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Types of Waves

-For clarity, it may be necessary to distinguish the type of wave that the slinky is being
used to demonstrate. A student might think that every type of slinky wave

represents a light wave. But depending on the age group, this might be too
much information to address.

Longitudinal Wave
Farticle Movernent Sound wave/slinky analogy
e

TN A

Transverse Wave
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Coming Soon...

V“sual Quantﬁi‘n‘f
Meqhanll,csa_ =i

The Visual Quantum Mechanics (VQM) project has created a series of teaching/learn-
ing units to introduce quantum physics to high school students and college students
with little background in science or mathematics.

In the attached sampler you will see parts of a few lessons for teaching quantum
physics to this group. Much of the learning is related to simple devices such as
the light emitting diode (LED), gas lamps, and chemical light sticks. This sampler
does not contain all of the activities which students would do. Instead you will
experience a few of the highlights.

Instructional Units
Solids & Light - Luminescence - Potential Energy Diagrams - Waves of Matter
Software
LED Constructor * Diffraction Suite -+ Quantum Motion * Quantum Tunneling
Spectroscopy Laboratory Suite - Wave Packet Explorer - Wave Function Sketcher
Probability lllustrator - Making Waves - Hydrogen Spectroscopy * Bound States
Energy Band Creator - Energy Diagram Explorer
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Name: Class:

s““ns Visual Quantum Mechanics
LIGHT

PART A
Exploring Light Patterns

Goal

in this activity we will closely examine the light emitted by gas lamps,
incandescent bulbs and LEDs. From these dbservations we will then
attempt to build a conceptual model of light emission from atoms.

We will use a “photon” model for light as the basis for our investigations. In our investi-
gations we will be particularly interested in the energy of the light emitted. Two factors ---
brightness and color --- contribute in different ways to the energy of light.

Color

Atoms emit light in small packets of energy . These packets are called photons. Each
individual photon contains an amount of energy that is related to its color. So, if we wish
to discuss the energy of one of these photons, we need to know its color.

Low energy photons: Infrared
Red
Orange
Yellow
Green
Blue
Violet

Higher energy photons:  Ultraviolet

E = hf

Each photon of visible light carries a very small amount of energy. This energy ranges
from about 2.56 x 10 Joules for red light to 4.97 x 10 Joules for violet. Using these
very small numbers is inconvenient, so we will use different units - the electron volt (eV).
In these units, visible light energies range from about 1.6 eV (red) to 3.1 eV (violet) -
much easier numbers to deal with.

Kansas State University

@2001, Physics Education Research Group, Kansas State University. Visual Quantum Mechanics
is supported by the National Science Foundation under grants ES| 946782 and DUE 965288.
Opinions expressed are those of the authors and not necessarily of the Foundation.
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Brightness

The brightness of the light is related to the number of photons emitted. A dim light will
emit fewer photons than a bright light. Thus, we have two measures of energy — bright-
ness and color. Because color is related to the light from each individual atom, we will

concentrate on it.

Most light is composed of several different colors. To separate the colors we use a
spectroscope.

Caution: (1) Some power supplies for gas tubes have exposed metal con-
tacts. Because the gas lamp is a high voltage light source, do
not touch the metal contacts that connect the gas tube to the
power supply.

(2) Never look at the sun or a tanning lamp with a spectroscope.
Eye damage may occur from brightness and from high energy
ultraviolet photons.

On the following scales, draw the pattern of emitted light observed with the spectroscope
for three gas lamps.Hn"t Use colored pencils or markers to indicate the position of color(s).

Add a written description to record which colors seem bright

Light Patterns Emitted by Gas Lamps

Hydrogen or

Color of the light without spectroscope

17 1i3 1% 20 22 24 '-»‘1,5 2'8 ap a2 J’.G o
| | | f 1 i !

0 " | om I T

Helium or

Color of the light without spectroscope

1].71.8 14 20 22 24 28 28 30 32 26 o
1 | i 1 ) { t

m 0 o | e | nm

Hint To ensure that the light patterns are clearly visible, position the vertical slit of the spectrometer
(found on the end with a screen) so that it is directly facing the light source and, if possible, hold
the spectrometer less than a foot away from the light source. Dim the lights of the room so that the
light patterns may be seen. The room, however, should be lighted enough for the energy scale to be

seen.



Mercury or

Color of the light without spectroscope
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in the table below record the color of light emitted: by each gas lamp that is related to the
greatest and least energy per photon.

