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WELCOME TO THEPHYSICS LABORATORY!

Physics is our human attempt to explain the workings of the world. The success of that attempt is
evident in the technology of our society. The products that result from the application of that
understanding surround us: technological inventions including clocks, automobiles, televisions, and
computers.

You have already developed your own physical theories to understand the world around you. Some
of these ideas are consistent with the accepted theories of physics. Others are not. This laboratory is
designed to focus your attention on your interactions with the world so that you can recognize where
your ideas agree with those accepted by physics and where they do not.

You are presented with contemporary physical theories in lecture and in your textbook. The
laboratory is where you can apply those theories to problems in the real world by comparing your
application of those theories with reality. The laboratory setting is a good one to clarify your ideas
through discussions with your classmates. You will also get to clarify these ideas through writing in a
report to be read by your instructor. Each laboratory consists of a set of problems that ask you to
make decisions about the real world. As you work through the problems in this laboratory manual,
remember that the goal is not to make a lot of measurements. The goal is for you to examine your
ideas about the real world.

The three components of the course - lecture, discussion section, and laboratory - each serve a
different purpose. The laboratory is where physics ideas, often expressed in mathematics, come to
grips with the real world. Because different lab sections meet on different days of the week,
sometimes you will deal with concepts in the lab before meeting them in lecture. In that case, the lab
will serve as a good introduction to the lecture. In other cases, when the lecture about a topic
precedes the lab, the lecture will be a good introduction to the lab.

The amount you learn in lab will depend on the time you spend in preparation before coming to lab!

Before coming to lab each week you must read the appropriate sections of your text, the read assigned experiment
to develop a fairly clear idea of what will be happening, and complete the prediction and methods questions for
the assigned problems.

Often, your lab group will be asked to present its predictions and data to other groups so that
everyone can participate in understanding how specific measurements illustrate general concepts of
physics. You should always be prepared to explain your ideas or actions to others in the class. To
show your instructor that you have made the appropriate connections between your measurements
and the basic physical concepts, you will be asked to write a laboratory report. Guidelines for
preparing lab reports can be found in the lab manual appendices and in this introduction. An example
of a good lab report is shown in Appendix F. Please do not hesitate to discuss any difficulties with
your fellow students or the lab instructor.

Relax! Don’t be afraid to explore or make mistakes. Ask lots of questions, and have fun.

WHAT TO DO TO BESUCCESSFUL IN THIS LAB:

Safety always comes first in any laboratory.

If in doubt about any procedure, or if it seems unsafe to you, do not continue. Ask your lab
instructor for help.



INTRODUCTION

A. Whatto bring to each laboratory session:

1. Bring an 8"by 10" graph-ruled lab journal, such as University of Minnesota 2077-S to all lab
sessions. Your journal is your "extended memory" and should contain everything you do in
the lab and all of your thoughts as you are going along.

2. Bring a scientific calculator.
3. Bring this lab manual.
B. Prepare foreach laboratory session:

Each laboratory consists of a series of related problems that can be solved using the same basic
concepts and principles. Sometimes all lab groups will work on the same problem, other times
groups will work on different problems and share results.

1. Before beginning a new lab, you should carefully read the Introduction, Objectives and
Preparation sections. Read the sections of the text specified in the Preparation section. Before
you come to the lab, you must pass a short test covering some basic material in the
textbook.

These lab prep-tests are on computer and are designed to take about 15 minutes to complete.

2. Each lab contains several different experimental problems. Before you come to a lab, be sure
you have completed the assigned Prediction and Warm-Ups. The Warm-Ups will help you
build a prediction for the given problem. It is usually helpful to answer the Warm-Ups
before making the prediction. These individual predictions will be handed in and
checked (graded) by your lab instructor previous to the beginning of each lab session
(your lab instructor will provide you with the exact details).

This preparation is crucial if you are going to get anything out of this laboratory work. There
are at least two other reasons for preparing:

a) There is nothing more dull or exasperating than plugging mindlessly into a procedure
you do not understand.

b) The laboratory work is a group activity where every individual contributes to the
thinking process and activities of the group. Other members of your group will not be
happy if they must consistently carry the burden of someone who isn't doing their share.

C. Laboratory Problem Reports

At the end of every lab (about once every two weeks) you will be assigned to write up one of the
experimental problems. Your report must present a clear and accurate account of what you and
your group members did, the results you obtained, and what the results mean. A report is not to
be copied or fabricated. Copying someone else’s work constitutes scientific fraud! To make sure
no one gets in that habit, such behavior will be treated in the same manner as cheating on a test: a
failing grade for the course and possible expulsion from the University. It should describe
your predictions, your experiences, your observations, your measurements, and your
conclusions. A description of the lab report format is discussed at the end of this introduction.
Each lab report is due, without fail, within two days of the end of that lab.
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Attendance

Attendance is required at all labs without exception. If something disastrous keeps you from
your scheduled lab, contact your lab instructor immediately. The instructor will arrange for you
to attend another lab section that same week. There are no make-up labs in this course.

Grades

Satisfactory completion of the lab is required as part of your course grade. Those not completing
all lab assignments by the end of the semester at a 60% level or better will receive a grade of F for
the entire course. Once again, we emphasize that each lab report is due, without fail, within
two days of the end of that lab.

There are two parts of your grade for each laboratory: (a) your laboratory journal, and (b) your
formal problem report. The lab instructor grades your laboratory journal during the laboratory
sessions. Your problem report will be graded and returned to you in your next lab session.

If you have made a good-faith attempts but your lab report is unacceptable, your instructor may
allow you to rewrite parts or all of the report. You must hand in a rewrite within two days of its
return to you by the instructor, in order to obtain an acceptable grade.

The laboratory class forms a local scientific community. There are certain basic rules for
conducting business in this laboratory.

1. In all discussions and group work, full respect for all people is required. All
disagreements about work must stand and fall on reasoned arguments about physics
principles, the data, or acceptable procedures, never on the basis of power, loudness, or
intimidation.

2. Itis OKto make a reasoned mistake. It is in fact, one of the more efficient ways to learn.

This is an academic laboratory where you learn things, and test your ideas and predictions.
You learn by collecting data and determining which conclusions from the data are
acceptable and reasonable to other people and which are not.

What do we mean by a "reasoned mistake"? We mean that after careful consideration and a
substantial amount of thinking has gone into your ideas you simply give your best prediction or
explanation as you see it. Of course, there is always the possibility that your idea does not accord
with the accepted ideas. Then someone says, "No, that's not the way I see it and here's why."
Eventually persuasive evidence will be offered for one viewpoint or the other.

"Speaking out" your explanations, in writing or vocally, is one of the best ways to learn.

3. It is perfectly OK to share information and ideas with colleagues. Many kinds of help are
OK. Since members of this class have highly diverse backgrounds, you are encouraged to
help each other and learn from each other.

Butitis never OK to copy the work of others.

Helping others is encouraged because it is, in fact, one of the best ways for you to learn. But
copying is completely inappropriate and unacceptable. Write out your own calculations and
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In su

answer questions in your own words. It is OK to make a reasoned mistake; it is wrong to
copy.

No credit will be given for copied work. It is also subject to University rules about plagiarism and
cheating, and may result in dismissal from the course and the University. See the University course
catalog for further information.

Hundreds of other students use this laboratory each week. Another class probably follows
directly after you are done. Respect for the environment and the equipment in the lab is an
important part of making this experience a pleasant one.

The lab tables and floors should be clean of any paper or "garbage.” Please clean up your
area before you leave the lab.

The equipment needs to be either returned to the lab instructor, or left neatly at your station,
depending on the circumstances.

If any lab equipment is missing or broken, submit a problem report to the following email
address:

labhelp@physics.umn.edu
Be sure to include a complete description of the problem and include the lab room number.
You can also file a report containing comments about this lab manual (for example, when

you discover errors or inconsistencies in statements).

mmary, the key to making any community successful is RESPECT.

Respect yourself and your ideas by behaving in a professional manner at all times.

Respect your colleagues (fellow students) and their ideas.

Respect your lab instructor and his/ her effort to provide you with an environment in which you
can learn.

Respect the laboratory equipment so that others coming after you in the laboratory will have an
appropriate environment in which to learn.



LABORATORY I:
CONSERVATION OF ENERGY AND HEAT

In 1101 labs, you used conservation of energy to determine whether or not the internal energy of a system

changed during an interaction. In these labs, you will investigate more closely the behavior of a system’s

internal energy. In particular, you will use the relationship between an object's change in temperature and its

change in internal energy to solve problems.

OBJECTIVES:

After successfully completing this laboratory, you should be able to:

Use the principle of conservation of energy as a means of describing the behavior of a system
when the internal energy of the system changes.

Calculate the transfer of thermal energy from one object to another based on each object’s
properties such as its specific heat capacity, latent heat and mass, as well as their change in
temperature.

PREPARATION:

Read Knight, Jones and Field, Chapter 12

Before coming to lab you should be able to:

Distinguish among these concepts:
- Heat capacity, specific heat, and latent heat of fusion

Use heat capacities to determine the internal energy change of a system based on its temperature
change

Recognize when two objects are in thermal equilibrium

Use the latent heat to determine the internal energy change of a system during a phase change



PROBLEM #1: TEMPERATURE AND ENERGY TRANSFER

You are working with a volunteer group that is renovating old homes. Your team often discovers
pieces of old metal that can’t be identified. Recalling your physics experience, you decide to set up a
system to identify the metals by their specific heat capacity. Your plan is to immerse the object in a
water bath at a different initial temperature than the metal and to measure the equilibrium
temperature. Applying conservation of energy, you can determine the metal’s specific heat.
However, you know that some energy will be transferred between the water bath and the
environment during the time that the water and metal are coming to equilibrium. Since you cannot
measure this energy “loss”, you decide to choose an initial water temperature that minimizes it. To
test the usefulness of your idea, you try to measure the specific heat capacity of a copper object and
compare it to the known value for the specific heat capacity of copper.

| EQUIPMENT
For this problem, you have a piece of digital thermometer
copper and an insulating container
(Styrofoam cup). Tap water, ice, glass
beakers, and a hot plate are available so
you can start with different initial
temperatures of copper and water.
Thermometers and a balance are
provided. sty rof oam cups
PREDICTION

Based on your previous experience, make an educated guess about how the amount of energy
transferred between the environment and the water-copper system depends on the initial
temperature of the water. Remember that heat transfer occurs over the time it takes for the copper
and water to reach equilibrium.

Sketch a graph that describes your idea of how the energy transfer depends on the initial temperature
of the water. Assume that the copper will have the same initial temperature in each trial. Explain
your reasoning.

The specific heat of copper is given in a table at the end of this lab.

WARM UP

Read Knight, Jones and Field, Chapter 12, Sections 12.5 and 12.6.

1. Draw two pictures of the situation, one just before the copper is placed in the water, and the other
after the copper has been placed in the water and they have come to equilibrium. Label the
temperatures and masses of both the water and the copper in each situation. Define your system as
the copper and the water. If energy leaves the system, where does it go?

2. Using conservation of energy, answer these questions about the situation:
What is the change in internal energy of the copper from before it is put into the water to after the
water and the copper come to equilibrium?
What is the change in internal energy of the water from before the copper is put into it to after the
copper and water come to equilibrium?
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How does the change in internal energy of the system relate to the change in internal energy of the
copper and the water?

How does the change in internal energy of the system relate to the amount of energy transferred
between the environment and itself?

EXPLORATION

WARNING: The hot plate and the heated water can both burn you!

Decide on an initial temperature for the copper that is the same for each trial. What is the reason for
your choice? How will you determine the copper's initial temperature?

Will you use the same amount of water each time? You can get different water temperatures by using
the ice bath and the hot plates. Each time you use a different water temperature, feel the Styrofoam
cup. Isithot or cold? What does this tell you about the energy transfer? (Is the water-copper system
losing or gaining energy?) Try putting two cups together, one inside the other. Do you feel less
energy transfer? Try putting a cover on the cup. Do you feel less energy transfer? Arrange your
system so that there is minimal energy transfer to the environment. How many different
temperatures will you use to establish how the transfer of energy depends on the water’s initial
temperature?

Will the time it takes for the copper and water to come to equilibrium affect the amount of energy
transferred to the environment? During the time that you are taking your measurements of the
copper-water system, set aside a cup (configured to minimize energy transfer to the environment) of
water at the same initial temperature and observe its temperature change. Use several different initial
temperatures for the water. Is there a difference in the two systems’ temperature change over time?

How would the following actions affect the amount of energy transferred into the environment?
- shaking or stirring the water

- spilling water out of the Styrofoam cup

- slowly transferring the copper from the hot or cold -water bath to the Styrofoam's water

Do you need to take into account the heat capacity of the thermometer? Will you avoid the added
complication of the thermometer transferring energy to the water by pre-warming or pre-cooling the
thermometer to the water's temperature?

How can you tell when the copper and the water reach equilibrium? Does the location of the
thermometer in the water bath have any effect on the equilibrium temperature?

Plan the procedure that you are going to use. You will use the same procedure when you do the
actual analysis of your unknown metals.

MEASUREMENT

Using your experience from the exploration section and your answers to the method questions, take
the necessary measurements to determine how the initial temperature of the water affects the energy
transferred to the environment while the water and copper come to equilibrium. Do not forget
uncertainties.

Be careful when using the hot water!
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In addition, determine how the amount of energy transferred to the environment depends on time by
observing the temperature of a cup of water set apart from the copper-water system.

ANALYSIS

Use your answers to the method questions to calculate the amount of energy transferred between the
system and the environment for each of the different initial temperatures that you used. Is the
amount of energy transferred reasonable? Compare it to the change of the internal energy of the
water. If the numbers don't seem reasonable, explain why.

Is the amount of energy transferred positive or negative? What is happening between the system and
the environment if the energy transfer is positive? Negative?

CONCLUSION

How does the amount of energy transferred depend on the initial temperature of the water? What
initial temperature of water minimizes the energy transfer? How precise and reliable is your
measurement scheme?

Energy transfer may depend on many variables, are there some you do not take into account?
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While working at an antique shop you come across several old door hinges in a back room. Your boss
wants to know what type of metal they are, as that will affect how much he can sell them for.
Recalling your physics experience, you decide to identify the metal by its specific heat capacity. Your
plan is to immerse the object in a water bath at a different initial temperature than the metal and to
measure the equilibrium temperature. Applying conservation of energy, you can then determine the
metal’s specific heat. However, you know that some energy will be transferred between the water
bath and the environment during the time that the water and metal are coming to equilibrium. Since
you cannot measure this energy “loss”, you decide to choose an initial water temperature that
minimizes it. In the shops work room, you have proper equipment to alter the temperature of the
metal, but not the temperature of the water. Thus you decide you will have to use water of a constant
temperature and vary the temperature of the metal. To test the efficiency of your idea, you try to
measure the specific heat capacity of a copper object and compare it to the known value for the
specific heat capacity of copper.

| EQUIPMENT |

For this problem, you have a piece of copper and digital thermometer
an insulating container (Styrofoam cup). Tap

water, ice, glass beakers, and a hot plate are

available so you can start with different initial

temperatures of copper and water.

Thermometers and a balance are available.

sty rof oam cups

PREDICTION

Based on your experience, make an educated guess about how the amount of energy transferred
between the environment and the water-copper system depends on the initial temperature of the
copper. Remember that energy transfer occurs over the time the water and copper take to reach
equilibrium. Sketch a graph showing the relationship between energy transferred and the initial
temperature of the copper. Assume that you will keep the water’s initial temperature constant for
each trial. Explain your reasoning.

The specific heat of copper is given in a table at the end of this lab.

WARM UP

Read Knight, Jones and Field, Chapter 12, Sections 12.5 and 12.6.

1. Draw two pictures of the situation, one just before the copper is placed in the water, and the other
after the copper has been placed in the water and they have come to equilibrium. Label the
temperatures and masses of both the water and the copper in each situation. Define your system
as the copper and the water. If energy leaves the system, where does it go?

2. Using conservation of energy, answer these questions about the situation:

What is the change in internal energy of the copper from before it is put into the water to after
the water and the copper come to equilibrium?

What is the change in internal energy of the water from before the copper is put into it to after
the copper and water come to equilibrium?
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How does the change in internal energy of the system relate to the change in internal energy of
the copper and the water?

How does the change in internal energy of the system relate to the amount of energy
transferred between the environment and itself?

EXPLORATION

WARNING: The hot plate and the heated water can both burn you!

Decide on an initial temperature for the water that will be kept constant for each measurement. Will
you use the same amount of water each time?

How will you determine the copper's initial temperature?

You can obtain different copper temperatures by putting it in hot or cold water. Each time you use a
different copper temperature, feel the Styrofoam cup. Is it hot or cold? What does this tell you about the
energy transfer? Is the water-copper system losing or gaining energy? Put two cups together, one
inside the other. Do you feel less energy transfer? Try putting a cover on the cup. Do you feel less
energy transfer?

How many different temperatures will you use to establish how the amount of energy transferred
depends on the copper's initial temperature?

Will the time it takes for the copper and water to come to equilibrium affect the amount of energy
transferred? During the time that you are taking your measurements, set aside a cup of water, and
observe its temperature. Use several different initial temperatures for the water. Does the
temperature of the isolated water change with time?

How would the following actions affect the amount of energy transfer?

- shaking or stirring the water

- spilling some of the water from the Styrofoam cup

- slowly transferring the copper from the hot or cold -water bath to the Styrofoam's water

Do you need to take into account the heat capacity of the thermometer? Will you avoid the added
complication of the thermometer transferring energy to the water by pre-warming or pre-cooling the
thermometer to the water's temperature?

How can you tell when the copper and the water reach equilibrium? Does the location of the
thermometer in the water bath have an effect on your ability to determine the equilibrium
temperature?

Plan the procedure that you are going to use. You will use the same procedure when you analyze
your unknown metal.
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MEASUREMENT

Using your experience from the exploration section and your answers to the method questions, make
the necessary measurements to determine how the initial temperature of the copper affects the energy
transferred to the environment while the water and copper come to equilibrium. Do not forget to
determine the uncertainties in your measurements.

Be especially careful if you use hot water!

ANALYSIS

Use your answers to the method questions to calculate the amount of energy transferred between the
system and the environment for each of the different initial temperatures that you used. Is the
amount of energy transferred reasonable? Compare it to the change of the internal energy of the
water. If the numbers don't seem reasonable, can you explain why?

Is the amount of energy transferred positive or negative? What is happening between the system and
the environment if the energy transfer is positive? Negative?

CONCLUSION

How does the amount of energy transferred depend on the initial temperature of the metal? What
initial temperature gave the smallest energy transfer?

Upon what other variables does the energy transfer depend ?

What initial temperatures for the water and the metal will you use to test unknown metals? Are your
methods precise enough to conclude what type of metal was found at the archeological site?



PROBLEM #3: IDENTIFYING UNKNOWN METALS

You are working with an archeological team that is excavating a lost city. Your team has found metal
fragments among the ruins. The types of metals used by a civilization can help determine its level of
technology. Unfortunately, the metal fragments are unidentifiable by visual inspection! Recalling
your physics experience, you decide to identify the metal by its specific heat capacity. Your plan is to
immerse the object in a water bath at a different initial temperature than the metal and to measure the
equilibrium temperature. Applying conservation of energy, you can then determine the metal’s
specific heat. Using methods that will minimize the amount of energy lost you can estimate how
much error energy “loss” will introduce into your measurement. Thus, you are ready to identify the
two unknown metals that your team found by measuring their specific heat capacities!

| EQUIPMENT |

For this problem, you will have two metal objects and an insulating digital thermometer
container (Styrofoam cup Tap water, ice, gals beakers, and a hot plate are

available so you can start with different initial temperatures of metal and

water. Thermometers are provided and a balance is available to measure

the relevant masses.

Note: The two different metals are difficult to differentiate visually. Use

their differing densities to distinguish them. sty rof oam cups

PREDICTION

Calculate the specific heat capacity of a metal object in terms of quantities that are known or can be
measured.

WARM UP

Read Knight, Jones and Field, Chapter 12, Sections 12.5 and 12.6.

1. Make two pictures of the situation, one just before the metal object is placed in the water, and one
after the metal object has been placed in the water and they have come to equilibrium. Label the
quantities that you will be able to look up (see table on page 25) or measure. Label quantities that
designate the energy of each object in the system. Draw and label arrows to represent energy
transfers.

2. Using conservation of energy, answer these questions about the situation:

What is the change in internal energy of the metal object from (a) just before it is put into the
water to (b) after it and the water have reached equilibrium?

What is the change in internal energy of the water from just (a) before the metal object is put into
it to (b) after the metal and the water have reached equilibrium?

Assuming there is energy transfer into or out of the system, as you measured in Problems 1 and
2, what is the relationship between the metal's internal energy change and the water's internal
energy change?

You should now be able to solve for the specific heat capacity of the unknown metal as a function of
variables that you can either measure or look up.
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EXPLORATION

WARNING: The hot plate and the heated water can both burn you!

Review your exploration notes from Problem #1 or #2 of this Lab. Plan the procedure that you will
use to determine the specific heat capacity of the unknown metals.

MEASUREMENT

Choose your technique so that you minimize the energy transfer between your system and the
environment.

Using your measurement plan, make the necessary measurements to determine the specific heat
capacities of the unknown metals. Make sure that you have a good plan before you start -- you could
waste a lot of time with a poor procedure. Do not forget to discuss uncertainties.

Be careful when using the hot water!

ANALYSIS

Use your Prediction equation to calculate the specific heat capacity of each unknown metal taking into
account the value of the energy transfer you measured in problem #1 or #2. Include an estimate of the
uncertainty of each value.

Use the table on page 25 to identify the unknown metals. What other metals fall within your
uncertainty range?

CONCLUSION

What are the two unknown metals? What will you tell your team leader?

How could you use the table of densities on page 25 to verify that you have identified the metals
correctly? Calculate the densities of the unknown metals. Do the densities of the metals agree with
the corresponding specific heat capacities?



PROBLEM #4: THE COMPOSITION OF A COMPOUND OBJECT
You have a summer job working for a metal parts company. You are working on devising an
inexpensive quality control measurement for a product that is a mixture of aluminum and copper.
Your assignment is to devise a procedure to determine if the product has the correct fraction of
aluminum without destroying it. You decide to do this by measuring its specific heat.

| EQUIPMENT |

You will have a compound metal object and an insulating digital thermometer
container (Styrofoam cup). Tap water, ice, glass beakers,

and a hot plate are available so you can start with

different initial temperatures of copper and water.

Thermometers are provided and a balance is available to

measure masses.

sty rof oam cups

PREDICTION

Use the specific heat of an object to calculate the fraction of its total mass that is aluminum in terms of
quantities that are known or can be measured.

WARM UP

Read Knight, Jones and Field, Chapter 12, Sections 12.5 and 12.6.

1. Draw two pictures of the situation at different times, one just before the metal object is placed in
the water, and one after the metal object has been placed in the water and they come to
equilibrium. Label the quantities that you will be able to measure or look up (see the table on page
25). Label quantities that designate the energy of each object in the system. Draw and label arrows
to represent energy transfers.

2. Using conservation of energy, answer these questions about the situation:

What is the change of internal energy of the metal object? Consider the metal object as being two
individual objects, one made of copper and the other of aluminum.

What is the change in internal energy of the water?

Assuming there is no energy transfer into or out of the metal-water system, what is the
relationship between the metal's internal energy change and the water's internal energy change?
Is this a valid assumption? How would you change your relationship to account for this energy
transfer?

How many unknowns are there in your conservation of energy equation? Are there any other
relationships between the mass of the aluminum and the copper that can be used to reduce the
number of unknowns?

3. Solve your equations for the fraction of the mass of the metal object that is aluminum in terms of
quantities that can be determined in this problem.
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EXPLORATION

WARNING: The hot plate and the heated water can both burn you!

Review your exploration notes from previous problems of this Lab to plan your measurement
procedure.

MEASUREMENT

Make the necessary measurements consistent with your plan to determine the fraction of aluminum in
the metal object. Make sure that your procedure minimizes the energy transfer from your system.

ANALYSIS

Use your prediction to calculate the fraction of the object’s mass that is aluminum. Estimate the
uncertainty in this measurement.

CONCLUSION

What fraction of the metal object's mass is aluminum? How precise is your measurement?

Use the densities found in the Table on page 25 as the basis of another method of determining the
fraction of the object’s mass that is aluminum.



PROBLEM #5: LATENT HEAT AND THE MASS OF ICE

One of your friends has an idea for a better coffee brewing-machine, but needs your help. Coffee
usually comes out too hot to drink because the ideal brewing temperature is higher than the ideal
drinking temperature. This machine would brew the coffee at the high temperature, and then add a
little ice so that it is cool enough to drink. Since no one wants the coffee to taste watered -down, the
machine would initially brew the coffee with less water to compensate for the melted ice. Your
contribution is to determine the amount of ice needed to bring the coffee from brewing temperature
to drinking temperature. Before investing the money in building the machine, you decide to test your
calculation with some ice and an insulated cup of water.

