequencies of light will free electrons. The brighter
the light, the more electrons freed. This is similar to
having lots of dimes to place in the chip machine.

• Some frequencies of light will never free electrons, regardless
of how much light there is. This is similar to having lots of
pennies or nickels to place in the chip machine.

• Some frequencies of light will free electrons and give them
lots of kinetic energy. This is similar to quarters being
placed in the chip machine. Each quarter gets a bag of
chips and some change.

An equation that describes the photoelectric effect is:
kinetic energy of freed electron = 
energy of light – energy required to free an electron (work
function).

KEelectron = Elight – wo

The energy of the light Elight is equal to hf where h is Planck’s
constant (6.63 � 10–34 Js) and f is the frequency of light.

The photoelectric effect explanation makes sense only if light
were behaving as a particle and there were a collision
between the photon and the electron.

8. Light and electrons both exhibit wave and particle behavior.
This wave-particle duality is the hallmark finding of the 20th
century conception of matter. The electron’s particle
characteristics include its mass, its charge, and its ability to
hit a small target.

If an electron had wave properties, then it would have a
wavelength. Bohr’s electrons are in fixed orbits because only
specific circumference orbits would be equal in length to
multiples of the wavelength of the electrons.
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a) Draw a circle about a nucleus. Try to draw a wave so that
it meets perfectly. See the diagram for one such example.

9. Imagine placing an electron in a one-dimensional box. A 
one-dimensional box is a line segment. The electron can move
back and forth along the line segment. The electron that can
exist in the box must have a specific wavelength and
corresponding energy. This wavelength is dependent on the
dimensions of the box. A few possibilities are shown.

a) Draw two additional waves that could fit in the box.

10. The probability of finding the electron at any location is equal
to the square of the amplitude of the wave that fits in the box.

• In the places where the square of the amplitude is large,
there is a high probability of finding the electron.

• In the places where the square of the amplitude is small,
there is a small probability of finding the electron.

• In the places where the square of the amplitude is zero,
there is no probability of finding the electron.

a) Copy these diagrams in your log and describe where you
would expect to find the electrons and where you would
not expect to find the electrons.

The wave does not fit.
This is not a permissible
Bohr orbit.

The wave fits.
This is a permissible
Bohr orbit.

The amplitudes of three waves.

Physics Words
diffraction: the ability of a
wave to spread out as it
emerges from an opening
or moves beyond an
obstruction.

constructive interference:
the result of superimposing
different waves so that two
or more waves overlap to
produce a wave with a
greater amplitude.

destructive interference:
the result of superimposing
different waves so that two
or more waves overlap to
produce a wave with a
decreased amplitude.

photoelectric effect: the
emission of electrons from
certain metals when light
(electromagnetic radiation)
of certain frequencies
shines on the metals.

photon: a particle of
electromagnetic radiation;
a quantum of light energy.

model: a representation of
a process, system, or object. 
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FOR YOU TO READ

Developing the Schrödinger
Model

Light is everywhere.You can see because of
light, but it is unusual to see light beams.When
you do see light rays piercing through the
clouds or a laser beam intensely moving
forward, you recognize that light travels in
straight lines. In this activity you found out that
light may also travel a curved path as it
squeezes through a small opening.

The process of light bending as it squeezes
through a small opening is called diffraction.
Light bending around an edge is also referred
to as diffraction. Diffraction is one of the
properties that water waves and sound waves
exhibit.This leads toward the conclusion that
light might also behave as a wave.

You then explored another property of water
and sound waves.When water waves meet,
they interfere with one another. Constructive
interference occurs when the crests of a
wave meet the crests of the second wave and
there is lots of movement of the water.
Destructive interference occurs when the
troughs of one wave meet the crests of the
other wave and the water remains still.

You used a tuning fork to investigate if sound
waves also interfere.A tuning fork produces
identical sounds from each prong.At one
orientation from the prongs to your eardrum,
you heard a loud sound.This was constructive
interference.When the orientation from the
prongs to your ear was different, the sound
diminished.The sound from one source can
meet with the sound from another source and
produce silence! The interference of waves is
another property of wave behavior.

If light behaves like a wave, then it, too, must
show interference.When you shone a laser
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beam through two slits onto a distant wall, you
saw places where the light from neighboring slits
interfered constructively (there was maximum
light) and places where the light interfered
destructively (there was little or no light).
Evidence of the interference of light would seem
to prove that light behaves like a wave.The
colors you see when light reflects off a CD are
interference effects.You were able to use the
interference of light to measure its wavelength.

After you found that light behaves like a wave
and measured its wavelength, you turned to
the puzzle of the 20th century that Einstein
solved.The puzzle had to do with the behavior
of light when it freed an electron from a metal.
In the photoelectric effect, beams of light
shine on metals. Some wavelengths (and
frequencies) of light will always free electrons,
while other wavelengths (and frequencies) will
never free electrons. Light of high frequency

(ultraviolet light) frees many electrons and gives
them kinetic energy. Light of low frequency (red
light) is not able to free any electrons.

Einstein derived the following equation for the
photoelectric effect in 1905:

KEelectron = Elight – wo

The energy of the light Elight is equal to hf
where h is Planck’s constant (6.63 � 10–34 Js)
and f is the frequency of light. It was this
equation (not his Theory of Relativity) for
which Einstein won the Nobel Prize in physics.