Gas

Greatest Energy

Least Energy

? How can you tell which particuiar coior of light emitted by each gas lamp

results in the greatest number of photons emitted?

in the table below record the color(s) of light for which the greatest numbers of

photons are emitted by each gas lamp.

Gas

Greatest Number of Photons
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Now use the spectroscope to observe the light pattern emitted by the clear incandescent
lamp. Connect the incandescent lamp to the circuit provided. We will observe the light
emitted by the incandescent lamp with the spectroscope when it is at maximum bright-
ness.

? On the following scale, draw the pattern of emitted light observed with the spec-
troscope for the incandescent lamp. Use colored pencils or markers to indicate
the position of observed colors. Add a written description to indicate any colors
that are brighter or dimmer than others do.

Light Emitted by the Clear Incandescent Lamp

17 12 18 Z]D 22 A '.’l.ﬂ 28 30 32 36 o
| | | | i | f i

w | e | o | nm

Now look at the spectra of one colored incandescent lamp. Record the spectrum below
and indicate the portion of the spectrum with the brightest light.

Color of light

17 18 18 20 22 214 28 28 30 2 35 oY
| | | | | | .| i 1

m | e | s | nm

The pattern of light emitted by gas lamps is called a discrete spectrum. These light
patterns appear as a limited number of bright lines of certain colors. The pattern of light
observed for the incandescent lamp is called a continuous spectrum for its broad
pattern of various colors with no dark regions.

Reduce the brightness of the incandescent lamp by using the potentiometer and the
trimmer tool.

? What do you notice about the color of light that is emitted as you reduce the
brightness to the point where light is barely visible?
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We will now compare the spectrum emitted by the LED to those emitted by the gas lamps
and the incandescent lamp. The best way to observe the light spectrum emitted by the
LED is to look at the top of the LED down from above. Recall that the LED focuses light

through the top.

Spectrum emitted by a LED.

17 \B 1& 20 2Z 24 28 28 30 22 26 o
(- [ i [ - i

P I w0 ") I nm

Summarize the results of your observations of the LEDs by completing the table below.

Energy (in eV) of
LED Color(s) of Light Observed Brightest Light Observed
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Summarize the results of your observations of the light emitted by each source, their
spectra and their physical characteristics by completing the table below with the differ-
ences and similarities among the three light sources.

Light Source Gas Lamps Incandescent Lamps LEDs

Gas Lamps

A,

Incandescent /{}'
Lamps O/& 1 Q¢

As we stated above, gas atoms have fewer interactions than atoms in solids. The spectra
for gases show only a few energies while the spectra of solids contain a large number of
energies. This observation is a hint that light emission from gases might be less com-
plex than emission from solids. So, we will concentrate on gases in the next activity.



Name: Class:

sn“ns Visual Quantum Mechanics
LIGHT

PART B
Building Energy Models for Atoms

Goal
You will use your observations of gas spectra to build a model of ener-

gies in an atom.

An electron in an atom loses energy equal to the difference between two energy values.
The energy lost by the electron appears in the form of light. The energy difference deter-
mines the energy and, thus, the color of light emitted by the atom.

We will now use Spectroscopy Lab Suite to see how the spectra of light emitted by
gases can help us understand more about the energies in an atom.

In Spectroscopy Lab Suite, select Emission under Gas Lamps. Figure B-1 shows the
screen that appears. In this program, we can

[ ] Select a gas tube and drag it to the socket that is just above the lamps.
Some of the light in the spectra for that gas will appear at the top of the
screen.

[ ] Add energy levels for an electron in a potential energy diagram by using
the Add Energy Level button.

[ ] Move the energy levels by selecting them at the left of the vertical energy
scale and dragging them to the desired position.

[ ] Create transitions (represented by vertical arrow) by selecting the

electron’s initial energy on the right of the energy scale. (It turns green.)
Drag the transition arrow to the electron’s final energy. When you reach the
final energy, it will turn green.

@2001, Physics Education Research Group, Kansas State University. Visual Quantum Mechanics is
supported by the National Science Foundation under grants ESI 945782 and DUE 965288. Opinions
expressed are those of the authors and not necessarily of the Foundation.

Kansas State University
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| This process will enable you to create an energy level model of the light
emitting process in an atom. From the results you will be able to learn
about energy levels in atoms. A colored spectral line on the screen above

the potential energy diagram will indicate the light emitted by the transition.

If the light is not in the visible region of the spectrum, it will not appear on
the screen.

| Move any of the energy levels after you have created a transition. Begin
with hydrogen. Follow the procedure on the previous page to place the
hydrogen gas tube in the socket. Some of the spectral lines for hydrogen

will appear in the top spectrum.
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Figure B-1: Gas Lamp Spectroscopy Computer Program

Begin with hydrogen. Follow the procedure on the previous page to place the hydrogen
gas tube in the socket. Some of the spectral lines for hydrogen will appear in the top
spectrum.