EQUIPMENT |

You will have Styrofoam cups, water digital thermometer
and ice. A thermometer is available and
a balance is provided.

sty rof oam cups

PREDICTION

Calculate the mass of the ice that completely melts in the water in terms of quantities that can found
in a “thermal properties table” at the end of this lab, or that can be measured.

WARM UP |

Read Knight, Jones and Field, Chapter 12, Sections 12.5 and 12.6.

1. Draw three pictures of the situation: (a) just before the ice is placed in the water, (b) while the ice
is melting, and (c) when the water from the melted ice and the original amount of water in the
cup have come to equilibrium. Label the quantities that you will be able to measure. Label
quantities that designate the energy of each object in the system. Draw and label arrows to
represent energy transfers. Write down the quantities you can find either from the table on page
25 or from your previous measurements.

2. Using conservation of energy, answer these questions about the situation:

What is the change in internal energy of the ice from (a) just before it is put into the Styrofoam
cup to (b) after it is put in the Styrofoam cup but before it begins to melt (even though this
happens at different times for different parts of the ice)?

What is the change in internal energy of the ice from (a) just before it melts to (b) just after it
melts?

What is the change in internal energy of the water from the melted ice from (a) just after the ice
has melted to (b) the time the melted-ice water comes to equilibrium with the water originally in
the Styrofoam cup?

What is the change in internal energy of the water from (a) just before the ice is put in the
Styrofoam cup to (b) after the ice is put into the cup and the melted-ice water comes to
equilibrium with the original water in the Styrofoam cup?



PROBLEM #5: LATENT HEAT AND THE MASS OF ICE

If there was no transfer of energy into or out of the Styrofoam cup, what would the relationship
be between the ice's total internal energy change and the original water's internal energy change?
Is this a valid assumption, that no energy is transferred? What corrections need to be applied for
energy transfer out of the system?

3. Solve your equations for the mass of the ice in terms of quantities that you can look up or can
measure.

EXPLORATION

This exploration is similar to the other problems of this lab. First decide on the amount of water that
you will use in the Styrofoam cup and then choose an initial temperature of the water that will result
in the least amount of energy transferred to the environment. Then determine how much ice should
be placed in the water so that it doesn't take too long to melt, but it is large enough so that the
experiment produces useful results.

Some procedures speed up the melting process, such as gently stirring or shaking the water, but do
they transfer a measurable amount of energy to your system? Use a cup of water and a thermometer
to check this out.

What do you think is the temperature of the ice? Check it out.
Measuring the mass of the ice before you put it into the water is difficult because some of it can melt

during the weighing process. Decide how you can measure the mass of the ice after you have put it
into the water. Outline the measurement procedure you plan to use.

MEASUREMENT

Using your experience from the exploration, plan your measurement carefully. Make the necessary
measurements consistent with your prediction to calculate the mass of the ice placed in the cup.

Use your plan from your exploration to directly measure the mass of the ice that you added to the
water.

ANALYSIS

Use your Prediction equation to calculate the mass of the ice that was put into the water. Be sure to
include the uncertainty.

Compare that calculation to the directly measured mass of the ice.

CONCLUSION

How close was the calculated mass of ice based on the temperature change of the water to your
measurement of its mass? Explain any differences. Based on your results, will this machine work?
What were some of the uncertainties that your analysis could not address?



PROBLEM #6: ELECTRICALENERGY AND HEAT
You are working on a team to design the lobby for a new office building. The centerpiece of the
design is a large tropical fish tank. A decorative submarine at the bottom of the tank is lit by a light
bulb immersed in the water. You suspect that the light bulb will cause the water temperature to rise,
Killing all the fish! If this is true, you will have to install a mechanism to remove energy from the tank
at the same rate that the bulb adds energy. To test your theory, you measure the rate that a resistive
element transfers energy to water.

EQUIPMENT |
You will have the same equipment as digital thermometer
previous problems. In addition, you will
have a resistive heating element inside a "

calorimeter for heating water, and a battery
to supply the energy. You will also have a

. . . heati
Digital Multimeter to measure the electrical eﬁe?wt: nt
properties of the heating element and -
batteries. E

batter
Calorimeter

PREDICTION

Calculate the energy transfer from the resistive heating element to the liquid surrounding for a
predetermined time interval. This will be in terms of the specific heat of the liquid, its mass, and its
temperature change. Based on your experience, make an educated guess of the rate that the energy is
transferred and sketch a graph of energy transferred as a function of time for your guess.

WARM UP

Read Knight, Jones and Field, Chapter 12, Sections 12.5 and 12.6.

1. Make two pictures of the situation, one before the submerged element is turned on, and one at
some time later. Define your system. Label quantities that designate the energy of each object in
the system. Draw and label arrows to represent energy transfers. Write down the quantities you
can measure or look up.

2. Write down the energy conservation equation for this situation, assuming that all the energy from
the element is transferred to the internal energy of the liquid.

How is the total energy output from the element during a time interval related to the rate of
energy transfer (power) from the heating element? How does this energy output relate to the
liquid's change in internal energy, if you assume no energy is transferred between the liquid and
the environment? How does the internal energy change of the liquid relate to the liquid's
temperature change?

3. Do you think the rate of energy output from the element is constant? Increasing with time?
Decreasing with time? Sketch a graph of temperature of the liquid as a function of time that
represents your guess.



PROBLEM #6: ELECTRICAL ENERGY AND HEAT

How is the slope of the temperature versus time graph related to the rate of energy transfer
(power) from the heating element to the liquid?

| EXPLORATION

Decide how much liquid to use for best results. You may want to review your notes from other
problems in this lab so that you do not waste time with a poor measurement plan.

Conduct tests to determine how long your experiment will last. Check out how fast the temperature
of the liquid changes. How fast does it evaporate? How often do you need to measure the
temperature of the liquid? Why?

Outline the measurement procedure you plan to use.

MEASUREMENTS

Using your decisions in the exploration, make the necessary measurements consistent with your
prediction that will allow you to determine the power output of the heating element. Using your
experience from other problems in this lab, estimate the energy transfer from your system.

You can check your prediction equation of the power output of the heating element by determining it
in another manner. Looking ahead in your textbook, you will find that the electrical power output of
the element is the product of the electrical current and voltage. Use the digital multi-meter (DMM) to
measure the electrical current through the heating element and the voltage across the heating element.

See Appendix A for instructions about how to use the DMM to measure current and voltage. BE SURE
TO CONNECT THEDMM CORRECTLY FOR EACH MEASUREMENT!

ANALYSIS

Graph the temperature of the water in the calorimeter-versus-time as you collect the data. What is the
value of the slope of this line? What physical quantity does the slope represent? How does this graph
compare to your answer to the third method question?

Calculate the electrical power output of the element by multiplying the current through the element
by the voltage across the element. Current measured in Amperes (A) times voltage measured in volts
(V) gives power in units of J/ s.

How do these two values of the power compare? Which of the two results has the greater accuracy
for your purpose? Why?

CONCLUSION

What is the rate that energy is transferred from a light bulb to the water in the fish tank? Is the power
output of the light bulb constant, rising, or falling? Did your results match your prediction? If not,
why not?



Thermal Properties of Pure Metals

Latent Heat of

Metal Specific Heatt Density?t Fusionf

cal/ g °C g/ cm”3 cal/ g
Aluminum 0.215 2.7 95
Chromium 0.110 7.14 79
Cobalt 0.1 8.71 66
Copper 0.092 8.92 49
Gold 0.031 19.3 15
Iron 0.108 7.86 65
Lead 0.031 11.34 55
Magnesium 0.243 1.75 88.0
Manganese 0.114 7.3 64
Mercury 0.033 13.59 2.7
Molybdenum 0.060 10.2 69
Nickel 0.106 8.9 71
Platinum 0.032 21.45 24
Potassium 0.180 .86 145
Silicon 0.17 2.33 430
Silver 0.057 10.5 26.5
Sodium 0.293 97 27
Tin 0.054 5.75 14.1
Titanium 0.125 4.5 100
Zinc 0.093 7.04 27

Thermal Properties of Water and Alcohol
Substance |Specific | Latent Heat Melting Latent Heat of Boiling
Heat of Fusion Temperature | Vaporization | Temperature
cal/ g °C J kg °C J kg °C

Water 1.00 3.35x10° 0.00 2.256 x 106 100.00
Ice 0.50 3.35x10° 0.00 N/ A N/ A
Alcohol 0.593 |10.42x105 -117.3 0.854x 106 78.5

T From Handbook of Tables for Applied Engineering Science by R. E. Bolz & G. L. Tuve,
The Chemical Rubber Co., 1970.
1 From The Handbook of Chemistry and Physics, R. C. Weast, ed., The Chemical Rubber

Co., 1970.




|ZI CHECK YOUR UNDERSTANDING

Use the table on page 25 to answer the following questions.

1.

Temperature and heat are two different physical quantities. Their difference is confused by the fact that
heat transferred into or out of a substance is sometimes proportional to the change in temperature of the
substance. This question will attempt to clarify this distinction.

a. Define what is meant by the temperature of a substance.

b. Define what is meant by "the heat added" to a substance.

¢.  Under what conditions is the heat added to the substance proportional to the change in temperature of
the substance?

d. Under what circumstances can we add heat to a substance, but NOT change its temperature?

e. Explain why the behavior described in part d proves that heat and temperature are fundamentally
different quantities.

A block of lead at 100 OC is put into an equal mass of cold water at 0 °C in an insulated container. The
system is allowed to come to equilibrium.

a.  Which has greater magnitude, the heat energy transferred out of the lead, or the heat energy
transferred into the water? Explain your reasoning.

b.  Which undergoes a temperature change of greater magnitude, the lead or the water? Explain your
reasoning.

c. Is the final equilibrium temperature greater than, less than or equal to 50 °C? Explain.

Suppose you heated 1 kg of each of the substances listed below at a constant rate for the same length of
time. Rank the order of the substances from the lowest (1) to highest (6) temperature change.

aluminum iron silver

copper lead water
Explain your reasoning.
Suppose you heated 1 kg of each of the substances listed below until they were at their melting temperature,
and then continued to heat substance at a constant rate. Rank the order of the substances from the shortest

(1) to the longest time to melt (6).

aluminum iron silver

copper lead water

Explain your reasoning.

Suppose 1 kg of each of the substances listed below drops 10 ©C. Rank the order of the substances from the
smallest (1) to the highest (6) amount of heat energy transferred to the surroundings.

aluminum iron silver
copper lead water

Explain your reasoning.



|ZI CHECK YOUR UNDERSTANDING

When you put water at 25 OC into an ice tray and freeze it in a refrigerator, is more heat energy transferred
in bringing the water to the freezing temperature or during the process of freezing? Or are equal amounts of
heat transferred? Explain your reasoning.

When you stir the hot coffee in a cup, the energy you input with the spoon

moves the cup back and forth.

cancels out if you stir both back and forth.

cools the coffee by decreasing the kinetic energy of its molecules.
increases the kinetic energy of the molecules of the coffee.

You can't input energy to coffee by stirring it.

oo os

Explain your choice.

A cook put two large saucepans of potatoes on a gas stove to boil. When they were both boiling, she
turned the gas under one down to low so that the water was just kept boiling. She left the other on high.
Which will cook more quickly, the potatoes on high, the potatoes on low, or will they cook at the same
rate? Explain your reasoning.
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LABORATORY II
MECHANICAL OSCILLATIONS

Most of the laboratory problems so far have involved objects moving with constant acceleration because the
total force acting on those objects was constant. In this set of laboratory problems, the total force acting on an
object, and thus its acceleration, will change with position. When the position and the acceleration of an object

change in a periodic manner, we say that the object undergoes oscillations.

You are familiar with many objects that oscillate, such as pendula and the strings of a guitar. At the atomic
level, atoms oscillate within molecules, and molecules oscillate within solids. This molecular oscillation gives
an object the internal energy that defines its temperature. Springs are a common example of objects that exert

the type of force that will cause oscillatory motion.

In this lab you will study oscillatory motion caused by springs exerting a changing force on an object. You
will use different methods to determine the strength of the total force exerted by different spring

configurations, and you will investigate what determines a system’s oscillation frequency.

OBJECTIVES:

After successfully completing this laboratory, you should be able to:

* Provide a qualitative explanation of the behavior of oscillating systems using the concepts of
restoring force and equilibrium position.

« Identify the physical quantities that influence the period (or frequency) of the oscillatory motion
and describe this influence quantitatively.

« Describe qualitatively the effect of additional forces on an oscillator's motion.

PREPARATION:

Read Knight, Jones & Field Chapter 14.

Before coming to lab you should be able to:
+ Describe the similarities and differences in the behavior of the sine and cosine functions.
* Recognize the difference between amplitude, frequency, and period for repetitive motion.
« Determine the force on an object exerted by a spring using the concept of a spring constant.



PROBLEM #1: MEASURING SPRING CONSTANTS

You are selecting springs for use in a large antique clock. In order to determine the force that they
exert when stretched, you need to know their spring constants. One book recommends a static
approach, in which objects of different weights hang from the spring and the displacement from
equilibrium is measured. Another book suggests a dynamic approach, in which an object hanging
from the end of a spring is set into motion and its oscillation frequency is measured. You wish to
determine if these different approaches yield the same value for the spring constant. You decide to
take both static and dynamic measurements and then compare.

EQUIPMENT

You will have a spring, a table clamp and metal rod, assorted masses,
a mass hanger, a meter stick, a triple-beam balance, and a stopwatch.

PREDICTION

1. Write an expression for the relationship between the spring constant and the displacement of an
object hanging from a spring.

2. Write an expression for the relationship between the spring constant and the period of oscillation
of an object hanging from a spring.

WARM UP

Read Knight, Jones & Field Chapter 14 Sections 14.1 and 14.2.

Method #1 (Static Approach)

1.

Make two pictures of the situation, one before you attach an object to a spring, and one after an
object is suspended from the spring and is at rest. Draw a coordinate system. On each picture,
label the position where the spring is unstretched, the distance from the unstretched position to
the stretched position, the mass of the object, and the spring constant.

Draw a force diagram for an object hanging from a spring at rest. Label the forces acting on the
object. Use Newton's second law to write the equation of motion for the object.

Solve the equation of motion for the spring constant in terms of the other values in the equation.
What does this tell you about the slope of a displacement (from the unstretched position) versus
weight of the object graph?

Method #2 (Dynamic Approach): Suppose you hang an object from the spring, start it oscillating, and
measure the period of oscillation.

1.

Make three pictures of the oscillating system: (1) when the mass is at it maximum displacement
below its equilibrium position, (2) after one half period, and (3) after one period. On each picture
put arrows to represent the object’s velocity and acceleration.

Write down an equation that is the relationship between the object’s period, its mass, and the
spring constant. Solve the equation for the spring constant in terms of the object’s mass and
period.



PROBLEM #1: MEASURING SPRING CONSTANTS

EXPLORATION

Method #1 - Static Approach:

Select a series of masses that give a usable range of displacements. The largest mass should not pull
the spring past its elastic limit, for two reasons: (1) beyond the elastic limit there is no well-defined
spring constant, and (2) a spring stretched beyond the elastic limit will be damaged.

Clamp the metal rod to the table, and hang the spring from the rod. Decide on a procedure that
allows you to measure the distance a spring stretches when an object hangs from it in a consistent
manner. Decide how many measurements you will need to make a reliable determination of the
spring constant.

Method #2 - Dynamic Approach:
Secure the spring to the metal rod and select a mass that gives a regular oscillation without excessive
wobbling. The largest mass you choose should not pull the spring past its elastic limit and the
smallest mass should be much greater than the mass of the spring. Practice starting the mass in
motion smoothly and consistently.

Decide how to measure the period of oscillation of the object-spring system most accurately. How
can you minimize the uncertainty introduced by your reaction time in starting and stopping the
stopwatch? How many times should you measure the period to get a reliable value? How will you
determine the uncertainty in the period?

MEASUREMENT |

For both methods, make the measurements that you need to determine the spring constant. DO NOT
STRETCH THE SPRINGS PAST THEIR ELASTIC LIMIT (ABOUT 40 CM) OR YOU WILL
DAMAGE THEM. Analyze your data as you go along so you can decide how many measurements
you need to make to determine the spring constant accurately and reliably with each method.

ANALYSIS |

Method #1: Graph displacement versus weight for the object-spring system. From the slope of this
graph, calculate the value of the spring constant. Estimate the uncertainty in this measurement of the
spring constant.

Method #2: Graph period versus mass for the object-spring system. If this graph is not a straight line,
use Appendix D: How do | linearize my data? as a guide to linearize the graph. From the slope of the
straight-line graph, calculate the value of the spring constant. Estimate the uncertainty in this
measurement of the spring constant.

CONCLUSION

For each method, does the graph have the characteristics you predicted? How do the values of the
spring constant compare between the two methods? Which method do you feel is the most reliable?
Justify your answers.



PROBLEM #2: EFFECTIVE SPRING CONSTANT

Your company has bought the prototype for a new flow regulator from a local inventor. Your job is to
prepare the prototype for mass-production. While studying the prototype, you notice the inventor
used some rather innovative spring configurations to supply the tension needed for the regulator
valve. In one location the inventor had fastened two different springs side-by-side, as in Figure A
below. In another location the inventor attached two different springs end-to-end, as in Figure B
below. To decrease the cost and increase the reliability of the flow regulator for mass production, you
need to replace each spring configuration with a single spring. These replacement springs must exert
the same forces when stretched the same amount as the original spring configurations.

EQUIPMENT

You have two different springs that have the same
unstretched length, but different spring constants k1 and ko.

These springs can be hung vertically side-by-side (Figure A) k1 k1
or end-to-end (Figure B).
k
As in Problem #1, you will have a table clamp and metal rod, Figure A ?
a meter stick, a mass holder, assorted masses, a triple-beam
balance, and a stopwatch.
Figure B

PREDICTION

The spring constant for a single spring that replaces a configuration of springs is called its effective
spring constant.

1. Write an expression for the effective spring constant for a side-by-side spring configuration
(Figure A) in terms of the two spring constants k1 and k2.

2. Write an expression for the effective spring constant for an end-to-end spring configuration
(Figure B) in terms of the two spring constants k1 and k2.

Is the effective spring constant larger when the two springs are connected side-by-side or end-to-end?
Explain your reasoning.

WARM UP

Read Knight, Jones & Field Chapter 14 Sections 14.1 and 14.2

Apply the following warm-up to the side-by-side configuration, and then repeat for the end-to-end
configuration:

1.Make a picture of the spring configuration similar to each of the drawings in the Equipment section
(Figure A and Figure B). Draw a coordinate system. Label the positions of each unstretched spring,
the final stretched position of each spring, the two spring constants, and the mass of the object
suspended. Put arrows on your picture to represent any forces on the object. Assume that the
springs are massless.

For the side-by-side configuration, assume that the light bar attached to the springs remains
horizontal (i.e. it does not twist).

For each two spring configurations make a second picture of a single (massless) spring with spring
constant k' that has the same object suspended from it and the same total stretch as the combined
springs. Be sure to label this picture in the same manner as the first.



PROBLEM #2 EFFECTIVE SPRING CONSTANT

2.Draw force diagrams of both spring systems and the equivalent single spring system. Label the
forces. For the end-to-end configuration, draw an additional force diagram of a point at the
connection of the two springs.

3.Apply Newton's laws to the object suspended from the combined springs and the object suspended
from the single replacement spring. Consider carefully which forces and displacements will be
equal to each other

For the end-to-end configuration: Draw an additional force diagram for the connection point
between the springs. At the connection point, what is the force of the top spring on the bottom
spring? What is the force of the bottom spring on the top spring?

4.Solve your equations for the effective spring constant (k') for the single replacement spring in terms
of the two spring constants.

EXPLORATION

To test your predictions, you must decide how to measure each spring constant of the two springs
and the effective spring constants of the side-by-side and end-to-end configurations.

From your results of Problem #1, select the best method for measuring spring constants (the static or
dynamic method). Justify your choice.

Perform an exploration consistent with your selected method. If necessary, refer back to the
appropriate Exploration section of Problem #1. Remember that the smallest mass must be much
greater than the mass of the spring to fulfill the massless spring assumption. DO NOT STRETCH
SPRINGS PAST THEIR ELASTIC LIMIT (ABOUT 40 CM) OR YOU WILL DAMAGE THEM.

Write down your measurement plan.

MEASUREMENT

Follow your measurement plan to take the necessary data. If necessary, refer back to the appropriate
Measurement section of Problem #1. What are the uncertainties in your measurements?

ANALYSIS

Determine the effective spring constants (with uncertainties) of the side-by-side spring configuration
and the end-to-end spring configuration. If necessary, refer back to Problem #1 for the analysis
technique consistent with your selected method.

Determine the spring constants of the two springs. Calculate the effective spring constants (with
uncertainties) of the two configurations using your Prediction equations.

| CONCLUSION

How do the measured values and predicted values of the effective spring constant for the
configurations compare?

What are the effective spring constants of a side-by-side spring configuration and an end-to-end
spring configuration? Which is larger? Did your measured values agree with your initial
predictions? Why or why not? What are the limitations on the accuracy of your measurements and
analysis? Can you apply what you learned to find the spring constant of a complex system of springs
in the flow regulator?



PROBLEM #3: OSCILLATION FREQUENCY WITH TWO SPRINGS

You have a summer job with a research group at the University. Because of your physics
background, your supervisor asks you to design equipment to measure earthquake aftershocks. A
calibration sensor needs to be isolated from the earth movements, yet it must be free to move. You
decide to place the sensor on a low friction cart on a track and attach a spring to both sides of the cart.
To make any quantitative measurements with the sensor you need to know the frequency of
oscillation for the cart as a function of the spring constants and the mass of the cart.

You will have an aluminum track, a
PASCO cart, two adjustable end stops,
two springs, a meter stick, and a
stopwatch. You will also have a video
camera and a computer with video

analysis applications  written in
LabVIEW™  (VideoRECORDER and
MotionLab).

EQUIPMENT |

| PREDICTION |

Write an expression for the frequency of the cart in terms of its mass and the two spring constants.

| WARM UP |

Read Knight, Jones & Field Chapter 14 Sections 14.1 and 14.2

1.

Make two pictures of the oscillating cart (1) one at its equilibrium position and (2) one at some
other position and time while it is oscillating. On your pictures, show the direction of the
velocity and acceleration of the cart and the forces on the cart.

Draw a force diagram of the oscillating cart when it is at a position away from its equilibrium
position. Label the forces.

Write down an equation for the total force on the cart in terms of the two spring constants and
its displacement from the equilibrium position.

Now imagine that only one spring was attached to the cart, but it exerted the same force at
the same displacement as the two-spring system. How would the motion of these two
systems compare? What is the relationship between the spring constant of the single spring
system and the two for the two-spring system?

Write down an equation for the frequency of the imaginary one spring system. How does it
compare with the frequency of the two-spring system?

EXPLORATION |

Decide the best method to determine the spring constants based on your results of Problem #1. DO
NOT STRETCH THE SPRINGS PAST THEIR ELASTIC LIMIT (ABOUT 40 CM) OR YOU WILL
DAMAGE THEM.



PROBLEM #3: OSCILLATION FREQUENCY WITH TWO SPRINGS

Find the best place for the adjustable end stop on the track. Do not stretch the springs past 60 cm, but
stretch them enough so the cart oscillates smoothly. Find the most appropriate cart mass.

Practice releasing the cart smoothly. How long does it take for the oscillations to stop? What effect
will this have on your measured values compared to your predicted values? How can you affect this
time? What amplitude will you use to take your measurements? Between what positions should you
measure a cycle? Over how many cycles should you measure to get a precise result?

MEASUREMENT

Determine the spring constants. Record these values. What is the uncertainty in these
measurements?

Measure the period of oscillation of the cart. How many times should you take this measurement to
be sure that it is reliable? What is the uncertainty in your measurement?

ANALYSIS |

Analyze your video to find the period of oscillation. Calculate the frequency (with uncertainty) of the
oscillations from your measured period. Calculate the frequency (with uncertainty) using your
Prediction equation. How does your measured frequency compare with your predicted frequency?

CONCLUSION |

What is the frequency of the oscillating cart? Did your measured frequency agree with your
predicted frequency? Why or why not? What are the limitations on the accuracy of your
measurements and analysis?

If you completed Problem #2: What is the effective spring constant of this configuration? How does it
compare with the effective spring constants of the side-by-side and end-to-end configurations?




PROBLEM #4: OSCILLATION FREQUENCY OF AN EXTENDED SYSTEM
You are the technical advisor for the next Bruce Willis action adventure movie, Die Even Harder, which
is being filmed in Minnesota. The script calls for a spectacular stunt: Bruce Willis is dangling over a
cliff from a long rope that is tied to the evil villain, who is on the ice-covered ledge of the cliff. The
villain's elastic parachute line is tangled in a tree located several feet from the edge of the cliff. Bruce
and the villain are in simple harmonic motion. At the top of his motion, Bruce unsuccessfully tries to
grab for the cliff edge while the villain reaches for his boot knife. The script calls for the villain to cut
the rope just as Bruce reaches the top of his motion again. It is expensive (and dangerous) to have
Willis hanging from the rope while the crew films close-ups of the villain. However, the stunt-double
weighs more than Bruce Willis. The director needs to know if the stunt double will have a different
oscillatory motion than Bruce. You decide to solve this problem by modeling the situation with a cart
on a track with a spring attached to one end and a hanging object attached to the other by a string.
The track represents the ice-covered ledge of the cliff, the adjustable end -stop represents the tree, the
spring represents the elastic parachute, the cart represents the villain, the string represents the rope,
and the hanging object represents Bruce Willis or his stunt double in this problem.