The photoelectric effect explanation makes
sense only if light were behaving as a particle
and there were a collision between the photon
and the electron.The extraordinary conclusion
is that light sometimes behaves as a particle (the
photoelectric effect) and sometimes behaves like
a wave (diffraction and interference effects).

Now consider the behavior of electrons.
Electrons hit the front of your TV screen and
make a temporary mark. Electrons have a mass
(9.1 � 10–31 kg) and a charge (1.6 � 10–19 C).
Electrons behave like particles. Electrons can
also interfere. Clinton Davisson and Lester
Germer demonstrated this by shooting
electrons through a metal crystal foil.They
observed some locations on a distant screen
where many electrons landed and other
locations where no electrons landed.This was
explained as an interference effect of electrons.
Electrons, like light, can sometimes behave like
a particle and sometimes behave like a wave.

If electrons have wave characteristics, then you
can expect some unusual behavior. If you place
an electron in a one-dimensional box it can

➔
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move back and forth along the line segment.
When you try to locate the position of the
electron, you never find it at the very edge of
the box.This is not surprising since you would
expect the electron to rebound off the walls at
the end of the line segment. In the activity you
found that there are times, surprisingly, where
you also never find the electron in the middle
of the box.This is quite peculiar.

You may be wondering how the electron gets
from one side of the box to the other if it is
never found in the middle of the box.The
explanation is that the electron does not
behave like any particle or billiard ball that you
are familiar with.You need both the wave and
particle languages to fully explain the electron.
The electron is neither a wave nor a particle—
it’s an electron.This need for both models is
called the wave-particle duality.A key to
understanding wave-particle duality is to
recognize that waves and particles are
models.They are conceptual representations
of real things.Wave and particle models are
based on experience with water and billiard
balls.The “real” nature of an electron is well
beyond the range of immediate experience.

Electrons move about the nucleus and in
particle language they move in a restricted
orbit. However, the model for the structure of
the atom also includes a wave model.The
electron may move about the nucleus, but it is
not restricted to fixed orbits.The electron has
wave properties.The best one can do is to
describe the probability of where the electron
can be found and where it cannot be found.
Bohr’s orbits correspond to locations where
the electron in three dimensions is most likely
to be found. Each orbit corresponds to the
most probable location for an electron of

specific energy.The equation that describes the
electron wave and its corresponding
probabilities is the Schrödinger equation.
It is out with the Bohr model and in with
Schrödinger’s model. In the Schrödinger model,
light is given off or absorbed by the electron
when the electron wave pattern changes.

The quantum world is not the like the
everyday world you experience.The classical
view of the world makes sense, but does not
provide a complete picture.The quantum
world appears to contradict common sense,
but it gives correct answers.All the numerical
results from predictions based on the
Schrödinger model are accurate. It is a
dilemma. Do you go with the theory that gives
all the right predictions but runs counter to
common sense OR go with common sense
that does not give accurate experimental
results? What do you think?

Austrian physicist Erwin Schrödinger
(1887–1961). He shared a 1933 Nobel

Prize for new formulations of the
atomic theory.
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Reflecting on the Activity and the Challenge
In this activity, you found out that light behaves like a particle
in the photoelectric effect and like a wave in diffraction and
interference effects. Similarly, electrons behave like particles
when they hit a screen and like waves when they move about
the nucleus. The atomic model has gotten more complex. You
can no longer predict where the electron can be, but only where
it is likely to be and where it will never be. Depicting the
probability of electron location in an atom will be quite an
undertaking for your museum exhibit. Light is given off when
the wave pattern (and the probability locations) changes. Your
museum exhibit may require you to help visitors explain what
an interference effect is and how it is evidence of wave
behavior. You may choose to focus on where the electron is
found in a 1-dimensional box. Creativity and your imagination
will be required to make this part of your exhibit interactive
and scientifically correct.

Physics To Go
1. Describe two differences between particles and waves.

2. Someone decides that a laser beam is not thin enough. They
decide to pass the beam through a very thin slit to slim it
down. Will this work? Explain.

3. What was the principal understanding that emerged from
Einstein’s explanation of the photoelectric effect?

4. A baseball is bouncing back and forth between two walls. An
electron is trapped in a similar “box.” How does the ball’s
behavior differ from the electron’s behavior?

5. Suppose the probability function (wave) for an electron in a
box is represented below.

a) In which locations would you likely find the electron?
b) Where would you never expect to see the electron?
c) If the electron were to lose energy, how would the

probability function (wave) change?
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6. Describe three things wrong with this familiar diagram of
an atom.

7. In the photoelectric effect, a 10 eV photon of light frees an
electron from a metal with a work function of 4.2 eV. What
is the energy of the emitted electron?

8. The equation for the photoelectric effect is:
KEelectron = Elight – wo

Explain what each of the terms in the equation represent.

9. In designing your museum exhibit, what might be a
creative way to show the unusual behavior of an electron in
an atom?

10. For your museum exhibit or perhaps a product for the
museum store, can you invent a photoelectric-effect bank?
How would it work?

11. The great physicist Niels Bohr once suggested that if the
behavior of the electron makes sense to you, then you don’t
understand it at all. Describe some strange behavior of the
electron.

12. In the For You To Read section you were asked what you
would do: go with a theory that gives all the right
predictions but runs counter to your common sense OR go
with your common sense that does not yield accurate
experimental results. Explain your answer to this question
and the reasoning you used. (Consider that common sense
is based on experience.)
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