Create energies and a transition that will match one of the spectral lines of hydrogen. The
spectrum that you create appears on the lower spectrum.
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Create and move energy levels until the bottom spectrum matches the spectrum of
hydrogen as shown in the top spectrum.

Sketch the resulting energy level diagram for hydrogen in the space below.

? How many energy levels are needed to create these three spectral lines?
? How many electron transitions are needed to create these three spectral lines?
? What other, if any, possible electron transitions can take place with the energy

levels illustrated on your screen?

Compare your energy diagram with the diagrams created by others.

? How are they similar?

? How are they different?

At this time none of the energy diagrams is more right or wrong than the others. We do
not have enough information to distinguish exactly what transitions or initial and final
energies occur in nature. Our model is limited by the knowledge that we have. Thus, all
sets of energies and transitions that reproduce the spectrum are equally correct. (Scien-
tists have more information to help distinguish the various possibilities, but that is not
needed for our purposes.)

Advanced

You may like to refine your energy model of hydrogen by using the program Hydrogen
Spectroscopy. It includes spectral lines from the infrared and ultraviolet regions.

B-3
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We can create energy diagrams that provide all of the spectral lines rather easily. We
need only a few energies to have sufficient transitions for all of the visible light. From
this construction we conclude that an electron in an atom can have only a few energies.
Otherwise we would see light of many more colors. This conclusion is somewhat sur-
prising. When an electron moves in an atom, it might seem that the electron could have
any one of many energies. But, nature does not behave that way. Instead electrons in
atoms are limited to a very few discrete energies. We call these energies the allowable
ones.

Repeat the steps to determine the energy levels and transitions necessary to produce the
spectral lines emitted by another gas.

Sketch the resulting energy level diagram for the second gas in the space below.

? How is the energy level diagram for the second gas similar to the diagram for
hydrogen?
? How are they different?

Up to this point, we have learned that light is produced when electrons make transitions
in atoms. If they have high energy, they naturally lose it in the form of light as they move
to a lower energy level. In a normal situation the electrons will be in a low energy level.
They must first be given energy to attain high energies so that it can naturally lose that
energy. An external energy source, such as electricity must supply that energy. This
process is illustrated in Figure B-2.
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| - External
Energy
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@
Electron in low Electron changes to
energy state a high energy state

Light
Emitted

A 4
(c)

Electron emits
energy as light

Figure B-2: Gain and Loss of Energy by Electrons in an Atom

The electrical properties of an atom uniquely determine what energies its electrons are
allowed to have. So, even though the Gas Lamp Spectroscopy computer program
allows you to adjust the energies available to the electrons, these energies are fixed at
very specific values by the electrical properties of the atom.

Because the atoms of each of the elements have a unique set of energies, the light
given off by a material can be used to determine the type of elements present. This
property is used to learn about the composition of distant stars as well as substances

on earth.
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Name: Class:
snM§ & Visual Quantum Mechanics

PART D
Adopting Energy Models to Explain
LEDs and Incandescent Lamps

Goal .

With the help of computer programs, we have been able to use the en-
ergy level diagram to explain the spectra emitted by gas lamps. We will
now apply what we have learned to explain the spectra emitted by LEDs
and incandescent lamps..

LEDs

Our study of gas spectra has led us to the conclusion that only certain energy levels can
exist in a gas atom. Now, we wish to extend our investigation to solids so that we under-
stand how LEDs emit light. As a first step we will explore how we might create a spec-
trum similar to that of an LED.

Open the Emission version of the Gas Lamp Spectroscopy computer program and place
the unknown gas tube in the gas lamp socket.

When the unknown is in the socket, you can create your own spectrum by dragging the
lines near the top of the screen. Edit the energy values for the computer-generated

spectral lines so that the spectrum is similar to the spectrum of one LED that you previ-
ously observed.

Create an energy level diagram for an atom that could produce this spectrum.

In the space below sketch this energy level diagram.

@2001, Physics Education Research Group, Kansas State University. Visual Quantum Mechanics is
supported by the National Science Foundation under grants ESI 945782 and DUE 965288. Opinions
expressed are those of the authors and not necessarily of the Foundation.