EQUIPMENT |

You have an aluminum track with an
adjustable end-stop, a pulley that attaches
to the end of the track, a spring, a PASCO
cart, some string, a mass hanger, assorted
masses, a meter stick, and a stopwatch.

PREDICTION

Write an expression for how the frequency of oscillation of the system depends on the mass of the
object hanging over the table.

Use your equation to sketch the expected shape of a graph of oscillation frequency versus hanging
mass. Will the frequency increase, decrease or stay the same as the hanging mass increases?

WARM UP

Read Knight, Jones & Field Chapter 14 Sections 14.1to 14.4

1.Make a picture of the situation when the cart and hanging object are at their equilibrium positions.
Make another picture at some other time, while the system is oscillating. On your pictures, for the
cart and the hanging object, show the directions of the acceleration and velocity. How are they
related? Identify and label the known forces on the cart and on the hanging object.

2. Write down how to determine the frequency of a spring system’s motion, if you know the
relationship between the force on the object and the object’s mass.

3.Draw separate force diagrams of the oscillating cart and hanging object when the system is not in its
equilibrium position. Label the forces.

4.Independently apply Newton's laws to the cart and to the hanging object. Is the force of the string
on the hanging mass constant?



PROBLEM #4: OSCILLATION FREQUENCY OF AN EXTENDED SYSTEM

5.Write down the equation that relates the acceleration of the cart to the forces on it. To determine the
force of the string on the cart, use the same type of relationship for the hanging mass.

6.From the resulting equation that gives the acceleration of the cart in terms of the spring constant
and masses, write down the frequency of oscillation of the cart. To determine the frequency, you
should ignore any constant terms in this equation. Give an argument for doing this.

7.Use your equation to sketch the expected shape of the graph of oscillation frequency versus the
hanging object's mass.

EXPLORATION

If you do not know the spring constant of your spring, you should decide the best way to determine
the spring constant based on your results of Problem #1.

Find the best place for the adjustable end stop on the track. DO NOT STRETCH THE SPRING
PAST ITS ELASTIC LIMIT (ABOUT 40 CM) OR YOU WILL DAMAGE IT, but stretch it enough so
the cart and hanging mass oscillate smoothly.

Determine cart mass you will use for your measurements. Determine the best mass range for the
hanging object.

Practice how you will release the cart-hanging mass system. How long does it take for the oscillations
to stop? What effect will this have on your measured values compared to your predicted value?
How can you affect this time? What amplitude will you use to take your measurements? Between
what positions should you measure a cycle? Over how many cycles should you measure to get a
precise result?

Write down your measurement plan.

MEASUREMENT

If necessary, determine the spring constant of your spring. What is the uncertainty in your measurement?

For each different hanging mass, measure the period of oscillation of the cart. How many times should you
measure each period to be sure that it is reliable? What is the uncertainty of each measurement?

Analyze your data as you go along, so you can determine the size and number of different hanging masses you
need to use.

Collect enough data to convince yourself and others of your conclusion about how the oscillation frequency
depends on the hanging mass.

ANALYSIS |

For each hanging mass, calculate the oscillation frequency (with uncertainty) from your measured
period. Use your expression from the Prediction and Warm-up to calculate the predicted frequency for
each mass.

Graph the frequency versus the hanging object's mass. On the same graph, show your predicted
relationship.



PROBLEM #4: OSCILLATION FREQUENCY OF AN EXTENDED SYSTEM

What are the limitations on the accuracy of your measurements and analysis? Over what range of
values does the measured graph match the predicted graph best? Do the two curves start to diverge
from one another? If so, where? What does this tell you about the system?

CONCLUSION

Does the oscillation frequency increase, decrease, or stay the same as the hanging object's mass
increases?

What will you tell the director? Do you think the motion of the actors in the stunt will change if the
heavier stunt man is used instead of Bruce Willis? How much heavier than Bruce would the stunt
man have to be to produce a noticeable difference in the oscillation frequency of the actors? Explain
your reasoning in terms the director would understand.



EXPLORATORY PROBLEM #5:DRIVEN OSCILLATIONS
You are now prepared to calibrate your seismic detector (from Problem #3). You need to determine
how the amplitude of the oscillations of the detector will vary with the frequency of the earthquake
aftershocks, so you replace the end stop on the track with a device that moves the end of the spring
back and forth, simulating the earth moving beneath the track. The device, called a mechanical
driver, is designed so you can change its frequency of oscillation.

EQUIPMENT |

ou will use a PASCO cart, two springs, an
uminum track, an adjustable end-stop, a
gnal generator, and a mechanical driver. The
echanical driver is somewhat like a
udspeaker with one end of a metal rod
tached to the center, and the other end of the
id is attached to one of the springs. The
"iver is connected to the signal generator that
wses the rod to oscillate back and forth with
{justable frequencies that can be read off the
splay on the signal generator.

Mechanical

PREDICTION

Make your best-guess sketch of how you think a graph of the amplitude of the cart versus the
frequency of the mechanical driver will look. Assume the driver has a constant amplitude of a few
millimeters.

| WARM UP |

Read Knight, Jones & Field Chapter 14 Sections 14.1to 14.7

| EXPLORATION |

Examine the mechanical driver. Mount it at the end of the track, using the clamp and metal rod so its
shaft is aligned with the cart's motion. Connect it to the signal generator, using the output marked Lo
(for "low impedance"). Use the smallest amplitude that is sufficient to observe the oscillation of the
cart at the lowest frequency possible.

Determine the accuracy of the digital display on the frequency generator by timing one of the lower
frequencies.

Devise a scheme to accurately determine the amplitude of a cart on the track, and practice the
technique. For each new frequency, should you restart the cart at rest?

When the driver is at or near the undriven frequency (natural frequency) of the cart-spring system, try
to simultaneously observe the motion of the cart and the shaft of the driver. What is the relationship?
What happens when the driver frequency is twice as large as that frequency?



PROBLEM #5: DRIVEN OSCILLATIONS

MEASUREMENT

If you do not know the frequency of your system when it is not driven, determine it using the
technique of Problem #3.

Collect enough cart amplitude and driver frequency data to test your prediction. Be sure to collect
several data points near the undriven frequency of the system.

| ANALYSIS |

Make a graph the oscillation amplitude of the cart versus driver frequency.

| CONCLUSION |

Is the graph what you had anticipated? Where is it different? Why? What are the limitations on the
accuracy of your measurements and analysis?

Can you explain your results? Is energy conserved? What will you tell your boss about your design
for a seismic detector?



|ZI CHECK YOUR UNDERSTANDING

1. The diagram below shows an oscillating mass/ spring system at times 0, T/ 4, T/ 2, 3T/ 4, and T,
where T is the period of oscillation. For each of these times, write an expression for the
displacement (x), the velocity (v), the acceleration (a), the kinetic energy (KE), and the potential
energy (PE) in terms of the amplitude of the oscillations (A), the angular velocity (w), and the spring
constant (k).

| | | t X \4 a KE | PE

equilibrium
position

TX max

Identical masses are attached to identical springs that
hang vertically. The masses are pulled down and
released, but mass Bis pulled further down than mass A,
as shown at right.

a. Which mass will take a longer time to reach the
equilibrium position? Explain.

b. Which mass will have the greater acceleration at the
instant of release, or will they have the same
acceleration? Explain.

¢. Which mass will be going faster as it passes through
equilibrium, or will they have the same speed? B
Explain.

d. Which mass will have the greater acceleration at the
equilibrium point, or will they have the same
acceleration? Explain.



|ZI CHECK YOUR UNDERSTANDING

Two different masses are attached to different ]
springs that hang vertically. Mass A is larger, but -

the period of simple harmonic motion is the same
for both systems. They are pulled the same
distance below their equilibrium positions and
released from rest.

A B

a. Which spring has the greater spring constant? Explain.
b. Which spring is stretched more at its equilibrium position? Explain.
c. Theinstant after release, which mass has the greater acceleration? Explain.

d. If potential energy is defined to be zero at the equilibrium position for each mass, which
system has the greater total energy of motion? Explain.

e. Which mass will have the greater kinetic energy as it passes through its equilibrium position?
Explain

f.  Which mass will have the greater speed as it passes through equilibrium? Explain.

Five identical springs and three
identical masses are arranged as
shown at right.

a. Compare the stretches of the
springs at equilibrium in the
three cases. Explain.

b. Which case, a, b, or ¢, has the
greatest effective spring
constant? The smallest effective
spring constant? Explain.

c. Which case would execute simple
harmonic motion with the
greatest period? With the least
period? Explain.
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LABORATORY Il
WAVES

Mechanical waves allow us to transfer energy from one position to another without actually moving an object
between those two positions. Waves are an important part of every day experience. The gentle ripples in an
ocean surface that can become pounding waves on the shore are waves. The music you hear consists of waves
that are vibrations of the air. Mechanical waves govern the sounds of musical instruments, and mechanical
waves carry the destructive forces of earthquakes. In this lab you will have the opportunity to explore various

wave phenomena to help you organize your experiences with mechanical waves.

We will build on our experiences from the last laboratory by using springs as the medium for our waves.
Anything that can vibrate, such as wires, water, molecules, and air, can carry waves. In these problems you
will investigate what determines the speed of a wave, how to create wave patterns, and the relationship

between wavelength, frequency, and speed for a given wave.

OBJECTIVES:

After successfully completing this laboratory, you should be able to:
« Identify real systems with the mathematical description of waves.
» Identify the properties of the medium that determine the wave velocity.
« Determine the relationship between the wavelength, frequency, and speed of a wave.

« ldentify the properties of a system that determine the pattern of standing waves.

PREPARATION:
Read Night, Jones & Field, Chapter 15

Before coming to lab you should be able to:
e Use the properties of sine and cosine.
« Distinguish between frequency and period.
« Distinguish between amplitude and wavelength.
« Distinguish between transverse and longitudinal waves.
« Distinguish between standing and traveling waves.
» Define nodes and antinodes for a standing wave.
» Distinguish between waves and pulses.
» Use astopwatch to determine the speed of a wave.

» Use a meter stick to determine a wavelength.



PROBLEM #1: WAVE SPEED
You are part of a team that is designing the power lines that bring electricity to the city from a
windmill farm. The specifications require that the power line supports be able to withstand the
transverse and longitudinal pulses that might be caused by high winds. Pulses that travel too fast can
damage the wire. You have been asked to determine how the tension of the wire affects the pulse
speed. You also need to know if this effect is different for transverse and longitudinal waves. To
make the waves more observable you decide to use a spring to test your ideas.

EQUIPMENT

This problem is done using a tightly coiled metal spring. Do not stretch the spring past its elastic
limit. You will also have a meter stick, stopwatch, and force scales. Hold the stretched spring tightly.
Releasing the spring quickly can cause pain and injury to your partner. Safety goggles must be worn
to protect your eyes in the event of an accidental release of one end of a stretched spring. Gloves
should be worn to protect your hands.

motion could injure somebody. Always release the tension slowly. Wear safety goggles while

@ WARNING: Neverrelease one end of a spring that is under tension, because its snapping
the vicinity of the springs. Wear a glove on the hand holding the spring.

PREDICTION

How do you think the speed of a pulse depends on the tension of the spring? Make an educated
guess using dimensional analysis (Hint: break the units of tension down into a combination of
kilograms, meters, and seconds). Then predict which type of pulse, longitudinal or transverse, is
faster on the spring.

| WARM UP |

Read Night, Jones & Field, Chapter 15, Sections 15.1 & 15.2

| EXPLORATION |

Once your group has discussed the predictions and examined the equipment, find a good place to
work with the spring. You may need to go out into the halls. Don't forget the goggles and gloves.
Everyone must wear goggles anytime you are in the vicinity of stretched springs. Two group
members will grasp the loops at the ends of the tightly coiled spring using the wooden rods to get a
firm grip. Use the force scales to determine how the tension depends on the length of the spring. Do
not stretch the tightly coiled spring past 10 meters.

Sit on the floor and practice making pulses of different shapes. You need to know if the pulse speed
depends on its shape. Try some very different shapes. Be sure everyone in your group gets an
opportunity to work with the spring. Learn how to make the following transverse pulses before
continuing. Some of these shapes may require several people to make. Record in your journal w hat
you did to make each pulse shape. Which pulse is the easiest one to make?

S N A,

Square Half-round

Triangle

in



PROBLEM #l: WAVE SPEED

Observe how your wave pulse evolves with time. Discuss your observations with your partners as
you work. Can you make a pulse do a round trip? Note what happens to the pulse when it is
reflected from the end of the spring. If you keep the spring tension the same, does the speed depend
on the pulse shape?

Practice making longitudinal pulses. Are they easier or more difficult to make than the transverse
pulses?

For this part of the exploration, you will examine what the velocity of a wave means. First, you will
examine the average velocity of a single coil of the spring. To help you observe the behavior of a
single coil, place a piece of tape on a coil in the middle of the spring while the spring is stretched.
Send a pulse down the spring and observe the motion of this piece of tape. Try a transverse pulse and
a longitudinal pulse. What is the average velocity of the tape? Does the tape wiggle back and forth,
or does it end up at one end? What does this tell you about the medium of a wave and the wave
itself? Record your observations and measurements in your journal.

Next you will examine how much time it takes for a pulse to travel the length of the spring. How wiill
you know when the pulse has reached the end? Do you want to time the pulse using its front,
middle, or back? How do you use this time measurement to get the velocity? How does this velocity
compare to the velocity of a single coil of the spring?

What happens to the velocity of the waves if you change the amount that you stretch the spring?
What happens to spring tension? Does this imply anything about your prediction? Can you explain?
Try some extreme cases.

Find a good way of timing the motion of the pulse. Be sure you have a plan that works for both
longitudinal and transverse pulses. Record this plan in your journal. Rotate partners until everyone
in the group has had the opportunity to make pulses and work the stopwatch.

MEASUREMENT

Collect enough data to test your predictions. Be sure to collect data at various tensions for both
longitudinal and transverse pulses.

ANALYSIS

Do the necessary analysis to confirm your predictions. What are the limitations on the accuracy of
your measurements and analysis?

CONCLUSION

Can you explain your results? What will you tell your supervisor about the speed of the pulses?



PROBLEM #2: STANDING WAVE PATTERNS
While talking to a friend on the phone you play with the telephone cord. As you shake the cord, you
notice the ends of the cord are stationary while the middle of the cord vibrates back and forth; you
have a standing wave. As you change the motion of your hand, a new pattern develops in which the
middle of the cord is stationary while the rest of the cord vibrates wildly. You decide to investigate
these standing wave patterns

EQUIPMENT

This problem is done using a tightly coiled metal spring that has an unstretched length of about 1.8
meters. Do not stretch the tightly coiled spring past its elastic limit. You will also have a meter stick.
Wooden rods will be used to hold the spring by the loops at its ends. Use gloves. Hold the stretched
spring tightly. Releasing the spring when it is stretched can cause pain and injury to your partner.
Safety goggles must be worn to protect your eyes in the unlikely event of an accidental release of
one end of a stretched spring.

motion could injure somebody. Always release the tension slowly. Wear safety goggles while

@ WARNING: Neverrelease one end of a spring that is under tension, because its snapping
the vicinity of the springs. Wear a glove on the hand holding the spring.

PREDICTION

Find an equation expressing the wavelength of a standing wave in terms of the standing wave
pattern, or n" harmonic, and the length of the spring.

WARM UP

Read Night, Jones & Field, Chapter 15, Sections 15.1- 15.3

1. Draw a sketch of the experimental set-up. On this sketch label the directly measurable quantities
and the unknown quantities.

2. From your sketch, determine the boundary conditions for the standing wave. Can the ends of the
spring move?

3. Draw sketches of the three simplest standing wave patterns that are consistent with your
boundary conditions. On your sketch, label the wavelength of each standing wave pattern and the
length of the spring.

4. Examine your sketch for the simplest standing wave. The frequency of this wave is defined as the
first harmonic. From your sketch, find an equation relating the wavelength of the standing wave
to the length of the spring.

5. Examine your sketches for the other standing waves. The frequencies of these waves are called
the 2" and 3" harmonics. Using your sketches, find equations relating the wavelength of the
standing wave pattern to the length of the spring for each harmonic.

6. Do you see a pattern in your three equations? For an arbitrary standing wave pattern, or n"
harmonic, find an equation expressing the wavelength of the standing wave as a function of n and
the length of the spring.

in



PROBLEM #2: STANDING WAVE PATTERNS

| EXPLORATION |

To create standing waves on the spring, first get a feeling for how traveling waves can become
standing waves. Three wave properties are important: (1) how waves travel, (2) how they are
reflected at boundaries, (3) how two waves combine. You've already spent some time exploring the
first two properties of pulses in the previous problem. You should use this experience to determine
the length of the stretched spring.

To see how two traveling pulses combine, send a half-round pulse down the spring from each end.
Carefully observe what happens when the two pulses meet? Are the observations easier with a slow
speed or a fast speed? Draw this interaction in a series of sketches. Can you make this interaction
occur so that a coil in the middle of the spring does not move? Try sending a half-round pulse down
the spring and as soon as the pulse hits your partner's hand, send another one. What happened when
the two pulses met? Record your results and explanations in your lab journal.

Now use your experience with traveling waves to make standing waves. Start by sending half-round
pulses down the spring so that the middle of the spring does not move. Start sending more pulses
down the spring in increasing rapid succession. Maintain this process until a standing wave develops
on the spring.

Practice making standing waves on the spring. What is the simplest pattern you can develop? What is
the most complex pattern you can develop?

After each of your partners has learned how to set up standing waves, develop a measurement plan
for determining the wavelength of each standing wave pattern.

MEASUREMENT

Execute your measurement plan for determining the wavelength of the standing wave for as many
different patterns as you can produce on the spring. Make sure to record which harmonic, or pattern,
you are examining.

ANALYSIS

For each measurement, how does the wavelength depend on the length of the spring? Use your
results to determine a general relationship between the wavelength of a standing wave and the length
of a spring for an arbitrary pattern.

CONCLUSION

How does the wavelength of a standing wave depend on the standing wave pattern and the length of
the spring? Is this what you predicted?



PROBLEM #3: STANDING WAVE VELOCITY

You have been working for a team that is designing the power lines that bring electricity to the city
from a windmill farm. The specifications require that the power line supports be able to withstand the
transverse and longitudinal pulses that might be caused by high winds. Pulses that travel too fast can
damage the wire. One concern you have is that standing waves might form in the power lines. Since
standing waves can be created by the addition of individual pulses, you are worried that the velocities
of these pulses might also add, which could damage the power line. However, your colleague tells
you that the velocities of the individual pulses don’t add and the velocity of the standing wave is the
same as the velocity of the individual pulses. To see who is right, you decide to use a spring to test
your ideas.

EQUIPMENT

This problem is done using a tightly coiled metal spring that has an unstretched length of about 1.8
meters. Do not stretch the tightly coiled spring past its elastic limit. You will also have a meter stick,
a stopwatch, and a force scale. Wooden rods will be used to hold the spring by the loops at its ends.
Use gloves. Hold the stretched spring tightly. Releasing the spring when it is stretched can cause
pain and injury to your partner. Safety goggles must be worn to protect your eyes in the unlikely
event of an accidental release of one end of a stretched spring.

motion could injure somebody. Always release the tension slowly. Wear safety goggles while

@ WARNING: Neverrelease one end of a spring that is under tension, because its snapping
the vicinity of the springs. Wear a glove on the hand holding the spring.

PREDICTION

Draw a graph of how the wavelength of a standing wave on the tightly coiled spring depends on the
period of oscillation of your hand. What is the slope of this graph?

Using your experience in problem #1, write the equation expressing the velocity of a transverse pulse
as a function of the tension in a spring.

Read Serway & Vuille, Chapter 13, Sections 13.6, 13.7 and 13.8 and Chapter 14, Sections 14.8 (or
Cutnell & Johnson 16.2, 16.3, and 17.5)

WARM UP

Read Night, Jones & Field, Chapter 15, Sections 15.1- 15.3

1. Draw a sketch of the experimental set-up. On this sketch label the directly measurable quantities
and the unknown quantities.

2. From your sketch, determine the boundary conditions for the standing wave. Can the ends of the
spring move?

3. Draw sketches of the three simplest standing wave patterns that are consistent with your
boundary conditions. On your sketch, label the wavelength of each standing wave pattern and the
length of the spring.

4. Examine your sketch for the simplest standing wave. The frequency of this wave is defined as the
first harmonic. From your sketch, find an equation relating the wavelength of the standing wave
to the length of the spring.

in



PROBLEM #3: STANDING WAVE VELOCITY

EXPLORATION

The exploration for this problem is very similar to problem #2. For help in creating standing waves on
the spring, refer to the Exploration section in problem #2.

Measure the tension in the spring. Make sure to keep this tension constant as you are changing the
standing wave patterns.

Practice making standing waves on the spring. What is the most and the fewest nodes you can
develop on the spring?

After each of your partners has learned how to set up standing waves, develop a measurement plan
using the stopwatch to measure the period of oscillation of the standing wave.

Develop a measurement plan for determining the wavelength of each standing wave pattern.

MEASUREMENT

Execute your measurement plan for determining the period of oscillation and the wavelength of the
standing wave for each pattern. Make sure to keep the tension in the spring the same for each
pattern.

Measure all other quantities necessary to determine the velocity of a transverse pulse.

ANALYSIS

From your measurements, make a graph of how the wavelength of a standing wave on the spring
depends on the period of oscillation of your hand. What does the slope of this graph represent?
Compare it to your calculated value of the velocity of a transverse pulse.

CONCLUSION

Is the velocity of a standing wave the same as the velocity of a transverse pulse on a spring with a
given tension? Since a standing wave doesn’t exhibit longitudinal motion, what do we mean when we
say “velocity of a standing wave”.



PROBLEM #4:STANDING WAVES
You are part of a quality control team for a factory that manufactures guitar strings. To make sure the
strings are all made to the same high standard, you have decided to make a test facility that measures
the harmonic frequencies (the frequencies that create standing waves) of the guitar string as a
function of the string’s tension. You decide that the best way do this is to set up a pattern of standing
waves at known tensions.

| EQUIPMENT |

You will use a mechanical driver and a function

generator to create standing waves. You also have yWire

a length of wire to serve as the wave medium. You i

will use a pulley, a mass hanger and mass set to @ .
apply a known tension to the end of the wire. The = ygggamcal

wire is fastened using a wire clamp to the stand at
one end of the table and hangs over the pulley at
the opposite end. The mechanical driver should be
underneath the wire near one end of the table. The
function generator allows you to oscillate the wire
over a wide range of frequencies.

PREDICTION

Calculate the wave velocity as a function of the frequency of the standing wave and other quantities
you can measure in the lab using standing waves. How will changing the tension affect wave speed?
How will changing tension affect the frequency of a specific standing wave?

WARM UP

Read Night, Jones & Field, Chapter 15, Sections 15.1- 15.3

1. Draw a sketch of the experimental set-up. On this sketch label the quantities you can measure
and the unknown quantities.

Write down the boundary conditions for the standing wave.

Sketch a few of the standing wave patterns possible for your boundary conditions and determine
the wavelengths of each wave pattern.

4. Use the relationship between a wave’s speed, its wavelength, and its frequency. What is the
relationship between the wave’s frequency and the frequency of the mechanical driver?

5. How will changing the tension affect the wave’s speed? How will this change in the wave’s
speed affect the frequency for various standing wave patterns?

EXPLORATION

Begin with the function generator with the power off. Connect it to the mechanical vibrator using the
two banana-plug cables, being careful to use the black GROUND terminal and the red LOW terminal
on the function generator. Make sure the driver's lock mechanism has been released. Turn the
generator's amplitude all the way down. Now turn the power on, and let the function generator
warm up while you set up the rest of the equipment.

Choose a length of wire, or check with your TA to see if your group will be assigned a particular wire.
Determine the most effective way of setting up the equipment for this problem.



PROBLEM #4: STANDING WAVES

Decide on a comfortable range of masses that you will use. You don't want to stretch or damage the
wire, but you will want a mass that will give you the sufficient tension to produce standing waves for
several frequencies. If the wire is not pulled straight, or if the mass jumps around a lot when the wire
is vibrating, you will need more mass to get usefully data.

Determine the range of amplitudes for the driver. Does the amplitude of the mechanical driver affect
the wave speed or the standing wave pattern?

Now plan a way to drive the wire using the mechanical driver. Remember that you want the driver
to interfere as little as possible with the motion of the wire. Will it be useful to alter its position for
different standing wave patterns? Decide on a strategy to find the frequency values that produce
standing waves.

How many nodes can you produce on the vibrating wire? How does changing the tension in the wire
at a given frequency affect the number of nodes? Pull gently on the wire to find out. (Here you are
varying the tension with your fingers.)

How many standing wave measurements will you take to confirm the validity of your prediction?
What quantities will you change that affect your measurements? What quantities will you keep the
same?

Record your answers to these questions, the explanations behind your answers, and your
measurement plan in your journal.

MEASUREMENT

Determine the wire tension and the length of the wire. Arrange the equipment into the configuration
you think will minimize the disturbance caused by the driver. Carefully tune to the lowest frequency
that produces a standing wave. Raise the frequency and try other standing wave patterns.

Follow your measurement plan to acquire enough data to convincingly determine the wave speed as
a function of frequency.

ANALYSIS

Using your measurements, compute the wave speed for standing waves on the wire. Do this for
several different frequencies at a given tension. Do all the frequencies give the same wave speed?
What is the uncertainty in your analysis and measurements? Repeat the process for enough other
tensions to see the functional relationship between the frequency of specific standing waves and
tension.

CONCLUSION

Were you able to determine the wave speed using a standing wave? Did wave speed depend on the
number of nodes in your standing wave pattern? Did the frequencies of the standing waves depend
on the tension in the wire? Did wave speed depend on the amplitude of the standing waves?

What happened to the sounds as you changed the frequency of the driver? What can you deduce
about the behavior of guitar strings and the sounds they make?



1.

CHECK YOUR UNDERSTANDING

A standing wave on a string can be constructed from two traveling waves that move in
opposite directions. Can a traveling wave be constructed from the sum of two standing
waves?

When transverse positive and negative pulses (that have the same symmetric shape and size
but travel in opposite directions) meet, is it necessary that there be a moment when the string
on which they move is flat? If so, how do the pulse "know" to continue moving on the string?

Explain what would happen to the lowest frequency standing wave if the tension in the wire
were increased.
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LABORATORY IV
ELECTRIC FIELDS AND FORCES

Action-at-a-distance forces (gravitational, electric, and magnetic) make up a common part of your everyday
experiences. These forces are difficult to fit into our physical intuition for two reasons. First, it is hard to
conceive of objects interacting when they are not in contact. Second, objects that interact by these action -at-a-
distance forces create systems that have potential energy. The question naturally arises: Where is this

potential energy?

The conceptual difficulties of both the force and the potential energy for an action-at-a-distance interaction are
solved through the concept of a field. Under field theory, an object affects the space around it and creates a
field. Another object entering this space is affected by that field and may experience a force. The fields
interact with each other, not the objects. One object causes a field and the other object’s field interacts directly
with the first field. When two objects interact in this way we envision the potential energy as residing in the
field.

Using fields to study interactions solves the intellectual puzzle of action-at-a-distance. Field theory, however,
is a much more abstract way of thinking about the world. The only reason we use field theory is because it
leads us to a deeper understanding of natural phenomena and inspires the invention of new devices. The
problems in this laboratory are primarily designed to give you practice visualizing fields and using the field

concept to solve problems.

You will first explore electric fields by building different configurations of charged objects and mapping their
electric fields in a water tray. In the final problems of this lab, you will measure the behavior of electrons as

they travel through an electric field.

OBJECTIVES:

After successfully completing this laboratory, you should be able to:
* Qualitatively construct the electric field based on the geometry of charged objects;
+ Determine the magnitude and direction of the force on a charged particle in a given electric field.

PREPARATION:

Read Night, Jones & Field Chapter 20. Before coming to lab you should be able to:
* Apply the concepts of force and energy to solve problems.
e Calculate the motion of a particle with a constant acceleration.
* Write down Coulomb's law and understand the meaning of all of the quantities involved.



PROBLEM #1: ELECTRIC FIELD VECTORS

As part of your internship with a local computer printer company, you have been assigned to a team
developing a new ink-jet printer. Your team is investigating the use of electric charge configurations
to manipulate the ink particles in the printer. To help the design work, the company needs a
computer program to simulate the electric field for complicated charge configurations. The lead
engineer has assigned you the task of evaluating such a program. To test the program, you use it to
qualitatively predict the electric field from simple charge configurations and see if it corresponds to
your expectations. You form your expectations from your knowledge of the force that would be
exerted on positive charge. To accomplish this task, you start with a single positive charge. You then
try a single negative charge. Finally, you add them together to get a dipole configuration.

EQUIPMENT

You will use the computer program EM Field. This program will draw the electric field vector at any
point near any given charge distribution.

| PREDICTION |

Using your knowledge of the forces exerted by charged objects, draw vectors representing the electric
field around the following charge distributions: (i) A positively charged point object; (ii) A negatively
charged point object; (iii) A dipole (two equal but oppositely charged point objects separated by a
small distance). As usual, the length of the vector should represent the magnitude of the field. In
each case, draw enough vectors to give a qualitative idea of the behavior of the field. Where do you
think the electric field will be the strongest? The weakest?

| WARM UP

Read Night, Jones & Field Chapter 20, Sections 20.1 — 20.5.
1. Draw a positively charged point object.

2. At a point in space some distance from that object, imagine you have another positively charged
point object. Draw a vector representing the force on that “imaginary” object.

3. Now move your “imaginary” positively charged object to another point in space and draw the
vector representing the force on it. How does the magnitude of the force on the “imaginary”
object depend on its distance from the original positively charged point object? Make sure the
length of your vector represents this dependence. Continue this process until you have a
satisfactory map of the electric field in the space surrounding the original positively charged point
object.

Repeat the above steps for a negatively charged point object and a dipole. For the dipole, remember
that if two objects exert a force on a third object, the force on that third object is the vector sum of the
forces exerted by each of the other objects.

EXPLORATION |

Before beginning to use the computer simulation, do a quick

check to see if the program works the way you think it * Field vectors
should.Open EM Field and click anywhere in the window for the Directional arrows
instructions. From the Sources pull-down menu, select 3D charges. ;‘3:;;:‘;5

Drag any posmvel_y charged po_lnt object to the center_ of the Potential difference
window of EM Field. Select Field vectors from the Field and Equipotentials

Potential pull-down menu (as shown). Move the cursor where Equipotentials with number

you would like to place a field vector and click the Fluix and Gauss's Law




PROBLEM #1: ELECTRIC FIELD VECTORS

mouse button. An electric field vector should appear. Repeat this procedure until you have created a
reasonable map of the electric field. To clear the EM Field window, select Clean up screen from the
Display pull-down menu.

You can get another visual representation of the electric field by selecting Directional arrows from the
Field and Potential menu. In this representation all arrows are the same length and the magnitude of
the field is given by its color. Try this out for a single positively charged point object. You can geta
third visual representation of the electric field by selecting Field lines from the Field and Potential menu.
This representation creates a line that follows the direction of force with the lines color representing
its strength at a given location. If you switch to Field vectors without clearing the screen, you can see
how the representations correspond to each other.

Repeat your favorite electric field representation for a single negatively charged point object. How
does the direction and magnitude of the electric field compare to that for the positively charged point
object? Try clearing the screen and selecting a larger charge. What happens to the electric field?

Clear the screen and create a dipole by dragging two equal, but oppositely charged point objects onto
the window of EM Field. You may want to use the Show grid and Constrain to grid features in the
Display pull-down menu to lay out your dipole. Using your favorite electric field representation,
make a map of the electric field caused by a dipole. Make sure that you carefully map the electric
field at points along all axes of symmetry of the dipole.

Try a different spacing between the two charged objects making up the dipole to see how that
changes the electric field map. Try larger charges.

If you are very far away from the dipole, how does the field compare to that of a single charged point
object? How does it compare if you are very close to one charged object?

| ANALYSIS

After you made an electric field map of the positively charged point object, one that is negatively
charged, and the dipole, print a PDF copy of the screen for each case (select Print Screen from the File
pull-down menu.)

Looking at the electric field map of your dipole, imagine a positively charged point object at the tail
position of each vector. Compare the force on that “imaginary” object with the force on it if you
moved it to another position. Where is the force on the “imaginary” object the greatest? The least?
What would be true of the force if the “imaginary” object was negatively charged?

CONCLUSION

How does each of these maps compare with your prediction? Where is the field the strongest? How
is this shown in your map? Where is the field the weakest? How is this shown in your map?

Suppose you placed a positively charged “imaginary” point object near your dipole. If the imaginary
object started at rest how would it move? Be careful not to confuse the acceleration of an object
(which is determined by the total force on that object) with the velocity of the object. Try starting
your “imaginary” object at several different points.



PROBLEM #2: THE ELECTRIC FIELD FROM A DIPOLE

You have a summer job with a company that designs and manufactures measuring instruments for
research laboratories. Your boss has asked you to test a new instrument that is designed to measure
electric fields underwater. To become familiar with how it works, you decide to first use the
instrument to determine the pattern of an electric field that you already know. You create a two-
dimensional dipole field by giving two parallel metal rods opposite charges with a battery while their
ends are placed on electrostatic paper, which conducts electricity similarly to water. You then
measure the electric field on the paper.

EQUIPMENT |

rods
You will be using the Electrostatic Paper setup, which

YA
consists of one piece of electrostatic paper, two brass / l
° )

electrode rods, several banana cables and alligator clips, a
battery, and a wood block to increase contact pressure
between the electrodes and the paper. Measurements will
be made using a Digital Multimeter (DMM) set to read volts
and a pin tip probe as described in Appendix A. Overhead view of electrostatic
paper for this problem.

PREDICTION

Draw a sketch of the pattern of the electric field created in a plane perpendicular to two parallel metal
rods with opposite charges. Record where do you think the electric field will be the strongest, and
where you think it will be the weakest.

When you get to lab, check your sketch by making a field map of 2D charged rods using the EM Field
simulation.

WARM UP

Read Night, Jones & Field Chapter 20, Sections 20.1 — 20.5.
1. Draw a positively charged point object.

2. At a point in space some distance from that object, imagine you have another positively charged
point object. Draw a vector representing the force on that “imaginary” object.

3. Now move your “imaginary” positively charged object to another point in space and draw the
vector representing the force on it. How does the magnitude of the force on the “imaginary”
object depend on its distance from the original positively charged point object? Make sure the
length of your vector represents this dependence. Continue this process until you have a
satisfactory map of the electric field in the space surrounding the original positively charged point
object.

4. Repeat the above steps for a negatively charged point object and a dipole. For the dipole,
remember that if two objects exert a force on a third object, the force on that third object is the
vector sum of the forces exerted by each of the other objects.



PROBLEM #2: ELECTRIC FIELD FROM DIPOLE

| EXPLORATION |

Remember that the purpose of this problem is to become familiar with both (a) the electric field on the
electrostatic paper and (b) the electric field probe. Start by setting up the electrostatic paper as
instructed in Appendix A. Once the rods are connected to the battery, set the digital multi-meter
(DMM) to the “volts” setting and turn it on. Place the tips of the probe on the paper midway between
the tips of the two rods. Rotate the probe so it stays on the paper and the center of the probe stays in
the_same spot. Record the meter readings as you rotate the probe. Do the values change? Is there a
minimum or maximum value? Are there any symmetries in this data?

The DMM displays the largest value when the electric field on the paper at that position is parallel to
the imaginary line that connects the two probe tips. If the value on the display is negative, the electric
field is in the opposite direction as when it is positive. Using the data you have already collected,
determine the direction of the electric field at the point midway between the two electrodes? Is this
the direction you expected? Why?

Now place the field probe near, but not touching, one of the rods and rotate the probe as you did
before. Record your data. Determine the direction of the electric field. Compare the value you found
at the midway point to that near an electrode when the probe is aligned with the electric field.

The value displayed on the DMM is larger for a stronger electric field. Where is the electric field on
the paper the strongest? Is this where you expected it to be? Why?

MEASUREMENT

Select a point in the electrostatic paper where you wish to determine the electric field. Place the probe
on the paper at that point and rotate until you have found the direction of the electric field. Record
the magnitude and direction of the field at that point by drawing a vector in your lab journal (the
length of the vector proportional to the value displayed on the DMM).

Repeat for as many points as you need to accurately map the electric field to check your prediction.
When you have taken enough data, your finished product is a map of the electric field.

CONCLUSION

How does your map compare to your prediction? Where is the field the strongest? How is this
shown in your map? Where is the field the weakest? How is this shown in your map?



PROBLEM #3: THE ELECTRIC FIELD FROM PARALLEL CHARGED PLATES
The research laboratory that you are working in is designing an electrostatic deflector for an air
purification system. Your supervisor has assumed that the electric field between two charged plates
is constant and always perpendicular the surface of the plates. Every other electric field you know
weakens as you move further away from the charged surface. You decided to test this assumption by
mapping the electric field between two parallel plates using electrostatic paper.

EQUIPMENT

You will be using the Electrostatic Paper setup, which consists of
one piece of electrostatic paper, two brass electrode rods, several L]
banana cables and alligator clips, a battery, and a wood block to
increase contact pressure between the electrodes and the paper.
You will also have two slender copper plates that will be place at
the end of each electrode. Measurements will be made using a
Digital Multimeter (DMM) set to read volts and a pin tip probe as
described in Appendix A.

Overhead view of setup.

| PREDICTION

Make a sketch of the electric field pattern for the charge configuration on the electrostatic paper.
Label areas where you expect the field to be strongest and where it should be weakest. Is there an area
where the field is relatively constant?

When you get to lab, use the EM Field simulation to check your sketch of the electric field between
two parallel plates.

WARM UP

Read Night, Jones & Field Chapter 20, Sections 20.1 — 20.5.
1. Draw a horizontal plate as made up of a line of point charges.

2. Qualitatively determine the electric field at some point above that line of charges by adding
together the contributions at that point due to all of the charges’ electric fields. One way to do
this is to start with one charge and draw the electric field vector at some point above it. Note the
direction of the electric field. Now add a charge at an equal distance on each side of the original
charge. At the point of interest draw the electric field vector from all three charges. From your
drawing get the sum of these vectors and note its direction. Continue by adding two more
charges to each end of the line and repeat the vector sum. What do you think will be the direction
of the electric field as you add a very large number of charges in this way?

3. If the line of charges is infinite, the procedure in step 2 will give you the direction of the field at
every point above the plate. What does this tell you about the direction of the electric field at
every point above or below the infinite plate?

4. Now sketch the situation for two parallel plates with opposite charge. At a point between them
draw the electric field vector from each plate and add them. Repeat for a selection of points
between the two plates.

5. Repeat step 4 for the regions outside the plates.



PROBLEM #3: ELECTRIC FIELD FROM PARALLEL CHARGED PLATES

EXPLORATION

Use the same equipment as in Problem #1. Review your journal to familiarize yourself with how to
use the electrostatic paper and electric field probe (or see Appendix A).

Place the two slender metal plates on the paper and place a brass electrode on each. Then connect one
electrode to each terminal of a battery or power supply.

How should you determine how far apart the plates should be? How many data points do you need
between the plates? How many do you need outside the plates? Do the plates need to be perfectly
parallel?

Outline your measurement plan.

MEASUREMENT

Map the electric field on the paper from two opposite-charged parallel plates. Your map should show
both the magnitude and direction of the electric field. Be sure you map the field outside the plates as
well as between the plates.

CONCLUSION

How does the map of the electric field compare to your prediction? Why? Is your supervisor's
assumption that the electric field between the plates is constant justified? Is there a region in which
the assumption is not valid? If you are very close to a charged surface, what is the direction of the
electric field relative to that surface?



PROBLEM #4: GRAVITATIONAL FORCEON THE ELECTRON
You are working in a research laboratory that is attempting to make a better electron microscope. The
key to advancing the project is the precise control of a beam of electrons. To study this, you decide to
use a Cathode Ray Tube (CRT), the same device that is the basis of TV sets and most computer
screens. In a CRT, electrons are emitted at one end of an evacuated glass tube and are detected by
their interaction with a phosphorous screen on the other end (you see them glow).

You know that every object in flight near the Earth's surface is subject to the gravitational force. From
your physics experience you also know that the acceleration of all objects in free fall is the same,
independent of their mass. Even though an electron has a small mass, it has the same gravitational
acceleration as a baseball or a bullet. You worry that the gravitational force will deflect the electron
from its path giving it the parabolic trajectory that you studied in the first term of physics.

EQUIPMENT

You will be using the Cathode Ray Tube (CRT) described in Appendix A.
The fluorescent screen has a half centimeter grid in front of it so you can
measure the position of the beam spot. Along with the CRT you will need
several banana cables and a Cenco power supply.

PREDICTION

Calculate how far an electron falls during its flight within the CRT when the CRT is horizontal (6 = 09),
as a function of the initial velocity of the electron. Assume that the initial velocity is along the central
axis of the CRT.

Based on your knowledge of kinematics, predict if this electron deflection (distance from the center of
the CRT at the screen) will increase, decrease or stay the same as the angle is increased from

horizontal (6 = 09) to vertical (8 = 909). Make a graph of the electron deflection-versus-angle of
incline of the CRT from the horizontal. Explain your reasoning.

| WARM UP

Read Night, Jones & Field Chapter 20, Sections 20.1 — 20.5 & 20.7. Review Chapter 3 Section 3.6 to
refresh your knowledge of projectile motion.

1. Draw a sketch of the CRT in the horizontal position. Be sure to include all components as shown
in Appendix A in your sketch, except the deflection plates, because you will not use them in this
problem. Make sure that you understand the function of all of these parts.

2. Draw the electron's path from the time it leaves the electron gun until it hits the screen. Label all
of the important kinematic quantities in the problem. The target quantity for this problem is the
electron beam deflection at the screen. The quantities that you can measure in this problem are

(a) the position of the electron beam spot on the fluorescent screen,
(b) the initial electron accelerating voltage (Vacc in your sketch),

(c) the distance from the end of the electron gun to the CRT screen, and
(d) the angle the CRT makes with the horizontal.

3. In this projectile motion problem, you know the electron's acceleration and you need to find its
initial velocity. How much potential energy does the an electron have when it first enters the
acceleration plates given a voltage across the plates of Vacc ? Use conservation of energy to find
how much kinetic energy the electron has upon leaving the acceleration plates. Given this kinetic
energy, what is the electrons velocity? Assume that the direction of the electron leaving the
electron gun region of the CRT is along the central axis of the tube.



PROBLEM #4: GRAVITATIONAL FORCE ON THE ELECTRON

4. Using the velocity of the electron and the kinematics of a projectile fired horizontally under the
influence of gravity to determine how far the electrons fall as they travel d own the length of the
horizontal CRT.

EXPLORATION

WARNING: You will be working with equipment that generates large electric voltages. Improper use
can cause painful burns. To avoid danger, the power should be turned OFF and you should WAIT
one minute before any wires are disconnected from or connected to the power supply. Never touch
the conducting metal of any wire.

Follow the direction in Appendix A for connecting the Cenco power-supply to the CRT. Before you
turn the power supply on, check to see that the connections from the power supply to the high
voltage and the filament heater are correct. You should have between 250 and 500 volts of electric
potential between the cathode and anode. After a moment, you should see a spot that you can adjust
with the knob labeled “focus”. If your connections are correct and the spot still does not appear,
inform your lab instructor.

Do you expect the gravitational deflection to vary as a function of the angle of the CRT with the
horizontal? Try different orientations to see if you can observe any difference.

For what orientation of the CRT can you find the ‘'zero deflection' position? This is the location of the
beam spot when there is no gravitational effect on the motion of the electrons.

Devise a measuring scheme to record the angle of the CRT and the position of the beam spot and
complete your measurement plan.

MEASUREMENT |

Measure the position of the beam spot with the change in angle. Try to get as many different
measurements as you can as you change the CRT’s angle from 0 to 90° (Note: Be sure to record your
measurements with the appropriate number of significant figures (see Appendix B) and with your estimated
uncertainty (see Appendix C). Otherwise, the data is nearly meaningless.)

| ANALYSIS |

Use your data to graph the position of the electron beam spot versus the angle the CRT makes with
the horizontal.

If you observe a deflection, how can you tell if the gravitational force causes it? What else could cause
a deflection?

CONCLUSION

Does the Earth's gravitational force affect the motion of the electrons in the CRT in a measurable way?
When you deflect the electron beam by an electric field what correction will you need to apply to
account for the gravitational field?

Did your data agree with your predictions? Did you observe any deflection of the electron beam?
Was it in the direction you expected? Was it bigger or smaller than you expected? What could
account for any unusual behavior?



PROBLEM #5: DEFLECTION OF AN ELECTRON BEAM BY AN ELECTRIC FORCE
You have been attempting to design a better electron microscope. To precisely control the beam of
electrons you will use electric fields in the two directions perpendicular to the original direction of the
electrons. For your study of electron control you decide to use a Cathode Ray Tube (CRT) in which
the electron passes between one set of parallel plates in the horizontal direction and another set in the
vertical direction. In the CRT, electrons are emitted at one end of an evacuated glass tube and are
detected by their interaction with a phosphorous screen on the other end. The electric fields should be
sufficient to sweep the electron beam completely across the screen. Before you can test the sensitivity
of the electron microscope design, you will need to determine how an applied electric field affects the
position of the beam spot.

EQUIPMENT

You will be using the Cathode Ray Tube described in Appendix A. The fluorescent screen has a half
centimeter grid in front of it so you can measure the position of the beam spot. Along with the CRT
you will have several banana cables, a Cenco power supply, and a Digital Multimeter (DMM.)
Connecting the internal parallel plates to the power supply creates the applied electric field. The
DMM will let you measure the voltage going to the parallel plates.

PREDICTION

Calculate how the deflection of the electron spot depends on the electric field between the horizontal
deflection plates. Repeat for the vertical deflection plates.

Use this equation to make a graph of deflection versus applied electric field strength for each set of
deflection plates.

WARM UP

Read Night, Jones & Field Chapter 20, Sections 20.1 — 20.5 & 20.7. Review Chapter 3 Section 3.6 to
refresh your knowledge of projectile motion.

1. Draw a picture of the pertinent components of the CRT. Only include one set of the deflecting
plates shown in Appendix A. Draw a coordinate axis on this picture. Draw the electron
trajectory. On the trajectory, draw and label arrows representing the electron’s velocity and
acceleration in each region of the CRT.

2. Where in your picture will an electron experience an acceleration? What force causes this
acceleration? Draw an arrow representing the force on your picture. What forces are you
assuming are negligible? In the region of acceleration, make a motion diagram showing the
electron's trajectory and showing the electron’s velocity and acceleration when the electron enters
the region, is in the region, and leaves the region.

3. Write an expression for the velocity of the electrons as they leave the electron gun in the CRT, in
terms of the accelerating voltage.

4. Determine how much the electron beam is deflected as it travels perpendicular to the electric field
between the deflecting plates (that are set to a voltage Vy).

Write down a relationship between electric field and the force on the electron. How are force and
acceleration related? Is the acceleration constant as the electron travels between the two plates?

Note: The electric field between two equally charged parallel plates is equal to the voltage between the two
plates (Vy, in Volts) divided by the distance between the plates (in meters).



PROBLEM #5: DEFLECTION OF AN ELECTRON BEAM BY AN ELECTRIC FORCE

Write down the equation giving the electron’s position as it emerges from the deflecting plates.
Write another equation giving the electron’s direction.

Note: If the acceleration is constant, then the electron follows a projectile path even if the acceleration is not
from gravity.

5. Draw the electron's trajectory from the time it leaves the deflecting plates until it strikes the
screen. In this region, is the electron accelerating? If so, what force(s) cause this acceleration?
What forces can you assume are negligible, if any? Use some geometry to write an equation
giving the distance from the center the electron strikes the screen. This is the deflection.

6. Worite down an equation giving the deflection of an electron from question 5. Determine the
quantities that are known and those that are unknown. Write down the equation(s) from question
4 you could use to solve for the unknown(s). If there are any additional unknowns, write down
the equation from question 2 that you could use to solve for one of them. If you have an
independent equation for each unknown, you can solve the problem. If not review your pictures
to see if you can extract any additional information to write down equations for any unknowns
not accounted for in the above procedure.

7. Useyour equation to sketch a graph of position of the beam spot versus the applied electric field.

EXPLORATION

This exploration is similar to that of Problem #4. If you have already completed that problem, consult your lab
journal for the necessary information.

WARNING: You will be working with equipment that generates large electric voltages. Improper use
can cause painful burns. To avoid danger, the power should be turned OFF and you should WAIT
one minute before any wires are disconnected from or connected to the power supply. Nevertouch
the conducting metal of any wire.

Follow the direction in Appendix A for connecting the powers supply to the CRT. Check to see that
the connections from the power-supply to the high voltage and the filament heater are correct, before
you turn the power-supply on. You should have between 250 and 500 volts of electric potential
between the cathode and anode. After a moment, you should see a spot that you can adjust with the
knob labeled “focus”. If your connections are correct and the spot still does not appear, inform your
lab instructor.

Before you turn on the electric field between the deflection plates, find the CRT orientation that gives no
deflection of the electron beam. In this position the effect of all of the outside forces on the electron is
negligible.

Now slowly apply a voltage across one set of deflection plates. Note how the electron beam moves
across the screen as the voltage is increased. Write down the range of voltages for which you can make
a good measurement. Repeat this procedure for the perpendicular set of deflection plates.