Kansas State University
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This exploration shows us that we could get a spectrum similar to that of an LED by
having several closely spaced energy levels. When we look at the spectrum of an LED,
we see a broad spectrum with no dark regions in it. So, atoms in an LED must have
many energy states that are extremely close together. No real gas has the energy levels
to create this type of spectrum. We can create it only on a computer with our “un-
known” gas. So, we must look beyond gas atoms to explain the spectra of LEDs. This
conclusion is not surprising because LEDs are made of small bits of solids.

Solids have many atoms that are close together and interact with each other. These
interactions create very closely spaced energy levels. In addition to having energy
levels which are very close together, a solid has an extremely large number of levels -
literally billions and billions. Because of the large number and the close spacing we
treat each group as a band of energy level. When you tried to match an LED spectrum
with the Emission Spectroscopy program, you created something similar to an energy
band with just a few levels. A solid may have several bands of energy. However, only
two of the bands are involved in light emissions. (So, it works just like the model you
created with closely spaced spectral lines.) The band with the highest energy contains
electrons that cannot leave the solid but are not firmly attached to any atom. They can
move throughout the solid. This freedom of motion allows these electrons to carry {or
conduct) energy through the solid. So, we call this band the conduction band.

Electrons that have energies in the next lower band are bound to their respective atoms
more strongly and are unable to break free from the atoms. This lower energy band is
called the valence band. Electrons with these low energies have large negative values
because they require more energy to escape their respective atoms.

Conduction Buand

Energy Gap

"alence |t

Figure D-1: Energy Diagram with a Very Large Number of Solid Atoms

The space between the conduction band and valence band has no allowed electron
energies. This region is called the energy gap.

Now let’s look at how energy bands are related to the spectra of LEDs.
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In the Spectroscopy Lab Suite software package, select LEDs from the main menu.
Figure D-2 illustrates how the screen should appear and provides basic instruction for
using the program.
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Figure D-2: LED Spectroscopy Computer Program

Drag an LED to the LED socket found on the left of the screen. The computer-generated
spectrum emitted by the LED will appear on the top screen.

Click the Add Conduction Band button. A red rectangle that represents the conduc-
tion band for the LED should appear near the top of the energy scale.

Click on the Add Valence Band button. A faded-red rectangle that represents the
valence band for the LED should now appear near the bottom of the energy scale.

The broad, orange vertical arrow represents the allowed transitions for electrons as they
move from any energy in the conduction band to any energy level in the valence band.
As these electrons make transitions, they emit energy in the form of light.

Place the cursor in the center of one of the bands. The band turns green and a hand
symbol appears. You can now change the energy of the band by dragging it up and
down.

Place the cursor on the top or bottom edges of one of the bands. The band turns green
and up-down arrows appear. You can change the range of energies allowed in the band.

As you change the location of or range in a band, you will see the spectrum. Now ma-
nipulate the location and range of both energy bands until the spectra described by the
energy level matches.

D-3
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In the space below sketch the resulting energy band diagram and indicate the range of
energy values (in eV) for each band and the resulting energy gap.

We are now able to apply energy diagrams to explain the spectra of LEDs. However, to
be successful we need to extend the concept of individual allowed energies to allowed
energy bands. The spectra emitted by LEDs is the result of electrons making transitions
from a number of energy levels in the conduction band to a number of energy levels in
the valence band. The electron transitions that are allowed can range from the highest
energy level of the conduction band to anywhere between the lowest and highest energy
levels of the valence band (See A on the left side of Figure D-3.). Other electronic transi-
tions that are allowed can range from the lowest energy level of the conduction band to
anywhere between the highest and lowest energy levels of the valence band (See B of
Figure D-3.). These electronic transitions result in the emission of a broad continuous
spectrum that is concentrated on a particular color (and thus energy) of light. The size of
the energy gap in solids inside an LED determines the color of light emitted by the LED.
Thus, if we know the spectra of light emitted by an LED we can predict its energy gap.

Figure D-3: Ranges of Allowed Transitions for a Solid that Makes Up an LED
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Advanced

The model we developed with energy bands and gaps explained why we see a partial
continuous spectrum for LEDs. They even allowed us to understand why we needed
some minimal energy (voltage) to turn on each LED and why that energy depended on
color. The model does not, however, explain how electrons get into the conduction band
so they can emit light. To understand this process we must expand our model of the LED
energy levels.

The LED chip consists of two solids - a material that has been supplied with donor atoms
and the same material that has been supplied acceptor atoms. We will now use the LED
Constructor computer program to understand how these two materials are combined to
construct a simulation of an LED. Begin the process by opening the LED Constructor
computer program.

In this program, we can:
[ ] Select an LED and drag it to the power supply (LED socket).