If you cannot make the electron spot sweep entirely across the screen, try changing the voltage
between the anode and the cathode that you originally set somewhere between 250 and 500 volts.
This voltage changes the electron’s velocity entering the deflection plates. Select a voltage between
the anode and cathode that gives you a useful set of measurements for your deflections.

Devise a measuring scheme to record the position of the beam spot. Be sure you have established the
zero deflection point of the beam spot.



PROBLEM #5: DEFLECTION OF AN ELECTRON BEAM BY AN ELECTRIC FORCE

How will you determine the strength of the electric field between the deflection plates? What
quantities will you hold constant for this measurement? How many measurements do you need?

Complete your measurement plan.

MEASUREMENT |

Measure the position of the beam spot as you change the electric field applied to the deflection plates.

Note: Besureto record your measurements with the appropriate number of significant figures (see Appendix B)
and with your estimated uncertainty (see Appendix C). Otherwise, the data is nearly meaningless.

ANALYSIS |

Draw a graph of your Prediction equation of the deflection of the electron beam as a function of the
applied electric field.

Draw a graph using your measurements of the deflection of the electron beam as a function of the
applied electric field.

CONCLUSION

How does the graph based on your data compare to the graph based on your prediction? How does
the deflection of the electron beam vary with the applied electric field? Did your data agree with your
prediction of how the electron beam would deflect due to the applied electric field? If not, why?



PROBLEM #6: DEFLECTION OF AN ELECTRON BEAM AND VELOCITY
You have been attempting to design a better electron microscope. To precisely control the beam of
electrons you will use electric fields in the two directions perpendicular to the original direction of the
electrons. For your study of electron control you decide to use a Cathode Ray Tube (CRT) in which
the electron passes between one set of parallel plates in the horizontal direction and another set in the
vertical direction. In the CRT, electrons are emitted at one end of an evacuated glass tube and are
detected by their interaction with a phosphorous screen on the other end. The electric fields should be
sufficient to sweep the electron beam completely across the screen. Before you can test the sensitivity
of the electron microscope design, you will need to determine how the velocity of the electron leaving
the electron gun region of the CRT affects the position of the beam spot.

EQUIPMENT

You will be using the Cathode Ray Tube described in Appendix A. The fluorescent screen has a half
centimeter grid in front of it so you can measure the position of the beam spot. Along with the CRT
you will have several banana cables, a Cenco power supply, and a Digital Multimeter (DMM).
Connecting the internal parallel plates to the power supply creates the applied electric field. The
DMM will let you measure the voltage going to the parallel plates.

PREDICTION

Determine the change in position of the electron beam as a function of initial electron velocity.

Use this equation to make a graph of the position of the beam spot as a function of the initial velocity
of the electrons.

WARM UP

Read Night, Jones & Field Chapter 20, Sections 20.1 — 20.5 & 20.7. Review Chapter 3 Section 3.6 to
refresh your knowledge of projectile motion.

Note: This problem is similar to what you did in problem #5. This time, you can treat the electric field
between the deflection plates as a “known” quantity and the velocity of the electron entering the
deflection plates as an “unknown”. You can use your answers to that problem for most of the
following questions:

1. Draw a picture of the pertinent components of the CRT. Only include one set of the deflecting
plates shown in Appendix A. Draw a coordinate axis on this picture. Draw the electron
trajectory. On the trajectory, draw and label arrows representing the electron’s velocity and
acceleration in each region of the CRT.

2. Where in your picture will an electron experience an acceleration? What force causes this
acceleration? Draw an arrow representing the force on your picture. What forces are you
assuming are negligible? In the region of acceleration, make a motion diagram showing the
electron's trajectory and showing the electron’s velocity and acceleration when the electron enters
the region, is in the region, and leaves the region.

3. Write an expression for the velocity of the electrons as they leave the electron gun in the CRT in
terms of the accelerating voltage.

4. Determine how much the electron beam is deflected as it travels perpendicular to the electric field
between the deflecting plates (that are set to a voltage Vy). Write down a relationship between
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electric field and the force on the electron. How are force and acceleration related? Is the
acceleration constant as the electron travels between the two plates?

Note: If the acceleration is constant, then the electron follows a projectile path even if the
acceleration is not from gravity.

Write down the equation giving the electron’s position as it emerges from the deflecting plates.
Write another equation giving the electron’s direction. Note: The electric field between two
equally charged parallel plates is equal to the voltage between the two plates (Vy, in Volts)

divided by the distance between the plates (in meters).

5. Draw the electron's trajectory from the time it leaves the deflecting plates until it strikes the
screen. In this region, is the electron accelerating? If so, what force(s) cause this acceleration?
What forces can you assume are negligible, if any? Use some geometry to write an equation
giving the distance from the center the electron strikes the screen. This is the deflection.

6. Write down an equation giving the deflection of an electron from question 5. Determine the
quantities that are known and those that are unknown. Write down the equation(s) from question
4 you could use to solve for the unknown(s). If there are any additional unknowns, write down
the equation from question 2 that you could use to solve for one of them. If you have an
independent equation for each unknown, you can solve the problem. If not review your pictures
to see if you can extract any additional information to write down equations for any unknowns
not accounted for in the above procedure.

7. Use your equation to sketch the graph of position of the beam spot versus the initial electron
velocity.

EXPLORATION

This exploration is very similar to that of Problem #5. If you have already completed that problem, consult your
lab journal for most of the necessary information.

WARNING: You will be working with equipment that generates large electric voltages. Improper use
can cause painful burns. To avoid danger, the power should be turned OFF and you should WAIT
one minute before any wires are disconnected from or connected to the power supply. Never touch
the conducting metal of any wire.

Follow the direction in Appendix A for connecting the powers supply to the CRT. Check to see that
the connections from the power supply to the high voltage and the filament heater are correct, before
you turn the power supply on. You should have between 250 and 500 volts of electric potential
between the cathode and anode. After a moment, you should see a spot that you can adjust with the
knob labeled “Focus”. If your connections are correct and the spot still does not appear, inform your
lab instructor.

Before you turn on the electric field between the deflection plates, find the CRT orientation that gives no
deflection of the electron beam. In this position the effect of all of the outside forces on the electron is
negligible.

Now slowly turn apply a voltage across one set of deflection plates. Note how the electron beam moves
across the screen as the voltage is increased. Determine a voltage which gives a deflection about half of
maximum measurable deflection. Repeat this procedure for the perpendicular set of deflection plates.

The electric field between two equally charged parallel plates is equal to the voltage between the two
plates (in Volts) divided by the distance between the plates (in meters).
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Now try varying the electron’s velocity entering the deflection plates by changing the voltage
between the anode and the cathode that you originally set somewhere between 250 and 500 volts.
Select a range of voltages between the anode and cathode that gives you a useful set of measurements
for your deflections. If you cannot make the electron spot sweep entirely across the screen, try
changing the voltage on the deflection plates.

Devise a measuring scheme to record the position of the beam spot. Be sure you have established the
zero deflection point of the beam spot. How will you determine the electron’s velocity entering the
deflection plates? What quantities will you hold constant for this measurement? How many
measurements do you need? Complete your measurement plan.

MEASUREMENT

Measure the position of the beam spot as you change the initial velocity of the electron entering the
deflection plates.

Note: Be sure to record your measurements with the appropriate number of significant figures (see
Appendix B) and with your estimated uncertainty (see Appendix C). Otherwise, the data are nearly
meaningless.

| ANALYSIS

Draw a graph of your Prediction equation for the deflection of the electron beam as a function of the
initial electron velocity.

On the same graph, draw your measurements of the deflection of the electron beam as a function of
the initial electron velocity.

CONCLUSION

How does the graph based on your data compare to the graph based on your prediction? How does
the deflection of the electron beam vary with initial electron velocity? State your results in the most
general terms supported by your data.

Did your data agree with your prediction of how the electron beam would deflect due to the initial
electron velocity? Why or why not?



|ZICHECK YOUR UNDERSTANDING

1. For each of the charge configurations below, map the electric field. Assume that each object is
made of metal and that the trays are filled with water.

\. J

2. For a CRT with the same plates and electron gun as you used in lab, assume that the distance
from the center of the Vx plate to the fluorescent screen is 10 cm and the distance from the center
of the Vy plate to the screen is 8 cm. If Vg¢c is 300V, Vx = -8V and Vy = 3V, what is the

displacement of the electron beam?

3. Assume you have two infinite parallel planes of charge separated by a distance d as shown below.
Use the symbols <,>, and = to compare the force on a test charge, g, at points A, B, and C.

+ + + + +
A
B
C
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LABORATORY V
ELECTRIC CIRCUITS

Electrical devices are the cornerstones of our modern world. We depend on them for almost every aspect of

our lives, so it is important to gain a basic understanding of them.

In the previous laboratory, you studied the behavior of electric fields and their effect on the motion of
electrons using a cathode ray tube (CRT). This beam of electrons is one example of an electric current (charges
in motion). The current in the CRT was simple in that the electrons moved through a vacuum. The forces on
them were known. Their behavior could be determined from the electric field by applying constant

acceleration kinematics.

In contrast to the CRT, the most familiar electric currents are inside materials such as wires or light bulbs.
Even though the interactions of electrons inside materials are quite complicated, the basic principles of
physics still apply. Conservation of energy and conservation of charge allow us to determine the overall
behavior of electric currents without needing to know the details of the electron interaction. This approach to
problem solving will give you more experience in applying the principles of conservation to the very useful

realm of electric circuits.

OBJECTIVES:

After successfully completing this laboratory, you should be able to:
« apply the concept of circuit to any electrical system;

« apply the concept of conservation of charge to determine the behavior of the electrical current
through any part of a circuit;

« apply the concept of conservation of energy to determine the behavior of the energy output of any
element in a circuit;

* use the concept of electrical potential to describe the behavior of a circuit;

« relate the electric charge on a circuit element to the potential difference across that element and
the capacitance of that element;

» relate the electric current through a circuit element to the resistance of that element and potential
difference across that element;

* measure the current through a circuit element with a digital multi-meter (DMM));
* measure the voltage between two points in a circuit with a DMM; and

* measure the resistance of a circuit element with a DMM.



LAB V: INTRODUCTION

PREPARATION:

Read Knight, Jones & Field Chapters 22 and 23.

Describe the relationship between charge and current.

Describe the relationship between potential and potential energy.

Describe the essential difference between an insulator and a conductor.

Identify what is an electrical circuit and what is not.

Apply conservation of energy and conservation of charge to current flowing around a circuit.
Write down Ohm's law and know when to apply it.

Describe the difference between a capacitor, a resistor, and a battery.

Use a DMM to measure potential difference, current, and resistance.



PROBLEM #1:BASIC CIRCUITS

You need more light in your workroom, so you decide to add another light fixture to your track
lighting. However, you are concerned that adding another light may dim the lights that already are in
the track. When you proceed with the addition of another light, you notice that none of the lights are
dimmer then before. You wonder what type of circuit your track lighting uses. So, you decide to
build a model of circuits using two bulbs and compare the brightness of the bulbs in these circuits to a
circuit with a single bulb. You know that the circuit where bulbs are as bright as your reference
circuit is equivalent to the circuit that your track lighting uses.

EQUIPMENT
You will build the three simple circuits Legend:
shown below out of wires, light bulbs, @ 1ight bu
and batteries. Use the accompanying
. . . battery
legend to help you build the circuits. T .
— WwWilTre
1 1 3
2

nE

— ai@@

Circuit | Circuit Nl Circuit 1
Note: Some of the light bulbs in the lab may be of different kinds and have different resistances.
To find identical light bulbs look for markings on the base and check to see that the color of the
plastic bead separating the filament wires is the same.

PREDICTION |

Rank the order the brightness of bulbs A, B, C, D, and E from the brightest to the dimmest (use the
symbol = for "same brightness as" and the symbol > for "brighter than"). Worite down your
reasoning. Are there any other two bulb circuits that are different then Circuit Il or Circuit 111? If yes,
then draw them. If no, explain why.

WARM UP |

Read Knight, Jones & Field Chapters 22, Section 22.5 and Chapter 23, Sections 23.1, 23.3 & 23.4 .

1. Consider Circuit I. Assume a constant value for the resistance of A. What is the voltage
across A? What is the current through A? Which of these values will determine the
brightness of A?

2. Consider Circuit Il. Assume that light bulbs Band C have the same resistance as A (this is not
entirely true, but it is an approximation that will lead you to the correct answer. Problem 4
will show you more about the resistance of a light bulb). How do resistors in series add up?
Find the voltage and current for each bulb. How will the brightness of these bulbs compare
with A?

3. Consider Circuit 1ll. Assume that light bulbs D and E have the same resistance as A. How do
resistors in parallel add up? Find the voltage and current for each bulb. How will the
brightness of these bulbs compare with those in the previous two circuits?
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EXPLORATION

Familiarize yourself with the equipment. If you have trouble setting up the drawn circuits, consult
another group or your instructor.

Test all of your batteries and bulbs. Light a single bulb with a single battery using the simplest
possible circuit: one battery, one bulb (that is not in its socket), and one wire. How many different
configurations can you find that light the bulb? If you find a configuration that works, would it still
work if you reversed how the poles of the battery were connected? Try it.

Look closely at the inside of a light bulb. Draw a picture of what you see. Also draw how you think
the inside structure of the light bulb is connected to the outside. Write down your reasons. If the
bulb does not light how can you tell what is wrong? Is the battery dead, the bulb burned out, or the
circuit connected incorrectly?

Reference Circuit I: Connect Circuit | to use as a reference. Observe the brightness of bulb A.
Replace the bulb with another one and again observe the brightness. Repeat until you have
determined the brightness of all your bulbs when they are connected into the same circuit. If the
bulbs are identical, they should have the same brightness.

Circuit I1: Connect Circuit 1. Compare the brightness of bulbs Band C. What can you conclude from
this observation about the amount of current through each bulb? Pay attention to large differences
you may observe, rather than minor differences that may occur if two "identical” bulbs are not exactly
identical. How can you test whether minor differences are due to manufacturing irregularities? Is
more current going through the first bulb than going through the second, or is the current the same
through both bulbs? Try switching bulbs B and C. Based on your observation, what can you infer
about the current at points 1, 2, and 3? How is this related to conservation of charge?

How does the brightness of bulb A (Circuit I) compare to the brightness of bulbs B and C (Circuit I1)?
What can you infer about the current at point 1 in the two circuits?

How does the brightness of bulb A (Circuit I) compare to the brightness of bulbs Band C (Circuit I1)?
What can you infer about the current at point 1 of Circuit Il compared to the current at point 1 of
Circuit 1?7 What do you think would happen to the brightness of the bulbs B and C if you added
another bulb in the same row? Try it and find out. Can you explain your observations?

Circuit 111: Connect Circuit Ill. Compare the brightness of bulbs D and E. What can you conclude
from this observation about the amount of current through each bulb? Describe the flow of current
around the entire circuit. What do your observations suggest about the way the current through the
battery divides and recombines at junctions where the circuit splits into two branches? How does the
current at point 1 compare with the currents at points 2 and 3? How is this related to the conservation
of charge?

How does the brightness of bulb A (Circuit I) compare to the brightness of bulbs D and E (Circuit I11)?
What can you infer about the current at point 1 in Circuit Il compared to the current at point 1 in
Circuit 1?

Comparing the three circuits, does the amount of current at point 1 appear to depend on the number
of bulbs in the circuit and how they are related? What do you think would happen to the brightness of
bulbs D and E if you added another bulb in parallel to them? Try it. Can you explain your
observations?
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CONCLUSION

Rank order brightness of the bulbs. How did this compare to your prediction? What is the circuit
that corresponds to your track lighting? Circuit Il is called a "series circuit" and Circuit Il is called a
"parallel circuit". What does a battery do for a circuit? Does the battery supply a constant current to
all circuits? Does the battery supply a constant energy to all circuits? Does the battery supply a
constant potential difference to all circuits? Use your observations about bulb brightness to explain
your answers.

Check your conclusions about current by using a digital multi-meter (DMM) to directly measure the
currents through parts of the circuits. Read Appendix A and become familiar with how to measure
current with a digital multi-meter. Try measuring the current at point 1 in Circuit I. Did the bulb
remain lit while you were measuring the current? Did the brightness of the bulb change when you
began measuring the current. What happens if you choose a different scale on the DMM? (In other
words, what happens if you turn the dial? Make sure you stay on the current measuring parts of the
dial.)

Measure the current through points 1, 2 and 3 in Circuit Il. Do the same measurement for Circuit Ill.
Do these measurements agree with your conclusions based on bulb brightness?

Check your conclusions about potential difference by using a digital multi-meter (DMM) to directly
measure the potential difference across parts of the circuits. Read Appendix A and become familiar
with how to measure the potential difference across a circuit element using a DMM. Measure the
potential difference across the two poles of the battery in Circuit | with the DMM. Did the bulb
remain lit while you were measuring the current? Did the brightness of the bulb change when you
began measuring the current? Try changing the scale of the DMM by turning the dial. Make sure you
stay on the voltage measuring parts of the dial! What happens? Measure the potential difference

across the poles of the battery when it is not connected to anything. How does that compare to circuit
1?

For Circuit | measure the potential difference across the battery and bulb A. What is the uncertainty
in your measurement? In Circuit Il and Il measure the potential difference across the battery and
across each bulb. Do these measurements agree with your conclusions based on bulb brightness?
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It is the holiday season once again and you decide to put up your decorations. You have three strings
of decorative lights. To have enough lights in a row, you will need to connect two of your light
strings together end to end. The other set of lights will be enough to light up your doorway. You
know that you have a few different ways of connecting the light strings. However, you want to
connect them so that they are as bright as possible. Before you begin the long process of decorating,
you want to make sure that you are using the right set-up to get the brightest lights. So you build a
reference circuit and a model of the two possible ways of hooking up the sets of lights in order to
determine which gives the most light. In your model one light bulb represents a light string.

EQUIPMENT

You will build the three circuits shown Legend:
below out ofW|res,_I|ght bulbs, and batteries. @ light bu
Use the accompanying legend to help you

build the circuits. —_ll_— battery

wire
1 1 3 1 1_
: E 2 3 4
+ + B + 2 %
- A@:] —_ L @:) - 4 =t ] K
C F
o Circuit VI
Circuit | Cirguit 1Y Cirguit ¥

Note: Some of the light bulbs in the lab may be of different kinds and have different resistances.
To find identical light bulbs look for markings on the base and check to see that the color of the
plastic bead separating the filament wires is the same.

PREDICTION

Rank order the brightness of the bulbs A, B, C, D, E, F, G, H, J, and K from the brightest to the
dimmest (use the symbol = for "same brightness as" and the symbol > for "brighter than"). Write
down your reasoning.

| WARM UP

Read Knight, Jones & Field Chapters 22, Section 22.5 and Chapter 23, Sections 23.1-23.5.

1. Consider Circuit I. Assume a constant value for the resistance of A. What is the voltage
across A? What is the current through A? Which of these values will determine the
brightness of A?

2. For the rest of the circuits, assume that the resistance of each bulb is the same as that of A (this
is not entirely true, but it is an approximation that will lead you to the correct answer.
Problem 4 will show you more about the resistance of a light bulb). In each circuit decide
which bulbs are in parallel and which are in series. Using your knowledge of how resistors
add up, find the total current flowing through the circuit. Then, using conservation of current
and Ohm’s law, decide how much current is flowing through each bulb. Compare the
current flowing through each bulb to that of A. How does this reflect the bulbs brightness in
comparison to A?
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EXPLORATION

Test your battery and all of your bulbs by using a single battery, a wire, and a bulb as you did in
Problem #1.

Reference Circuit: Connect Circuit | to use as a reference.

Circuit IV: Connect Circuit IV. Compare the brightness of bulbs Band C. Compare the brightness of
bulbs Band C to bulb D. What can you conclude from this observation about the amount of current
through each bulb? Pay attention to large differences you may observe, rather than minor differences
that may occur if two bulbs are not identical. How can you test whether minor differences are due to
manufacturing irregularities or different currents through the bulbs?

How does the brightness of bulbs Band C compare to the brightness of bulb A (Circuit 1)? What can
you infer about the current at point 2 in Circuit IV compared to the current at point 1 in Circuit 1?

How does the brightness of bulb D compare to the brightness of bulb A (Circuit 1)? What can you
infer about the current at point 3 in Circuit IV compared to the current at point 1 in Circuit 1?

Describe the flow of current around the entire circuit. What do your observations suggest about the
way the current divides and recombines at junctions where the circuit splits into two branches? How
does the current at point 1 compare with the currents at points 2 and 3?

Circuit V: Connect Circuit V. Compare the brightness of bulbs F and G. Compare the brightness of
bulbs F and G to bulb E. What can you conclude from this observation about the amount of current
through each bulb? How does the brightness of bulb E compare to the brightness of bulb A (Circuit
)? What can you infer about the current at point 1 in Circuit V compared to the current at point 1 in
Circuit 1?

How does the brightness of bulb E compare to that of bulb B (Circuit IV)? If you do not have enough
equipment, you may need to team up with another group so that you can build both for comparison.
Or, you can switch between Circuit IV and Circuit V quickly by switching the wire connected to the
top of bulb G to the top terminal of bulb E. Watch the brightness of bulb E while you do this. What
can you infer about the comparison of the current at point 2 in both circuits?

Describe the flow of current around the entire circuit. What do your observations suggest about the
way the current divides and recombines at junctions where the circuit splits into two branches? How
is this related to the conservation of charge? How does the current through point 2 compare with the
currents through points 1, 3 and 4?

Circuit VI: Connect Circuit VI. Compare the brightness of the bulbs. What can you conclude from
this observation about the amount of current through each bulb?

How does the brightness of bulb H compare to the brightness of bulb A (Circuit 1)? What can you
infer about the current at point 1 in Circuit VI and the current at point 1 in Circuit I?

CONCLUSION |

Rank the order the actual brightness of the bulbs A, B, C, D, E, F, G, H, J, and K. How did your
prediction compare to your results? Can you use the conservation of energy and the conservation of
current to explain your results?

How will you connect your three strings of lights?
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Check your conclusions about current by using a digital Multimeter (DMM) to directly measure the
currents through parts of the circuits. Read Appendix A if you are not familiar with how to measure
current with a digital Multimeter. Review your notes from Problem 1.

Measure the current through the numbered points in all the Circuits and compare them. Do these
measurements agree with your conclusions based on bulb brightness?

Check your conclusions about potential difference by using a digital Multimeter (DMM) to directly
measure the potential difference across parts of the circuits. Read Appendix A if you are not familiar
with how to measure the potential difference across a circuit element using a DMM. Review your
notes from Problem 1.

Measure the potential difference across the battery and across each bulb in all the circuits and
compare them. Do these measurements agree with your conclusions based on bulb brightness?



PROBLEM #3: SHORT CIRCUITS
While decorating for the next holiday, you notice that a few of the bulbs on a string of lights do not
light up when you turned them on. You take the bulbs out and check them in a different string of
lights and observe that the bulbs still work. You wonder why they don't work in the first set of
lights. A friend tells you that you must have a short circuit. Your friend explains that you have a
short circuit when a wire makes an alternate path for the current to bypass a circuit element. To help
understand this idea, you build a few simple circuits to show you the results of a short circuit.

EQUIPMENT

You will build the three simple circuits Legend:
shown below out of wires light bulbs, @ light bt
and batteries. Use the accompanying

. . . battery
legend to help you build the circuits. T

— wire
1 1 3 Note: Some of the light bulbs in the lab

may be of different kinds and have
. different resistances. To find identical
— D E@) light bulbs look for markings on the
base and check to see that the color of
the plastic bead separating the filament
Circuit | Circuit |1l Circuit 1 wires is the same.

o}

e

= A@

| PREDICTIONS |

Circuit I: What happens to the brightness of the bulb A when a wire is attached across the bulb?

Circuit I: What happens to the brightness of bulbs B and C when a wire is attached across bulb B
(from point 1 to point 2)?

Circuit I1l: What happens to the brightness of bulbs D and E when a wire is attached across bulb E?

| WARM UP |

Read Knight, Jones & Field Chapters 22, Section 22.5 and Chapter 23, Sections 23.1-23.5.

| EXPLORATION |

WARNING: A short circuit is what happens any time a very low-resistance path (like a wire, or other piece
of metal) is provided between points in a circuit that are at voltages, like the terminals of a battery or power
supply. Sheort circuits can destroy equipment and injure people! Always avoid short circuits in other
circuits! Short circuits damage equipment by creating large currents. These currents can cause great heat
and cause damage to nearby circuit elements or measuring devices. Any short circuits suggested in this
manual have been tested, and determined not to significantly damage the equipment.

Build Circuit I. Place a wire across the bulb. What happens to the brightness of the bulb? Hold on to
the wire that is across the bulb. Is it getting warmer? How did the current through the bulb change?
The current coming out of the battery? Disconnect the battery. Placing the wire across the bulb
causes a short circuit and it is called "shorting out" the bulb.
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Build Circuit Il. What happens to the brightness of bulbs Band C when you place a wire across bulb
B? How did the current through C change? The current through B? Did the current through point 1
change? In what way? Is the wire across bulb B getting warm? Explain your answers.

Build Circuit Ill. What happens to the brightness of bulbs D and E when you place a wire across bulb
E? Did the current through D change? The current through E? Is the wire across bulb E getting
warm? What would be the brightness of a bulb inserted in the circuit at point 1? Explain your
answers.

CONCLUSION

Did your predictions match your observed results? Explain your answers.



PROBLEM # 4: RESISTORS AND LIGHT BULBS
Your research team has built a device for monitoring the ozone content in the atmosphere to
determine the extent of the ozone holes over the poles. You have been assigned the job of keeping the
equipment at the South Pole running during the winter months when no supplies can get in. When a
piece of equipment fails, you need to replace two resistors. Unfortunately you have only one. You do
have a light bulb but you are not sure if the bulb acts enough like a resistor to make the circuit work.
You decide to make a direct comparison.

EQUIPMENT |

You will have wires, a power supply (18V5A), a Digital Multimeter (DMM), a light bulb, and a
resistor.

| PREDICTIONS |

Draw a sketch of what you expect a graph of voltage versus current to look like for (a) the standard
resistor, and (b) the light bulb. Explain your reasoning.

| WARM UP |

Read Knight, Jones & Field Chapters 22, Section 22.5 and Chapter 23, Sections 23.1-23.6.

1. What is the relationship between the current through a resistor and the potential difference
(voltage) across the resistor if the resistor is made of ohmic material? Draw a graph of current
versus voltage for this resistor. How is the slope of the graph related to its resistance?

2. As more current goes through a light bulb, it gets brighter which means it gets hotter. Do you
expect the increasing temperature to affect the resistance of the bulb? If so, how?

Sketch a graph of voltage versus current for the light bulb.

EXPLORATION

Sketch the circuit you will build to check your prediction. Can you test both the light bulb and the
resistor at the same time? Is this a good idea?

Read Appendix A and get familiar with the different operations of the Digital Multimeter (DMM).

MEASUREMENT |

There are three methods for determining the electrical resistance of a resistor:

1. Use the chart provided in Appendix A to determine the resistance of your resistor based on
its color code. What is the uncertainty in this value?

2. Use the DMM set to ohms to measure the resistance of the resistor. What is the uncertainty in
this value? Why is this procedure not helpful with a light bulb?

3. Use your power supply, DMM, and resistor to determine the voltage across the resistor and
measure the current through the resistor for several different voltages. What is the
uncertainty in the value of the resistance obtained by this method?
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ANALYSIS

Make a graph of voltage versus current for your resistor and light bulb. How do the values of the
resistance compare for the different methods used?

CONCLUSION

Are the color-coded resistor and light bulb both ohmic resistors? If so, what are their resistances? Did
your prediction match your results? If not, can you use the bulb over some limited range of current?

What range? Explain your reasoning.



PROBLEM #5: CIRCUIT ANALYSIS
You have a summer job in an electronics company that requires you to make quick judgments about
the relative amounts of current through different resistance in complex circuits. You have been
calculating the current through each resistor but it takes time. A fellow worker suggests that using a
qualitative analysis you can get the same results much faster. You decide to try this technique on
several circuits using identical light bulbs so that the brightness of the bulb indicates the relative
current through it. You will compare your qualitative results to those you get from a calculation.

EQUIPMENT

You will have batteries, wires, and five identical light bulbs that you can connect to make the three
circuits shown below.
Note: Some of the light bulbs

& in the lab may be of different

+ kinds and have different
T E o resistances. To find identical
C E light bulbs look for markings
and check to see that the color

Circuit I Crult 3¢ Circuit X1 of the plastic bead separating
the filament wires is the same.

| PREDICTIONS

1. Use the qualitative intuition you have developed in the previous problems to complete the
following predictions. For each prediction, state which rule(s) you used.

How will the brightness of bulb A compare with the brightness of bulb B?
How will the brightness of bulb B compare with the brightness of bulb D?
How will the brightness of bulb C compare with the brightness of bulb D?
How will the brightness of bulb A compare with the brightness of bulb B?
How will the brightness of bulb B compare with the brightness of bulb C?
How will the brightness of bulb B compare with the brightness of bulb D?
Circuit XI:
How will the brightness of bulb A compare with the brightness of bulb B?
How will the brightness of bulb B compare with the brightness of bulb C?
How will the brightness of bulb B compare with the brightness of bulb D?

2. Check your qualitative predictions by calculating the current through each bulb to predict the
relative bulb brightness in the three circuits.

WARM UP

Read Knight, Jones & Field Chapters 22, Section 22.5 and Chapter 23, Sections 23.1-23.5.

1. If resistors are connected in series how does the current through them compare? Resistors in
series add. Does the current through a path across a fixed potential difference increase,
decrease, or stay the same if the total resistance of the path increases?
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10.

What happens to currents at a junction? In a parallel circuit, is the potential difference across each
path the same or does it depend on the resistance of that path? In a parallel circuit, is the current
in each path, always the same, larger if the resistance is larger or smaller if the resistance is larger?

If resistors are connected in parallel, is the total current through all the branches more, less, or the
same as the current through the branch with the smallest resistance? From that answer, is the
total resistance of the entire parallel part of the circuit more, less, or the same as the smallest
resistance in the one branch?

If parallel branches of a circuit exist, does changing the resistance in one branch change the
current in the other branches? Does it change the potential difference across the other branches?

Since the brightness of a bulb depends on the current through it, you can now use these answers
to make the qualitative predictions.

The following questions will help you calculate the currents in the circuits that are consequences
of conservation of charge, conservation of energy, and Ohm's law in electric circuits.

Draw and label a circuit diagram showing all voltages, and resistance. Sometimes you may need
to redraw the given circuit to help yourself see which resistors are in series and which are in
parallel (not necessary in this case). For this problem, the voltages and the resistors (the resistors
are all equal) are the known quantities and the current in each resistor is the unknown.

Assign a separate current for each leg of the circuit. Indicate your guess for the direction of that
current by an arrow on the diagram. If your guess about the current direction is wrong, you will
get a minus sign for its value.

Apply the conservation of current at each point in the circuit at which wires come together (a
junction) to get an equation that relates the currents. Be careful, not all of these equations are
independent. You can only use the ones that are.

Identify the number of circuit paths (loops) and label them on the diagram. Use conservation of
energy to get the sum of the potential differences across all of the elements in each loop. Make
sure your signs are correct. Does the potential difference increase or decrease across each circuit
element in the direction you have chosen to follow the current? Use Ohm's law to get the
potential difference across each resistor. Again be careful, not all of the loop equations are
independent. You can only use the ones that are.

Check that the number of equations from Warm-Ups 7 and 8 matches the number of unknowns.
It is easy to write down more but they add no useful information. If you choose equations that
are not independent, your algebra will not result in a solution.

Solve your equations for one of the unknown currents and express the other currents in terms of
the first current. Simplify your equations as much as possible.

EXPLORATION

Set up each circuit and observe the brightness of the bulbs. How can you test whether minor
differences you observe are due to manufacturing irregularities in the "identical" bulbs?

How can you test whether minor differences you observe are due to manufacturing irregularities in
the "identical" bulbs?

As a check, use a DMM to measure the current through the bulbs (see Appendix A). This is also
useful in case you need to check whether a light bulb is unlit or just very dim.
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ANALYSIS

Make a graph of voltage versus current for your resistor and light bulb. How do the values of the
resistance compare for the different methods used?

CONCLUSION

Explain any differences between your qualitative predictions, your calculated predictions, and your
observations.

Qualitative circuit analysis is very useful for quickly checking the results of the algebra that come
from quantitative circuit analysis. It is a great way to catch mistakes before you fry expensive circuits.



PROBLEM #6: SIMPLE CIRCUITS WITH CAPACITORS
You and your friend are trying to determine if you can use a capacitor to limit the current from a
battery in the case of short circuits. You suggest that you try a simple circuit with a capacitor,
originally uncharged, connected to a battery through a switch. To monitor the current, you also put a
bulb in series with the capacitor. Your friend believes that when the switch is closed the capacitor
charges up and the bulb gets brighter and brighter until the brightness levels off. The bulb then stays
on until the switch is opened. Do you agree?

| EQUIPMENT

You can build the simple circuit shown below out of wires, light bulbs, capacitors and batteries. Use
the accompanying legend to help you build the circuits. You will also have a stopwatch and a Digital
Multimeter (DMM).

e Legend:
(@ 1ight bulb

e A 4 battery

| = capacitor
Circuit X -~ switch

—— wire

PREDICTION

How do you think the brightness of the light bulb changes over time? Explain.

Sketch a graph of brightness versus time assuming the capacitor is initially uncharged.

| WARM UP |

Read Knight, Jones & Field Chapter 23, Section 23.8.

| EXPLORATION |

WARNING: A charged capacitor can discharge producing a painful spark. Do not handle the
capacitors by their electrical terminals or the bare metal of connected wires. Always discharge a
capacitor when you are finished using it. To discharge a capacitor, use an insulated wire to connect
one of the terminals to the other.

Examine each element of the circuit before you build it. How do you know if the battery is "good?"
Is the capacitor charged? Carefully connect the two terminals of the capacitor to ensure it is
uncharged. How can you build a “switch” from the materials given?

NOTE: Be sure that the polarity of the capacitor’s connection is correct -- that the part of the circuit
connected to the battery’s “+” terminal is connected to the capacitor’s “+” terminal, and the part of
the circuit connected to the battery’s “-“ terminal is connected to the capacitor’s “-“ terminal.
Reversing the polarity would irreversibly change the capacitor’s capacitance.

After you are convinced that all of the circuit elements are working and that the capacitor is
uncharged, connect Circuit XIl with the switch in the off (open) position.
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Complete the circuit and observe how the brightness of the bulb changes over time. At the instant the
circuit is completely connected, how does the brightness of the bulb compare to the brightness of the
bulb from Circuit | (Problem #1)? You may need to build circuit | to compare.

From your observation of the bulb's brightness, how does the current through the bulb change over
time? You can check this using the DMM set for current (Amps). See Appendix A for the use of the
DMM. Using the picture of the capacitor as two parallel plates that do not touch, how does the
current through the capacitor change over the same time? Can you measure this with the DMM? Use
the conservation of charge to explain what you observe. What can you infer about the change of the
charge in the capacitor?

From what you know about a battery, how does the potential difference (voltage) across the battery
change over time? Check this using the DMM set for potential difference (Volts). From your
observations of the brightness of the bulb, how does the potential difference across the bulb change
over time? Check this using the DMM. What can you infer about the change of voltage across the
capacitor over time? Can you check with a DMM? Use the concept of potential difference to explain
what you observe.

After a few moments, disconnect a wire from the circuit. Is the capacitor charged or uncharged? To
determine if the capacitor is charged, carefully (and safely) remove the battery from Circuit XII and
reconnect the circuit without the battery. With only the capacitor, switch, and bulb (no battery) in the
circuit, will the bulb light if you close the switch and the capacitor is charged? Uncharged? Try it.
Was the capacitor charged before you closed the switch? Was the capacitor still charged a long time
after the switch was closed? Use the conservation of charge and the concept of potential difference to
explain your results.

CONCLUSION

Was your friend right about how the brightness of the bulb changed over time?

Sketch a qualitative graph of the brightness of the bulb as a function of time after you close the switch
on Circuit XIl. How does this compare to your prediction?



PROBLEM #7: CAPACITANCE
As part of theatrical production, the director of the play wants a light bulb to dim very slowly to
heighten the dramatic effect. You have been asked to demonstrate different rates of dimming for the
light bulb so the director can select the one necessary for the performance. You decide to design a
simple, inexpensive circuit to automatically accomplish this task. You test your design by connecting
a battery, a switch, a light bulb, and a capacitor in series. You need to determine how to adjust the

rate of dimming of the light bulb by changing capacitors.

EQUIPMENT

You can build the simple circuit shown below out of wires, light bulbs, capacitors and batteries. Use
the accompanying legend to help you build the circuits. You will also have a stopwatch to measure

time intervals.
e — Legend:

(@ 1ight bulb
%_— A @D —_IE battery
| # capacitor
Circuit ®II -~ switch
— wire
PREDICTION

From your experience, make an educated guess about how the time that the light bulb is lit depends
on the capacitance of the capacitor.

Sketch a graph of the time it takes for the light bulb to turn completely off as a function of the
capacitor’s capacitance. Assume the capacitor is initially uncharged. Write down what you mean

when you say the light bulb is completely off.

| WARM UP |

Read Knight, Jones & Field Chapter 23, Section 23.8.

| EXPLORATION |

WARNING: A charged capacitor can discharge producing a painful spark. Do not handle the
capacitors by their electrical terminals or the bare metal of connected wires. Always discharge a
capacitor when you are finished using it. To discharge a capacitor, use an insulated wire to connect

one of the terminals to the other.

Examine each element of the circuit before you build it. How do you know if the battery is "good"?
Be sure the capacitors are uncharged.

NOTE: Be sure that the polarity of the capacitor’s connection is correct -- that the part of the circuit
connected to the battery’s “+” terminal is connected to the capacitor’s “+” terminal, and the part of
the circuit connected to the battery’s “-“ terminal is connected to the capacitor’s “-“ terminal.
Reversing the polarity would irreversibly change the capacitor’s capacitance.
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After you are convinced that all of the circuit elements are working and that the capacitor is
uncharged, connect Circuit IXwith the switch in the off (open) position.

Close the switch and observe how the brightness of the bulb changes over time. How long does it
take for the bulb to turn off?

Develop a measurement plan that will allow you to determine the time it takes a bulb to turn off as a
function of capacitance. You will want to decide how many different capacitors you need to use, how
many time measurements to take for each capacitor, and what do you mean by the light bulb being
off.

MEASUREMENT

Use your measurement plan to record how long it takes for the light bulb to turn off for each capacitor
in Circuit XII.

ANALYSIS

Graph the time it takes for the light bulb to turn off versus capacitance, assuming the capacitor is
initially uncharged.

CONCLUSION

How did your measurement compare your prediction? Using the conservation of charge and the
concept of potential difference, explain how the capacitance affects the time it takes for the bulb to
turn off.



PROBLEM #8: CIRCUITS WITH TWO CAPACITORS
You have been asked to evaluate two circuits that could be used to automatically dim the lights for
your theatrical production in a time shorter than a battery, a capacitor, and a bulb. Each circuit uses
two capacitors, one battery and one bulb. All of the batteries, capacitors, and bulbs that you have are
identical. In one circuit they are connected with a light bulb in series and in the other in parallel.
Which one, if either, would you choose?

EQUIPMENT

Build the circuits shown below out of wires, bulbs, 2 equal capacitors, and batteries. Use the
accompanying legend to help you build the circuit. You will also have a stopwatch.

Legend:

@ 1ignht bul
battery

-
ot
},

capacitor

.

Circuit XII Circuit XIII -~ switch
- wire

Lt

— C@ C

Circuit XIV

PREDICTION |

Rank order the total time it takes for each of the bulbs A, B, and C to turn off (use the symbol = for
"same time as,” the symbol > for "more time than,"” and the symbol @ if the bulb never lights).
Explain your reasoning.

WARM UP |

Read Knight, Jones & Field Chapter 23, Sections 23.7 & 23.8

1. Draw the three circuits. Decide which circuit has the capacitors in series and which has the
capacitors in parallel.
2. Write down how capacitance combines for both series and parallel circuits. Assuming all the

individual capacitors have the same capacitance, rank the three circuits in order of effective
capacitance.

3. How does capacitance affect the amount of time a bulb stays lit? Rank the circuits in order of
how long the bulb will stay lit. Is there a circuit that will not go out when connected? If so,
how long will the bulb stay lit after the battery is disconnected? Relate this length of time to
the times that the other circuits stay lit.
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EXPLORATION

WARNING: A charged capacitor can discharge producing a painful spark. Do not handle the
capacitors by their electrical terminals or the bare metal of connected wires. Always discharge a
capacitor when you are finished using it. To discharge a capacitor, use an insulated wire to connect
one of the terminals to the other.

Make sure all of your capacitors are uncharged before starting the exploration and that they have the
same capacitance.

Review your exploration and measurement plan from Problem #7. Connect Circuit Xll to use as a
reference.

NOTE: Be sure that the polarity of the capacitor’s connection is correct -- that the part of the circuit
connected to the battery’s “+” terminal is connected to the capacitor’s “+” terminal, and the part of
the circuit connected to the battery’s “-“ terminal is connected to the capacitor’s “-“ terminal.
Reversing the polarity would irreversibly change the capacitor’s capacitance.

Connect Circuit XIII, but do not hook up the battery yet. Do you think bulb B will light when the
battery is hooked up? Record your reasoning in your journal. Complete the circuit by hooking up the
battery. Record your observations and explain what you saw using the conservation of charge and
the concept of potential difference. Does the order that you connect the two capacitors and the bulb
in the circuit matter? Try following one capacitor with the other capacitor and then the bulb.

Connect Circuit XIV, but do not hook up the battery yet. Do you think bulb C will light when the
battery is hooked up? Record your reasoning in your journal. Complete the circuit by hooking up the
battery. Record your observations and explain what you saw using the conservation of charge and
the concept of potential difference.

Develop a plan for measuring the time it takes for bulbs A, Band C to turn off, if they light at all.

MEASUREMENT

Use your measurement plan to record how long it takes for the light bulb to go off for each circuit.
Use 0 seconds for bulbs that did not light. What are the uncertainties in these measurements?

ANALYSIS

Rank order the actual time it took each bulb to turn off. Do any of the bulbs initially light? Do all the
bulbs go off?

CONCLUSION

How did your initial ranking of the time it would take for the bulbs to go out compare with what
actually occurred? Use the conservation of charge to explain your results and the concept of potential
difference to explain your results.
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|ZICHECK YOUR UNDERSTANDING

What would happen to the brightness of bulb A in the circuit below if more bulbs were added parallel to

A .é-.l:é:l
T:e@ c@™=> T @@@@@

In household circuits, bulb A is in the same position as a fuse or circuit breaker. Why?

Rank order Circuits I through IV from the largest current at point 1 to the smallest current at point 1.
Explain your reasoning.

1
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gLk | Circuit |l
1 1
+ +
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Circuit [ Sk v
Predict what will happen to the i @ E
brightness of bulbs A, B, C and D if

bulb E were removed from its
socket. Explain your reasoning. 4
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|ZICHECK YOUR UNDERSTANDING

For the circuit below, determine the current in each resistor.

80 120
+
gr— 6Q
24V §
24Q 360

For the circuit below, determine the value for R such that the current I3 is 0.1A with the indicated direction.

NNT A/

50 200

3V

0

R =TT~

6V

R

What is the value for R that will give a current I3 = 0.1 A, but in the opposite direction as what is shown?
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LABORATORY VI
MAGNETIC FIELDS AND FORCES

Magnetism plays a large role in our world’s modern technology. Some uses of magnets today are imaging
parts of the body, exploring the mysteries of the human brain, and storing information in computers.
Magnetism also allows us to explore the structure of the universe, the atomic structure of materials, and the

quark structure of elementary particles.

Magnetic interactions can best be described using the concept of a field. For this reason, your experiences
exploring the electric field concept in the first lab are also applicable in this lab dealing with magnets. There
are similar activities in both labs so you can experience the universality of the field concept. Although the
magnetic force is related to the electric force, the two are not the same. You should watch for the differences

as you go through the problems in this lab.

In this set of laboratory problems, you will map magnetic fields from different sources and will use the

magnetic force to deflect electrons.

OBJECTIVES:

After successfully completing this laboratory, you should be able to:
» Explain the differences and similarities between magnetic fields and electric fields;

« Describe the pattern of magnetic fields near various sources, such as permanent “bar” magnets,
straight current-carrying wires, and coils of wire;

* Calculate the magnetic force on a charged particle moving in a uniform magnetic field and
describe its motion.

PREPARATION:
Read Knight, Jones & Field Chapter 24.

Before coming to lab you should be able to:
» Add fields using vector properties.
e Calculate the motion of a particle with a constant acceleration.

e Calculate the motion of a particle with an acceleration of constant magnitude perpendicular to its
velocity.

* Write down the magnetic force on an object in terms of its charge, velocity, and the magnetic field
through which it is passing.



PROBLEM #1: PERMANENT MAGNETS
You have a job working a company that designs magnetic resonance imaging (MRI) machines. The
ability to get a clear image of the inside of the body depends on having precisely the correct magnetic
field at each that position. In a new model of the machine, the magnetic fields are produced by
configurations of permanent magnets. You need to know the pattern of the magnetic field from each
magnet and how to combine magnets to change that pattern.

EQUIPMENT

You will have two N I & - I - e
permanent magnets and a
clear plate filled with Figure ||
small pieces of Taconite
(an iron rich ore)
immersed in a viscous o I""’I = I
liquid. When a magnet is i Figure 11
placed on top of one of Figure |
these plates, the Taconite
pieces align themselves
with the magnetic field.
You will also have a = ) I
compass. Some possible
magnet configurations are o o o i N

shown to the right.

Figure¥|

Figure ¥ Figure ¥

| PREDICTION |

Sketch a map of the magnetic field for each magnet configuration in the figures above. Assume that
the different magnet configurations in each figure do not interact with the magnets in the other
figures.

WARM UP

Read Knight, Jones & Field Chapter 24, Section 24.1 & 24.8.

Before you start, you should review the Warm-up questions for Problem #1 in the Laboratory on
Electrical Fields and Forces.

1. Make a sketch of all magnet configurations shown. Be sure to label the poles of the magnets.

2. Choose a point near the pole of a magnet. At that point draw a vector representing the magnetic
field. The length of the vector should give an indication of the strength of the field. Move a short
distance away in the direction of the vector and choose another point. At that point draw another
magnetic field vector. Continue this process until you reach another magnetic pole. Choose
another point near a pole and start the process again. Continue until you can see the pattern of
the magnetic field for all parts of the configuration. Remember:

-The field can have only one value and direction at any point.
-The direction of the magnetic field is from the north pole to the south pole.
-The field at a point is the vector sum of the fields from all sources.
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EXPLORATION

WARNING: The viscous liquid (glycerin) in the Taconite plate may cause skin irritation. If a
plate is leaking, please notify your lab instructorimmediately.

Check to make sure your plate is not leaking. Gently shake the plate until the Taconite is distributed
uniformly. Properties of magnets can change with handling. Check the poles of the magnet with
your compass. Inform your lab instructor if the magnet does not seem to behave as you would
expect.

Place a permanent magnet on the plate. How long do you need to wait to see the effect of the
magnetic field? Is it what you expected? Try some small vibrations of the Taconite plate. Try
different configurations of magnets and determine how to get the clearest pattern in the Taconite.

What influence does the field have on the Taconite pieces? Does the field cause a net force? What did
you observe to show that? Does the field cause a net torque? What did you observe that shows that?
What can you do to show that the poles of a magnet are not electric charges? Try it.

MEASUREMENT AND ANALYSIS

Lay one bar magnet on the plate. In your journal, draw the shape of the magnetic field produced.
Repeat for each figure in the predictions.

CONCLUSION

How did your predictions of the magnetic field pattern for each configuration of magnets compare
with your results?



PROBLEM #2: CURRENT CARRYING WIRE

Your friend's parents live on a dairy farm where high-voltage power lines cross the property. They
are concerned about the effect that the magnetic field from the power lines might have on the health
of their dairy cows grazing nearby. They bought a device to measure the magnetic field. The
instructions for the device state that it must be oriented perpendicular to the magnetic field. To
measure the magnetic field correctly, they need to know its shape near a current carrying wire. They
know you have taken physics, so they ask you for help. You decide to check your prediction about
the pattern of the field with a magnetic compass before you make the trip to your friend's farm.

EQUIPMENT

You will have a magnetic compass, a length of wire, a meter stick, a power supply, and the EM Field
computer application.

| PREDICTIONS

Sketch your best guess of the pattern of the magnetic field near a current carrying wire when the wire
is (a) stretched straight, and (b) formed into a loop.

| WARM UP

Read Knight, Jones & Field Chapter 24, Section 24.1 — 24.4

Draw a picture of a long wire with current running through it. On your drawing choose any place
some distance from the wire and away from its ends. Draw all of the other points that have the same
size magnetic field as your original point. Explain how you chose these points.

Give a relationship between the current through a wire and the magnetic field at each point in space.
Explain all of the quantities in that equation in terms of your drawing. Under what conditions is this
equation true? Under what conditions is this equation useful?

EXPLORATION

To open the EM Field application, just double click on the EM Field icon on your lab computer
desktop. Click anywhere for instructions.

To study magnetic fields of current carrying wires, you will want to choose the 2D Line Currents
option in the Sources menu. At the bottom of the window, there will be a list of various line currents
of different magnitudes. Choose one by clicking and dragging it into the screen. Under the Field and
Potential menu, you should choose the Field Vector option. This option for magnetic fields behaves
exactly like that for electric fields. Hence, it is useful to review the EM Field instructions from labs 1
and 2. Once you have a clear picture of what the direction of the field is, print it out using the Print
command under File. You might also find it useful to play around with different sizes of current to
note any changes.

Once you are finished with EM Field, it is time to move to the physical apparatus. Keep in mind that a
compass needle, because it is a small magnet, aligns itself parallel to the local magnet field.