[ ] Create an energy band diagram for each of the two semiconductor blocks that
make up each LED.
[ ] Add donors or acceptors to each semiconductor block with a click of the mouse

inside each block and thus create the LED chip.
[ ] Control the voltage applied across the LED by moving the slider.

When the voltage is appropriate, transitions (represented by a vertical arrow) will occur
and light will be emitted. A spectrum will appear below the energy scale.

Drag an LED to the LED socket. The energy bands that appear on both sides of the energy
scale represent the bands and gap for materials associated with these LEDs.

Notice that the valence bands of both semiconductor materials are shaded darker than
the conduction band. This shading indicates that the majority of electrons have energies
associated with the valence bands. Electrons are naturally found in these bands because
they seek the lowest possible energies. Also notice that energy of the energy gaps of
both blocks are the same to represent that the LED is constructed of two blocks of the
same semiconductor.

Now, click on the Add Impurities button. This places acceptors in the left block and
donors in the right block.

? How does adding acceptors — atoms with fewer electrons — affect the energy
bands of the left block?
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? What is the effect on the energy bands of adding donor atoms to the right block?

? Do the sizes of the energy gaps for either semiconductor block change as donor
or acceptor atoms are added?

? A material that has donor atoms has more electrons than one with acceptors.
When these two materials are joined together, the electrons can move from one
material to the other. Which way would you expect the electrons to move? Why?

Incandescent Lamps

The energy level model has successfuily described the spectra emitted by gas lamps and
LEDs. So, we will apply our model to explain the light emitted by incandescent lamps.

Open the LED Spectroscopy computer program and place any one of the LEDs in the
socket.

Do not try to match the LED spectrum. Instead, use the program to construct an energy
band diagram that would produce the spectrum emitted by an incandescent lamp when it

is at maximum brightness.

? What is the range of energies (and colors) for the spectrum emitted by the incan-
descent lamp?



? How does the spectrum emitted by the incandescent lamp compare with the
spectrum emitted by an LED?

In the space below sketch the resulting energy band diagram for your incandescent lamp.

? How does the energy band diagram for the light emitted by the incandescent lamp
compare with the energy band diagram for an LED?

The energy band diagram that we just constructed represents the diagram for a "white”
(mixture of all colors) light LED. Although incandescent lamps emit “white” light, typical
LEDs only emit light of a single color. Incandescent lamps are also different from LEDs in
that when the electrical energy supplied to the lamp is increased, the color (and energies)
of light emitted by the tungsten filament (a solid) changes from the red region of the
spectrum to “white” light as the filament heats up.
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The energy diagram in Figure D-4 represents the bands and gaps for tungsten, the mate-
rial in the filament of most incandescent lamps.

A

Elacdion scquibes Elgcinon Rass eneTmy
energy {rom ademal in the fam of infmrag
BOUrCe ligiht

Eldmn acqures Electron ves 10 8

enangy from atemal neighboring atom and

sm'g woaee energy in the form
_ ot wioket light.

Figure D-4: Energy Band Diagram of an Incandescent Lamp Filament

Since electrons seek lower energy levels, the electrons of the tungsten filament have
energies associated with the valence energy band. When the battery provides sufficient
electrical energy, electrons in the valence band make the transition to an energy level of
the conduction band. (See Figure D-4.) These electrons will then lose the energy they
recently acquired when photons of light are emitted. As a result, the electrons make a
transition back to the valence band of the filament. The light energy emitted can range
from infrared to ultraviolet.

If the supplied energy is great enough, electrons from the valence band can make a
transition to the highest energy level of the conduction band. These electrons make the
transition back to the valence band by losing energy as photons of violet light (3.1 eV).
Since enough electrical energy is being supplied to move electrons from the valence
band to the highest energy level of the conduction band, the energy is more than suffi-
cient for electrons to make a transition from the valence band to any energy level found
between the lowest and highest energy levels of the conduction band. As a result, pho-
tons of light ranging from red (1.6 eV) to violet (3.1 eV) are also emitted.

When the energy supplied to the incandescent lamp is low, the color of the light has a
large red component. At low voltages many of the electrons will receive just enough
energy to reach lower energies in the conduction band. So, they can only emit light in
the low energy end of the spectrum. Infrared light, which has a lower energy than visible
light, is also emitted. This energy causes the lamp to be hot.

As the energy increases, the color of the light becomes “white.” The number of transi-

tions that result in the release of photons in the middle or high energy end of the visible
spectrum increases. Thus, the color of the light shifts from reddish to white.