Attach several wires together to give a total length of at least a meter. Stretch the wire vertically and
move your compass around the wire. Is there any evidence of a magnetic field from a wire with no
current? Does the compass always point in the same direction?
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WARNING: You will be working with a power supply that can generate large electric currents.
Improper use can cause painful burns. To avoid danger, the power should be turned OFF and
you should WAIT at least one minute before any wires are disconnected from or connected to
the powersupply. NEVER GRASP A WIREBY ITS METAL ENDS!

Connect the wire across the 5V terminals of the power supply and turn the power supply on. The
circuit breaker built into the power supply minimizes the hazard of this short circuit.

Stretch the wire vertically and move your compass around the wire. Start where you expect the
magnetic field to be largest. Is there any evidence of a magnetic field from a current carrying wire?
Watch the compass as you turn the current on and off. Does the compass always point in the same
direction? How far from the wire can the compass be and still show a deflection? Develop a
measurement plan.

Now make a single loop in the wire large enough to easily move the compass through. Move the
compass around the loop. How far away from the loop can you see a deflection? Is this distance
larger along the axis of the loop or somewhere else?

MEASUREMENT

Use your measurement plan to create a map of the magnetic field around the stretched wire and the
looped wire.

ANALYSIS

The direction of the magnetic field around a current carrying wire can be found by using the "right-
hand rule" described in your text. How does the "right-hand rule” compare to your measurements?

CONCLUSION

How did your predictions of the map of the magnetic field near current-carrying wires compare with
both physical and simulated results? How do they compare with the "right-hand rule"?



PROBLEM #3: THE MAGNETIC FIELD FROM A CURRENT CARRYING WIRE
You are working for a car company designing electronics for next year’s models. A source of concern
is interference from the magnetic fields from the power lines that so often run parallel to roads. You
have been assigned to find out the how the size of these magnetic fields vary with the distance the car
is from the power lines so they can determine if their new technology will work. You decide to model
the situation to test your measurement technique before going out in the field.

| EQUIPMENT |

You will have a Hall probe (see Appendix A), a computer data acquisition system,(see Appendix E), a
length of wire, and a 18V 5A power supply.

| PREDICTIONS |

Calculate the size of the magnetic field as it depends on the distance from the center of the wire and
the electric current running through the wire

Use this expression to graph the magnetic field strength as a function of position.

WARM UP

Read Knight, Jones & Field Chapter 24, Section 24.1 — 24.4

Draw a picture of a long wire with current running through it. On your drawing choose any place
some distance from the wire and away from its ends. Draw all of the other points that have the same
size magnetic field as your original point. Explain how you chose these points.

Give a relationship between the current through a wire and the magnetic field at each point in space.
Explain all of the quantities in that equation in terms of your drawing. Under what conditions is this
equation true? Under what conditions is this equation useful?

EXPLORATION

WARNING: You will be working with a power supply that can generate large electric currents.
Improper use can cause painful burns. To avoid danger, the power should be turned OFF and
you should WAIT at least one minute before any wires are disconnected from or connected to
the powersupply. NEVER GRASP A WIREBY ITS METAL ENDS!

To put current through your wire you will need a circuit. Draw this circuit and explain how different
parts of the circuit will affect your measurement. How can you minimize this effect so your situation
is most like a long straight wire?

Choose a current setting on your power supply so that its maximum current goes through your wire.
WARNING; Make sure that the maximum current is around 5 amps, if it is significantly higher (by
one or more amps) it may damage equipment and increases the risk of shock and injury.

Set up your circuit so that the magnetic field in some region of space most closely approximates that
of a long straight wire with current running through it. Put your Hall probe some distance from the
wire and measure the magnetic field. Don’t forget to calibrate the probe first! What orientation does
the Hall probe have to be in to measure the size of the magnetic field at that point? Keeping the
position the same, change the orientation of the probe and see where the measured magnetic field is
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largest. When is it the smallest? Do those agree with what you thought? Leave the Hall probe in the
same position and lower the current. What happens to the size of the magnetic field? Is that what
you expected? Note what happens when you move the probe away from the wire. How far away
from the wire can you still measure the magnetic field?

Now move the Hall probe slowly along a path that you have determined has the same size of
magnetic field. Does it? How will you orient the probe on the path? Try a path closer to the wire.
Try one further away.

Now keep the Hall probe in one place and change the shape of the circuit. How does that affect the
magnetic field? Is it what you expected?

Create a measurement plan using information collected above.

MEASUREMENT

Use your measurement plan to measure how the size of the magnetic field depends on the distance
from a long current carrying wire. Use the smallest distances possible while still remaining accurate.
The more data points you have the more recognizable your graph’s pattern will be. If you move the
probe away too quickly you will end up with a flat line.

| ANALYSIS |

Make a graph of your measurements and compare them to your predictions.

| CONCLUSION |

How did your prediction of the magnitude of the magnetic field caused by a current-carrying wire
compare with your measurements? In what situation is the method you used to calculate the
magnetic field from a current not useful even though it is still correct?
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You are leading a technical team at a company that is redesigning the cathode ray tubes (CRTs) used
for computer monitors. To introduce this project to a group of stockholders, you need to demonstrate
how an electron beam can be moved across a screen by a magnetic field. You decide to use an
ordinary bar magnet held outside of the CRT to deflect the electrons. Before you do the
demonstration, you should determine the qualitative effect of bringing a bar magnet up to a CRT.

| EQUIPMENT

For this problem you will need a cathode ray

tube (CRT), several banana cables, a Cenco screen
power supply, magnet, and compass.
Review the information from Laboratory 4 N
and Appendix A regarding the design of the
CRT and the proper way to use it.

PREDICTION

If you bring the north end of a magnet near the side of the CRT, which arrow represents the deflection
of the electron beam on the screen?

Does the size of the deflection increase or decrease, as the magnet gets closer to the CRT? Does the
size of the deflection increase or decrease, as you increase the size of the magnetic field? Does the size
of the deflection depend on the speed of the electrons? Explain your reasoning.

Read Knight, Jones & Field Chapter 24, Section 24.1 —24.5

EXPLORATION

WARNING: You will be working with a power supply that can generate large electric currents.
Improper use can cause painful burns. To avoid danger, the power should be turned OFF and
you should WAIT at least one minute before any wires are disconnected from or connected to
the powersupply. NEVER GRASP A WIREBY ITS METAL ENDS!
Connect the CRT according to the directions in Appendix A and your lab journal from Lab 4. Select the
accelerating voltage that gave the largest deflection for the smallest electric field based on your
explorations from Lab I. Record the location of the undeflected beam spot.

Determine which pole on your bar magnet is the north magnetic pole. Describe the magnetic field at
the end of the magnet? Place the magnet near the side of the CRT. Did the deflection match your
prediction? Why or why not? Repeat this procedure for the south pole. Should there be any
difference? In what direction did the beam deflect?

If you placed the bar magnet perpendicular to the screen of
the CRT, should you see a deflection? Try this experiment

with both poles of the magnet. Record your results. Were E
they what you expected?

Can you orient the bar magnet so that it attracts or repels the electron beam?

Place the north pole of your magnet a fixed distance away from the side of the CRT near the screen.
Record the deflection. Increase the speed of the electrons by increasing the accelerating voltage as
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much as possible. Calculate the increase in speed. How does deflection change? Try this with both
poles of the magnet. Record your results. Were your results what you anticipated?

Place the north pole of your magnet a fixed distance away from the side of the CRT near the screen.
Record the deflection. Increase the magnetic field adding more magnets. How does deflection
change? Try this with both poles of the magnet. Record your results. Were your results what you
anticipated?

What effect does the Earth’s magnetic field have on the electron beam of a CRT? What is the direction
of the Earth’s magnetic field in your laboratory room? Arrange the CRT to see the maximum effect.
Do the same for the minimum effect. What is the effect of the Earth’s magnetic field on the electron
beam relative to the Earth’s gravitational field? How did this affect your results from Lab 4, Problem
#3?

Devise your own exploration of the CRT with the bar magnets. What variables can you control with
the magnets and the CRT? Record your questions that will guide your exploration and check it with
your lab instructor for safety before starting.

ANALYSIS

Draw a picture showing the directions of the three vectors representing the velocity of the electron,
the magnetic field, and the force on the electron that is consistent with your results.

CONCLUSION

Did the electron beam deflection in the presence of a magnetic field agree with your prediction? Why
or why not? What was the most interesting thing you learned from this exploration?
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1. For each of the configurations of magnets below, sketch the magnetic field map. Assume that the
figures do not interact with each other.

S S
Figure | N N

Figure Il
N
Figure Il S

2. You and your friends are flipping through the cable channels on the TV when you come across an
old Godzilla movie. In one poorly dubbed scene, a scientist broke a magnet in half because he
needed a monopole for his experiment. You cringe and start laughing, but your friends don't
understand what you found so funny. Explain it to your friends.

3. Two parallel wires have an equal current flowing through them in the same direction. What is
the direction of the magnetic field half way between them? How does the size of this field
compare to that of a single wire? What would happen to the magnetic field at that point if one of
the currents were reversed?
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Appendix A: Equipment

ELECTROSTATIC PAPER AND ACCESSORIES:

To investigate electric fields with the electrostatic paper, you need to do the following:

« Lay the electrostatic paper flat. .

» Distribute the pieces of metal (called “clectrodes™) on the paper, in the configuration whose field
you wish to examine. The tips of the long brass rods may also be used as electrodes, to create
point-like charges.

« Connect the electrodes to a source of charge. This is done by connecting a wire from the positive
(“4+”) side of the battery or power supply to one electrode and the wire from the negative (“—) side
to the other as shown in Figure 1.

* You may wish to place a wooden block on top of the brass rods to increase contact pressure with
the paper. This can increase the magnitude of the electric field created on the paper. It also helps
to place an extra sheet of paper under the electrostatic paper.

Figure 1: Electrostatic paper Setup Figure 2: Electric Field Probe

To measure the electric field from the charged electrodes, you will use a probe connected to a digital
Multimeter set to measure volts (see Figure 2). For best results, turn the DMM to measure in the two-
volt DC range, as indicated in Figure 2.
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THEDIGITAL MULTIMETER (DMM)

The DMM is a common piece of 4 N\

lab equipment that can be used to ( 3.__ Displa
measure various electrical 13.6 Vv Ll
quantities, most often current, AC

resistance, and potential. The Voltage — ] \Y v’ V~ ja— B(gjlta
DMM’s you will be using are Range Ran ege
capable of measuring both g

“direct current” (DC) and Selection | ]
“alternating  current”  (AC) Dial <«— Resistance
circuits. Be careful about Range

knowing which type of
measurement you need to make, A

then set your DMM accordingly. \_ )
Some DMM'’s might be slightly

different from the one pictured to Probe @@ @
the right. Sockets —

COM 200 mA 10 A)

<a— Current
Range

The DMM can measure currents anywhere from 10 amps to a microamp

(10—6 amps). This versatility makes the DMM fragile, since measuring a
large current while the DMM is prepared to measure a small one will
certainly harm the DMM. For example, measuring a 1 ampere current
while the DMM is on the 2 milliamp scale will definitely blow a fuse! If this
happens, your instructor can change the fuse. However, if you damage the
DMM beyond repair, you will have to finish the lab without the DMM.

Measuring Current:

1. Set the selection dial of the DMM to the highest current measurement setting (10 amps).
Insert one wire into the socket labeled '10A" and a second wire into the socket labeled 'COM'.

2. Attach the DMM into the circuit as shown below:

ol AL J

To measure current, the DMM must be placed in the circuit so that all the current you want to
measure goes through the DMM.

3. If no number appears while the DMM is at the 10A setting, move the wire from the 10A
socket to the 200mA socket and then turn the selection dial to the 200 milliamp (200m) setting.
If there is still no reading, change the dial to the 20 milliamp setting, etc.
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4,

When you have taken your measurement, return the DMM selection dial to the highest
current setting (10 amps) and move the wire back to the 10A socket.

Measuring Voltage:

1.

Set the DMM selection dial to read DC volts. Insert one wire into the socket labeled 'V’
and a second wire into the socket labeled 'COM".

Set the selection dial of the DMM to the highest voltage measurement setting. Connect
the two wires from the DMM to the two points between which you want to measure the
voltage, as shown below.

I

To measure voltage, the DMM must be placed in the circuit so that the potential
difference across the circuit element you want to measure is across the DMM.

If no number appears, try a different measurement scale.  Start at the highest voltage
scale and work your way down the scales until you get a satisfactory reading.

Measuring Resistance:

The element whose resistance you are measuring must be free from all other currents (due to other batteries,
power supplies, etc.) for the DMM towork. That means you must remove it from a circuit.

To measure resistance:

1.

Set the DMM selection dial to measure ohms (Q). Insert one wire into the socket labeled 'VQ'
and a second wire into the socket labeled 'COM'.

Make sure that the circuit element whose resistance you wish to measure is free of any currents.

Attach the wires across the circuit element, as shown in the example below.

If no number appears, try a different measurement scale. Use a logical method that covers all
scales, such as beginning at the largest scale (20 MQ) and working your way down.

TIY’
HHI
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CATHODERAY TUBE (CRT) AND ACCESSORIES:

Use of the cathode-ray tube and its relatives is widespread. It is the heart of many familiar devices,
from older computer monitors to televisions. The following is a sketch of the tube you will be using and
its connections.
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How the CRT works:

Within the electron gun:

A thin filament (represented above as a coil of wire), similar to a light-bulb filament, is heated by a
current. When the CRT is operating, this filament can be seen as an orange, glowing wire. This hot
filament ejects slow-moving electrons.

Some slow electrons drift toward the high-voltage “acceleration plates.” These plates are labeled as
Vacc in Figure 3. The electric field between the charged plates accelerates the electrons to high
velocities in the direction of the fluorescent screen. The final velocity of an accelerated electron is
much greater than its initial “drift” velocity, so the initial electron velocity can be ignored in
calculations.

After the electron gun:

Before hitting the screen, the high-velocity electrons may be deflected by charged plates along the
length of the CRT. These charged plates are usually called the “x-deflection” and “y-deflection”
plates.

When the electrons reach the end of the tube, their energy causes the material that coats the end of
the tube to glow. This material is similar to the material inside fluorescent light bulbs. The end of
the CRT is called the fluorescent screen.

To supply the necessary electric potentials to the CRT you will use a power supply. The power supply
provided has the proper potential differences to heat the CRT filament and to accelerate the electrons.
The power supplies we use also have built-in circuit breakers. Should you attempt to draw too much
current from your power supply, it will shut itself off with an audible “click.” If this happens, check to
make sure all of your wires are connected properly, then press in the small white button on the side of
the power supply.

Note that the CRT and power supply come as a set, and many of the connections are color-coordinated
to avoid potentially damaging misconnections. You will also have an assortment of batteries, which
will be used to control the electric field between the CRT x- and y-deflection plates.

WARNING: You will be working with equipment that generates large electric voltages.
Improper use can cause painful burns. To avoid danger, the power should be turned OFF
and you should WAIT at least one minute before any wires are disconnected from or
connected to the power supply.
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To properly connect the CRT to the power supply:

1. Turn the power supply off.

2. Connect the power supply ports marked “AC 6.3V” (they are green; the voltage differs slightly
from one supply to another, but should be clearly marked) to the ports marked “HEATER” or
“FILAMENT” on the CRT (these are also green).

3. Connect the appropriate accelerating potential across the cathode and anode. For instance, if your
experiment calls for a 500 volt accelerating potential, connect the cathode to the port marked “—250
V” (which may be black or white) and the anode to the port marked “+ 250 V” (which is red). This
gives a total potential difference of 500 volts.

4. Turn the power supply on.

RESISTOR CODES

A resistor is a circuit element manufactured to have a constant resistance. The resistance is coded
onto the side of the resistor in colored bands, where the color and position of the bands tell you what

the resistance is.
—)11 )
first digit —
second digit

multiplier
’7 tolerance
R=___x]0~q
To read the color bands on the resistor, begin by finding the gold or silver band on one end of the
resistor; this is the back of the resistor. You begin reading from the other end. Most resistors

(including those you will use in lab) are coded to two significant digits. The first two color bands
correspond to these two significant digits.

The third color band is called the multiplier. The number coded by this band represents a power of
ten which you multiply by the number from the first two bands to get the total resistance.

The fourth color band tells you the tolerance, or error bounds for the coded resistance: gold means
+5% tolerance, silver means £10% tolerance and no fourth band means £20%.

Some resistors have a fifth color band, which represents the reliability of the resistor, and can just be
ignored for the purposes of these labs.
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Examples: Color Number
Black 0
- I %
Red 2
Brown —! J Green J Orange 3
Black Blue J J Yellow 4
Red Yellow Green 5
Gold Blue 6
Violet 7
R=10x102Q + 20% R = 56x10°Q+5% Gray 8
White 9

SORENSEN POWER SUPPLIES

The Sorensen power supply is an all-purpose
power supply for the production of constant
currents and voltages.

v/ Sorensen LS 185 =%

At the top is the main display that reads either
current in Amperes or voltage in Volts. There
is a switch there that allows you to switch
between them.

The current and voltage controls are located in
the middle. In between the constant current
and constant voltage knobs is a switch that
allows you to toggle from high currents to low
currents. Itis highly recommended that you
use only the low current mode.

This power supply normally operates in the constant voltage mode. As such, you can only change the
voltages by using the constant voltage knobs. In the event that too much is being pulled from the
powersupply (as in ashort), it will automatically switch to the constant current mode, where the
amount of current flowing is greatly reduced. This is a signal that something is amiss with your
circuit.

There is a mater-slave switch on the back of the power supply. This should always be set to master for
the DMM to function properly. If you experience any problems, this is the first place to check.
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THE MAGNETIC FIELD SENSOR (HALL PROBE)

To measure magnetic field strength, you will need a measurement probe (the magnetic field sensor)
that connects to a computer through the Vernier SensorDAQ lab interface..
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The tip of the measurement probe is embedded with a Hall Effect transducer chip (shown below as
the white dot on the end of the probe). The chip produces a voltage that is linear with the magnetic
field. The maximum output of the chip occurs when the plane of the white dot on the sensor is
perpendicular to the direction of the magnetic field, as shown below:

A A Ahhhd
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End View Perspective View Orientation for Orintation for
maximum reading minimum reading

The SensorDAQ allows the computer to communicate with the probe. In order to measure magnetic
fields, the wire leading out of the probe must be plugged into the SensorDAQ port labeled "CH 1™
The SensorDAQ itself should be plugged into the USB port of the computer.

The Range switch on the side of the probe is to allow you to measure a greater range of magnetic field
strengths. Each setting represents the maximum field strength that the probe can measure: either
+6.4mT or £0.3mT. When measuring stronger magnetic fields, you should use the 6.4mT setting, but
for fields weaker than 0.3mT the lower setting will give you a more accurate reading.
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The measurement probes have swiveling tips
to allow for more convenient data collection.
Note: these tips are only meant to swivel in
one direction. They will break of they are
bent in the wrong direction, and they are
very fragile, so it does not take much to do
this. Please be very careful as these are costly
to replace.
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Calculators make it possible to get an answer
with a huge number of figures. Unfortunately,
many of them are meaningless. For instance, if
you needed to split $1.00 among three people,
you could never give them each exactly
$0.333333:-- The same is true for measurements.
If you use a meter stick with millimeter
markings to measure the length of a key, as in
figure B-1, you could not measure more
precisely than a quarter or half or a third of a
mm. Reporting a number like 5.37142712 cm
would not only be meaningless, it would be
misleading.

Figure B-1

In your measurement, you can precisely
determine the distance down to the nearest
millimeter and then improve your precision by
estimating the next figure. It is always assumed
that the last figure in the number recorded is
uncertain. So, you would report the length of
the key as 5.37 cm. Since you estimated the 7, it
is the uncertain figure. If you don't like
estimating, you might be tempted to just give
the number that you know best, namely 5.3 cm,
but it is clear that 5.37 cm is a better report of
the measurement. An estimate is always
necessary to report the most precise
measurement. When you quote a measurement,
the reader will always assume that the last
figure is an estimate. Quantifying that estimate
is known as estimating uncertainties. Appendix
C will illustrate how you might use those

estimates to determine the uncertainties in your
measurements.

What are significant figures?
The number of significant figures tells the

reader the precision of a measurement. Table B-
1 gives some examples.

Table B-1
Length Number of
(centimeters) || Significant
Figures

12.74 4

115 3

1.50 3

1.5 2

12.25345 7

0.8 1

0.05 1

One of the things that this table illustrates is that
not all zeros are significant. For example, the
zero in 0.8 is not significant, while the zero in
1.50 is significant. Only the zeros that appear
after the first non-zero digit are significant.

A good rule is to always express your values in
scientific notation. If you say that your friend
lives 143 m from you, you are saying that you
are sure of that distance to within a few meters
(3 significant figures). What if you really only
know the distance to a few tens of meters (2
significant figures)? Then you need to express
the distance in scientific notation 1.4 x 10° m.

Is it always better to have more figures?

Consider the measurement of the length of the
key shown in Figure B-1. If we have a scale
with ten etchings to every millimeter, we could
use a microscope to measure the spacing to the
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nearest tenth of a millimeter and guess at the
one hundredth millimeter. Our measurement
could be 5.814 cm with the uncertainty in the
last figure, four significant figures instead of
three. This is because our improved scale
allowed our estimate to be more precise. This
added precision is shown by more significant
figures. The more significant figures a number
has, the more precise it is.

How do | use
calculations?
When using significant figures in calculations,
you need to keep track of how the uncertainty
propagates. There are mathematical procedures
for doing this estimate in the most precise
manner. This type of estimate depends on
knowing the statistical distribution of your
measurements. With a lot less effort, you can do
a cruder estimate of the uncertainties in a
calculated result. This crude method gives an
overestimate of the uncertainty but it is a good
place to start. For this course this simplified
uncertainty estimate (described in Appendix B
and below) will be good enough.

significant figures in

Addition and subtraction

When adding or subtracting numbers, the
number of decimal places must be taken into
account.

The result should be given to as many decimal places
as the term in the sum that is given to the smallest
number of decimal places.

Examples:
Addition Subtraction
6.242 5.875
+4.23 -3.34
+0.013 2.535
10.485
110.49 | 2.54

The uncertain figures in each number are shown
in bold-faced type.

Multiplication and division

When multiplying or dividing numbers, the
number of significant figures must be taken into
account.

The result should be given to as many significant
figures as the term in the product that is given to the
smallest number of significant figures.

The basis behind this rule is that the least
accurately known term in the product will
dominate the accuracy of the answer.

As shown in the examples, this does not always
work, though it is the quickest and best rule to
use. When in doubt, you can keep track of the
significant figures in the calculation as is done in
the examples.

Examples:
Multiplication
15.84 17.27
X 25 x 4.0
7920 69.080
3168
39.600
|40 | 69 |
Division
_117 _ 25
23)2691 75)1875
23 150
39 375
23 375
161
161
1.2x10° 2.5x 10"
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PRACTICE EXERCISES

1. Determine the number of significant figures of the quantities in the following table:

Length Number of
(centimeters) | Significant
Figures

17.87
0.4730
17.9
0.473
18
0.47
1.34x 10°
2.567x 10°

2.0x 10"
1.001
1.000

1
1000
1001

2. Add: 121.3t0 6.7 x 10™

[Answer: 121.3 + 6.7 x 10° = 7.9 x 107]

3. Multiply: 34.2 and 1.5 x 10°

[Answer: 34.2 x 1.5 x 10" = 5.1 x 10%]
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Appendix C: Accuracy, Precision and Uncertainty

How tall are you? How old are you? When you
answered these everyday questions, you
probably did it in round numbers such as "five
foot, six inches" or "nineteen vyears, three
months." But how true are these answers? Are
you exactly 5 6" tall? Probably not. You
estimated your height at 5° 6" and just reported
two significant figures. Typically, you round
your height to the nearest inch, so that your
actual height falls somewhere between 5' 5%"
and 5 6%" tall, or 5' 6" £ %". This £ %" is the
uncertainty, and it informs the reader of the
precision of the value 5' 6".

What is uncertainty?

Whenever you measure something, there is
always some uncertainty. There are two
categories of uncertainty: systematic and
random.

(1) Systematic uncertainties are those that
consistently cause the value to be too large or
too small. Systematic uncertainties include such
things as reaction time, inaccurate meter sticks,
optical parallax and miscalibrated balances. In
principle, systematic uncertainties can be
eliminated if you know they exist.

2 Random uncertainties are variations in
the measurements that occur without a
predictable pattern. If you make precise
measurements, these uncertainties arise from
the estimated part of the measurement.
Random uncertainty can be reduced, but never
eliminated. We need a technique to report the
contribution of this uncertainty to the measured
value.

How do | determine the uncertainty?

This Appendix will discuss two basic techniques
for determining the uncertainty: estimating the
uncertainty and measuring the average
deviation. Which one you choose will depend
on your need for precision. If you need a

precise determination of some value, the best
technique is to measure that value several times
and use the average deviation as the
uncertainty. Examples of finding the average
deviation are given below.

How do | estimate uncertainties?

If time or experimental constraints make
repeated measurements impossible, then you
will need to estimate the uncertainty. When you
estimate uncertainties you are trying to account
for anything that might cause the measured
value to be different if you were to take the
measurement again. For example, suppose you
were trying to measure the length of a key, as in
Figure C-1.

Figure C-1
Ijllll‘l”l]llll llll]l‘lll‘

If the true value were not as important as the
magnitude of the value, you could say that the
key’s length was 5cm, give or take 1cm. This is
a crude estimate, but it may be acceptable. A
better estimate of the key’s length, as you saw in
Appendix B, would be 5.37cm. This tells us that
the worst our measurement could be off is a
fraction of a mm. To be more precise, we can
estimate it to be about a third of a mm, so we
can say that the length of the key is 5.37 + 0.03
cm.

Another time you may need to estimate
uncertainty is when you analyze video data.
Figures C-2 and C-3 show a ball rolling off the
edge of a table. These are two consecutive
frames, separated in time by 1/ 30 of a second.
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Figure C-2
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Figure C-3

Bl
The exact moment the ball left the table lies
somewhere between these frames. We can
estimate that this moment occurs midway

between them (t =10%5S). Since it must occur
at some point between them, the worst our
estimate could be off by is %S. We can
therefore say the time the ball leaves the table is
t=104 +Ls.

60 — 60

How do I find the average deviation?

If estimating the uncertainty is not good enough
for your situation, you can experimentally
determine the un-certainty by making several
measure-ments and calculating the average
deviation of those measurements. To find the
average deviation: (1) Find the average of all
your measurements; (2) Find the absolute value
of the difference of each measurement from the
average (its deviation); (3) Find the average of
all the deviations by adding them up and

dividing by the number of measurements. Of
course you need to take enough measure-ments
to get a distribution for which the average has
some meaning.

In example 1, a class of six students was asked
to find the mass of the same penny using the
same balance. In example 2, another class
measured a different penny using six different
balances. Their results are listed below:

Class 1: Penny A massed by six different
students on the same balance.
Mass (grams)

3.110
3.125
3.120
3.126
3.122
3.120

3.121 average.
The deviations are: 0.011g, 0.004g, 0.001g,
0.005g, 0.001g, 0.001g
Sum of deviations: 0.023g
Average deviation:
(0.023g)/ 6 = 0.004g
Mass of penny A: 3.121 + 0.004g

Class 2: Penny B massed by six different
students on six different balances
Mass (grams)
3.140
3.133
3.144
3.118
3.126
3.125
3.131 average
The deviations are: 0.009g, 0.002g, 0.013g,
0.013g, 0.005g, 0.006g
Sum of deviations: 0.048g
Average deviation:
(0.048g)/ 6= 0.008g

Mass of penny B: 3.131 + 0.008g

However you choose to determine the
uncertainty, you should always state your
method clearly in your report. For the
remainder of this appendix, we will use the
results of these two examples.
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How do I know if two values are the same?

If we compare only the average masses of the
two pennies we see that they are different. But
now include the uncertainty in the masses. For
penny A, the most likely mass is somewhere
between 3.117g and 3.125g. For penny B, the
most likely mass is somewhere between 3.123g
and 3.139g. If you compare the ranges of the
masses for the two pennies, as shown in Figure
B-4, they just overlap. Given the uncertainty in
the masses, we are able to conclude that the
masses of the two pennies could be the same. If
the range of the masses did not overlap, then we
ought to conclude that the masses are probably
different.

Figure B-4
Fenny A
I Fenny B

e

F

311 312 d.14 3.14 318
Mass of pennies (in grams) with uncertainties

Which resultis more precise?

Suppose you use a meter stick to measure the
length of a table and the width of a hair, each
with an uncertainty of 1 mm. Clearly you know
more about the length of the table than the
width of the hair. Your measurement of the
table is very precise but your measurement of
the width of the hair is rather crude. To express
this sense of precision, you need to calculate the
percentage uncertainty. To do this, divide the
uncertainty in the measurement by the value of
the measurement itself, and then multiply by
100%. For example, we can calculate the
precision in the measurements made by class 1
and class 2 as follows:

Precision of Class 1's value:
(0.004 g + 3.121 ¢g) x 100% = 0.1 %
Precision of Class 2's value:
(0.008 g + 3.131 g) x 100% = 0.3 %

Class 1's results are more precise. This should
not be surprising since class 2 introduced more
uncertainty in their results by using six different
balances instead of only one.

Which result is more accurate?

Accuracy is a measure of how your measured
value compares with the real value. Imagine
that class 2 made the measurement again using
only one balance. Unfortunately, they chose a
balance that was poorly calibrated. They
analyzed their results and found the mass of
penny B to be 3.556 £ 0.004 g. This number is
more precise than their previous result since the
uncertainty is smaller, but the new measured
value of mass is very different from their
previous value. We might conclude that this
new value for the mass of penny B is different,
since the range of the new value does not
overlap the range of the previous value.
However, that conclusion would be wrong since
our uncertainty has not taken into account the
inaccuracy of the balance. To determine the
accuracy of the measurement, we should check
by measuring something that is known. This
procedure is called calibration, and it is
absolutely necessary for making accurate
measurements.

Be cautious! It is possible to make measurements
that are extremely precise and, at the same time,
grossly inaccurate.

How can | do calculations with values that
have uncertainty?

When you do calculations with values that have
uncertainties, you will need to estimate (by
calculation) the uncertainty in the result. There
are mathematical techniques for doing this,
which depend on the statistical properties of
your measurements. A very simple way to
estimate uncertainties is to find the largest
possible uncertainty the calculation could yield.
This will always overestimate the uncertainty
of your calculation, but an overestimate is
better than no estimate. The method for
performing arithmetic operations on quantities
with uncertainties is illustrated in the following
examples:
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Addition:

(3.131+£0.008 g) + (3.121 £ 0.004 g) = ?

First, find the sum of the values:
3.131g+3.121g=6.252¢g

Next, find the largest possible value:
3.1399g +3.1259g=6.264¢g

The uncertainty is the difference between the
two:

6.264 g —6.2529 =0.012¢g
Answer: 6.252 £ 0.012 g.

Note: This uncertainty can be found by simply
adding the individual uncertainties:

0.004 g +0.008 g =0.012 g

Multiplication:

(3.131+0.013g)x (6.1 +0.2cm) ="?
First, find the product of the values:
3.131gx6.1cm =19.1 g-cm
Next, find the largest possible value:
3.144 g x 6.3cm = 19.8 g-cm

The uncertainty is the difference between the
two:

19.8 g-cm - 19.1 g-cm = 0.7 g-cm
Answer:19.1 + 0.7g-cm.

Note: The percentage uncertainty in the answer is
the sum of the individual percentage uncertainties:

3.131 6.1

Subtraction:

(3.131+0.008 g) — (3.121 £ 0.004 g) = ?

First, find the difference of the values:
3.1319g-3.121g=0.010g

Next, find the largest possible difference:
3.1399-3.1179=0.022 g

The uncertainty is the difference between the
two:

0.022g -0.010g=0.012¢g
Answer: 0.010£0.012 g.

Note: This uncertainty can be found by simply
adding the individual uncertainties:

0.004 g +0.008 g =0.012 g

Notice also, that zero is included in this range, so it
is possible that there is no difference in the masses of
the pennies, as we saw before.

Division:
(3.131£0.008 g) + (3.121 + 0.004 g) = ?
First, divide the values:
3.131g +3.121 g = 1.0032
Next, find the largest possible value:
3.139g + 3.117 g = 1.0071

The uncertainty is the difference between the
two:

1.0071 - 1.0032 = 0.0039
Answer: 1.003 + 0.004
Note: The percentage uncertainty in the answer is
the sum of the individual percentage uncertainties:

0.008 « 100% - 0.004 « 100% — 0.0039

3.131 3.121 1.0032

Notice also, the largest possible value for the
numerator and the smallest possible value for the
denominator gives the largest result.

x 100%

The same ideas can be carried out with more
complicated calculations. Remember this will
always give you an overestimate of your
uncertainty. There are other calculation
techniques, which give better estimates for
uncertainties. If you wish to use them, please

discuss it with your instructor to see if they are
appropriate.

These techniques help you estimate the random
uncertainty that always occurs in
measurements. They will not help account for
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mistakes or poor measurement procedures. possible sources of uncertainty can go a long
There is no substitute for taking data with the way in ensuring precise and accurate data.
utmost of care. A little forethought about the

PRACTICE EXERCISES:

C-1. Consider the following results for different experiments. Determine if they agree with the
accepted result listed to the right. Also calculate the precision for each result.

a) g=104+11m/ 52 g=98m/ 52
b) T=15+0.1sec T=1.1sec
c) k=1368+ 45N/ m k=1300+ 50N/ m

Answers: a) Yes, 11%; b) No, 7%; c) Yes, 3.3%

Cc-2. The area of a rectangular metal plate was found by measuring its length and its width. The
length was found to be 5.37 £ 0.05 cm. The width was found to be 3.42 £ 0.02 cm. What is the
area and the average deviation?

Answer: 18.4+ 0.3cm?2

C-3. Each member of your lab group weighs the cart and two mass sets twice. The following table
shows this data. Calculate the total mass of the cart with each set of masses and for the two
sets of masses combined.

Cart Mass set 1 Mass set 2

(grams) (grams) (grams)
201.3 98.7 95.6 Answers:
2015 9838 9.3 Cart and set 1: 209.3+1.6 g.
202.3 96.9 6.4 Cart and set 2: 297.0+1.2 g.
202.1 9.1 96.2 Cart and both sets: 395.1+1.9¢g.
199.8 98.4 95.8
200.0 98.6 95.6
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Appendix D: A Review of Graphs

Graphs are visual tools used to represent relationships (or the lack thereof) among numerical quantities in
mathematics. In particular, we are interested in the graphs of functions. Before we go into functions, let us
consider the more primitive idea of relations.

Relations and Functions

A relation is any mapping from one set of quantities to another. For example, the following is a relation:
a—=a
b—=pf
c—=f

=Y

In this relation, the set of Roman letters {a, b, ¢} is the domain — the thing from which the relation maps; the set
of Greek letters {i, 5,3} is the range — the thing to which the relation maps.

Functions are special kinds of relations. All functions are relations, but not vice-versa. A function can map each
element of the domain to only one element of the range: in the above relation, ¢ maps to both /5 and y; this is
not allowed. A function can, however, map two different elements of the domain to the same element of the
range: in the above relation, both & and < map to [5; this is allowed.

We represent a function f of a variable twith the notationf{t); this means “the value of f evaluated at £.”
Strictly speaking, f is a function and f{£) is a number.

What is a graph?

In this course, we will be dealing almost exclusively with graphs of functions and relations. When we graph a
quantity A with respect to a quantity B, we mean to put B on the horizontal axis of a two-dimensional region
and A4 on the vertical axis and then to draw a set of points or curve showing the relationship between them. We
do not mean to graph any other quantity from which A orE can be determined. For example, a plot of
acceleration versus time has acceleration itself, @(t), on the vertical axis, not the corresponding velocity (% );
the time £, of course, goes on the horizontal axis. See Figure 1.

Canonically, we call the vertical axis the “y-” axis; the horizontal axis, the “x-" axis. Please note that there is
nothing special about these variables. They are not fixed, and they have no special meaning.
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Figure 1: Graphs of acceleration a and velocity v for an object in 1-dimensional motion with constant
acceleration.




APPENDIX D: A REVIEW OF GRAPHS

If we are graphing, say, a velocity function (¢ Jwith respect to time t, then we do not bother trying to identify
v{t) with v or t with x; in that case, we just forget about v and x. This can be particularly important when
representing position with the variable x, as we often do in physics. In that case, graphing x{t) with respect to
twould give us an xon both the vertical and horizontal axes, which would be extremely confusing. We can even
imagine a scenario wherein we should graph a function x of a variable ysuch that ywould be on the horizontal
axis and x(y) would be on the vertical axis. In particular, in MotionLab, the variable z, not x, is always used
for the horizontal axis; this represents time. Both x and y are plotted on vertical axes as functions of the time z.

Graphs of Functions

On a graph, the idea that a function maps one element of the domain to only one element of the range means
that any possible vertical line can cross the function not more than once. This is because the horizontal axis is
canonically used to represent the independent variable, or domain, while the vertical axis is canonically used to
represent the dependent variable, or range; if the vertical line crossed the function twice or more, that would
represent mapping one element of the domain to more than one element of the range.

We will almost always be graphing functions in this class; fits to data, for example, will always be functions.
Relations which are not functions will be relevant only as data itself. For example, if we measured the
acceleration due to gravity of two balls with the same mass, and if we did not measure exactly the same
acceleration for the two, then a graph of acceleration versus ball mass would be a graph of a relation, not of a
function.

(@) (b)
Figure 2: Graphs of a function (a) and of a relation which is not a function (b). Note that the latter does not pass
the vertical line test.

Data, Uncertainties, and Fits

When we plot empirical data, we are still plotting relations; it is just not necessarily obvious that we are doing
so. Our data will typically come as a set of ordered pairs {x, ¥]; this can be seen as a relation from a small,
discrete domain to a small, discrete range. Instead of plotting a curve, we just draw dots or some other kind of
marker at each ordered pair.

Empirical data also typically comes with some uncertainty in the independent and dependent variables of each
ordered pair. We need to show these uncertainties on our graph; this helps us to interpret the region of the plane
in which the true value represented by a data point might lie. To do this, we attach error bars to our data points.
Error bars are line segments passing through a point and representing some confidence interval about it.
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Figure 3: An empirical data set with associated uncertainties and a best-fit line.

After we have plotted data, we often need to try to describe that data with a functional relationship. We call this
process “fitting a function to the data” or, more simply, “fitting the data.” There are long, involved statistical
algorithms for finding the functions that best fit data, but we won’t go into them here. The basic idea is that we
choose a functional form, vary the parameters to make it look like the experimental data, and then see how it
turns out. If we can find a set of parameters that make the function lie very close to most of the data, then we
probably chose the right functional form. If not, then we go back and try again. In this class, we will be almost
exclusively fitting lines because this is easiest kind of fit to perform by eye. Quite simply, we draw the line
through the data points that best models the set of data points in question. The line is not a “line graph;” we do
not just connect the dots (That would almost never be a line, anyway, but a series of line segments.). The line
does not need to pass through any of the data points. It usually has about half of the points above it and half of
the points below it, but this is not a strict requirement. It should pass through the confidence intervals around
most of the data points, but it does not need to pass through all of them, particularly if the number of data points
is large. Many computer programs capable of producing graphs have built-in algorithms to find the best possible
fits of lines and other functions to data sets; it is a good idea to learn how to use a high-quality one.

Making Graphs Say Something

So we now know what a graph is and how to plot it; great. Our graph still doesn’t say much; take the graph in
Figure 4(a). What does it mean? Something called gapparently varies quadratically with something called t, but
that is only a mathematical statement, not a physical one. We still need to attach physical meaning to the
mathematical relationship that the graph communicates. This is where labels come into play.

Graphs should always have labels on both the horizontal and vertical axes. The labels should be terse but
sufficiently descriptive to be unambiguous. Let’s say that gis position and tis time in Figure 4. If the problem is
one-dimensional, then the label “Position” is probably sufficient for the vertical axis (g). If the problem is two-
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dimensional, then we probably need another qualifier. Let’s say that the object in question is moving in a plane
and that q is the vertical component of its position; then “Vertical Position” will probably do the trick.
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(b) Position g with respect to time 1 for a mass of
3kg. The acceleration is constant.
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Figure 4: Poorly- versus well-labeled and -captioned graphs. The labels and caption make the second graph
much easier to interpret.

There’s still a problem with our axis labels. Look more closely; where is the object at T = &5? Who knows? We
don’t know if the ticks represent seconds, minutes, centuries, femtoseconds, or even some nonlinear measure of
time, like humans born. Even if we did, the vertical axis has no units, either. We need for the units of each axis
to be clearly indicated if our graph is really to say something. We can tell from Figure 4(b) that the object is at
g = 36m at T = 6s. A grain of salt: our prediction graphs will not always need units. For example, if we are
asked to draw a graph predicting the relationship of, say, the acceleration due to gravity of an object with
respect to its mass, the label “Mass” will do just fine for our horizontal axis. This is because we are not expected
to give the precise functional dependence in this situation, only the overall behavior. We don’t know exactly
what the acceleration will be at a mass of 10g, and we don’t care. We just need to show whether the variation is
increasing, decreasing, constant, linear, quadratic, etc. In this case, it might be to our advantage to include units
on the vertical axis, though; we can probably predict a specific value of the acceleration, and that value will be
meaningless without them.

Every graph we make should also have some sort of title or caption. This helps the reader quickly to interpret
the meaning of the graph without having to wonder what it’s trying to say. It particularly helps in documents
with lots of graphs. Typically, captions are more useful than just titles. If we have some commentary about a
graph, then it is appropriate to put this in a caption, but not a title. Moreover, the first sentence in every caption
should serve the same role as a title: to tell the reader what information the graph is trying to show. In fact, if we
have an idea for the title of a graph, we can usually just put a period after it and let that be the first sentence in a
caption. For this reason, it is typically redundant to include both a title and a caption. After the opening
statement, the caption should add any information important to the interpretation of a graph that the graph itself
does not communicate; this might be an approximation involved, an indication of the value of some quantity not
depicted in the graph, the functional form of a fit line, a statement about the errors, etc. Lastly, it is also good
explicitly to state any important conclusion that the graph is supposed to support but does not obviously
demonstrate. For example, let’s look at Figure 4 again. If we are trying to demonstrate that the acceleration is
constant, then we would not need to point this out for a graph of the object’s acceleration with respect to time.
Since we did not do that, but apparently had some reason to plot position with respect to time instead, we wrote,
“The acceleration is constant.”

Lastly, we should choose the ranges of our axes so that our meaning is clear. Our axes do not always need to
include the origin; this may just make the graph more difficult to interpret. Our data should typically occupy
most of the graph to make it easier to interpret; see Figure 5. However, if we are trying to demonstrate a
functional form, some extra space beyond any statistical error helps to prove our point; in Figure 5(c), the
variation of the dependent with respect to the independent variable is obscured by the random variation of the
data. We must be careful not to abuse the power that comes from freedom in plotting our data, however. Graphs
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can be and frequently are drawn in ways intended to manipulate the perceptions of the audience, and this is a
violation of scientific ethics. For example, consider Figure 6. It appears that Candidate B has double the
approval of Candidate A, but a quick look at the vertical axis shows that the lead is actually less than one part in
seventy. The moral of the story is that our graphs should always be designed to communicate our point, but not
to create our point.
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Figure 5: Graphs with too much (a), just enough (b),
and too little space (c) to be easy to interpret.
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Figure 6: Approval ratings
for two candidates in a
mayoral race. This graph is
designed to mislead the
reader into believing that
Candidate B has a much
higher approval rating than
Candidate A.
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Using Linear Relationships to Make Graphs Clear

The easiest kind of graph to interpret is often a line. Our minds are very good at interpreting lines.
Unfortunately, data often follow nonlinear relationships, and our minds are not nearly as good at interpreting
those. It is sometimes to our advantage to force data to be linear on our graph. There are two ways that we
might want to do this in this class; one is with calculus, and the other is by cleverly choosing what quantities to
graph.

The “calculus” method is the simpler of the two. Let’s say that we want to compare the constant accelerations of
two objects, and we have data about their positions and velocities with respect to time. If the accelerations are
very similar, then it might be difficult to decide the relationship from the position graphs because we have a
hard time detecting fine variations in curvature. It is much easier to compare the accelerations from the velocity
graphs because we then just have to look at the slopes of lines; see Figure 7. We call this the “calculus” method
because velocity is the first derivative with respect to time of position; we have effectively chosen to plot the
derivative of position rather than position itself. We can sometimes use these calculus-based relationships to
graph more meaningful quantities than the obvious ones.

The other method is creatively named “linearization.” Essentially, it amounts to choosing non-obvious
quantities for the independent and/or dependent variables in a graph in such a way that the result graph will be a
line. An easy example of this is, once again, an object moving with a constant acceleration, like one of those in
Figure 7. Instead of taking the derivative and plotting the velocity, we might have chosen to graph the position
with respect to t2/2; because the initial velocity for this object happened to be 0, this would also have
produced a graph with a constant slope.
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Figure 7: Position and velocity with respect to time for an objects with slightly different accelerations. The
difference is easier to see in the velocity graphs.
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Figure 8: The position of the first object from Figure 7 plotted with respect to t2 /2. The relationship has been
linearized.

The Bottom Line

Ultimately, graphs exist to communicate information. This is the objective that we should have in mind when
we create them. If our graphs can effectively communicate our point to our readers, then they have
accomplished their purpose.



APPENDIX D: A REVIEW OF GRAPHS




Appendix E: Software

MOTIONLAB -Video Analysis of Motion

Analyzing pictures (movies or videos) is a powerful tool for understanding how objects move. Like
most forms of data, video is most easily analyzed using a computer and data acquisition software.
This appendix will guide a person somewhat familiar with WindowsNT through the use of one such
program: the video analysis application written in LabVIEW™. LabVIEW™ is a general-purpose data
acquisition programming system. It is widely used in academic research and industry. We will also
use LabVIEW™ to acquire data from other instruments throughout the year.

E> ¥ideoRECORDER 2.04.vi
dit Operate Toc
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Using video to analyze motion is a two-step process. The first step is recording a video. This process
uses the video software to record the images from the camera and compress the file. The second step
is to analyze the video to get a kinematic description of the recorded motion.

(1) MAKING VIDEOS

After logging into the computer, open the video recording program by double clicking the icon on the
desktop labeled VideoRECORDER. A window similar to the picture on the previous page should
appear.

If the camera is working, you should see a "live" video image of whatever is in front of the camera.
(See your instructor if your camera is not functioning and you are sure you turned it on.) By
adjusting the lens on the video camera, you can alter both the magnification and the sharpness of the
image until the picture quality is as good as possible.

The controls are fairly self-explanatory; pressing the Record Video button begins the process of
recording a 5-second video image. While the video is recording, the blue Progress bar beneath the
video frame grows. Once you have finished recording, you can move through the video by dragging
the Frame Number slider control. If you are not pleased with your video recording, delete it by
pressing the Dispose button.

You may notice that the computer sometimes skips frames. You can identify the dropped frame by
playing the video back frame by frame. If recorded motion does not appear smooth, or if the object
skips irregularly, then frames are probably missing. If the computer is skipping frames, speak with
your instructor.

While you are recording your video, you should try to estimate the kinematic variables you observe,
such as the initial position, velocities, and acceleration. The time with the unit of second is shown in
the VideoRECORDER window, in the box below the Frame Number slider. These values prove very
useful for your prediction equations. Be sure to record your estimates in your journal.

Once you have recorded a satisfactory video, save it by pressing the Save Video button. You will see a
Savewindow, as shown on the next page.

| 2]
Savein | ED MEEE j €ls >
To avoid cluttering the -
. _JLabVIEW data
computer, you will only be & ) POF Files
able to save your video in B 1.5 2.avi
[E| cart no mass.avi
the Lab Data folder Iocatgd w Boa o o
on the deSktOp. In the File [ colision same mass 4.3.avi
name box, you should enter g B Force and motion,avi
the location of the folder in ] Lab5.13 - 412
) ) . |H pulleycarcrazy, avi
which you wish to save : [ spring1.avi
your video followed by the M Dcimetis
name that you wish to give
to your video. This name
should be descriptive
enough to be useful to you
later. Homme Jlabviden_D90616_101030, avi =l 0K, |
Save a3 bipe: |Eustom Patterm [ avi) j Cancel /l
A

(2) ANALYSIS BASICS
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Open the video analysis application by clicking the icon labeled MotionLab located in the PhysLab
folder on the desktop. You should now take a moment to identify several elements of the
program. As a whole the application looks complex, once it is broken down it is easy to use.

Motion Lab

Toopen an AVE Video fik, cick the "AVT" buttan
“Toopen = previously saved session, cirk the “Sesson Button.
To.

xk Mokior.ab, clck the "Ex’ button,

[on ] o] o= |

plelfsec
pielsec

x vs t Prediction Equation

::((z)::Hth+|:Jms(D+Ez+rz*2)
) c €

9 oow  F oow  F oow
) F

m aw o

@ start| 9 phstab I MotionLab_1.5¢ @7 2TERDY wsm

The application will prompt you to open a movie (or previously saved session) as shown below.

Fit Wy ws b
MaolLab Done

0.50 -

0.00 -

|| -o.s0-

To open an &YI Yideo File, click the "aYT" butkon i
To open a previously saved session, click the "Session" Button, -1 ":":'1 IIIIIII

To exit MationLab, click the "Exit" button,

Ay Session | Exit |
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The upper left corner displays a dialog box with instructions for each step during your movie
analysis. To the right of the video screen is a progress indicator. It will highlight which step you
are currently performing.

2 MotionLab 0154x.vi

©) pwagy pa—
1T e e T (TN

)
.Mﬂt“‘\!'!r_
N - -.‘"‘e.\..sq

Below the video display is the Video Controls for moving within your AVI movie. The slider bar
indicating the displayed frame can also be used to move within the movie. Directly to the right of
the Video Controls is the Main Controls. The Main Control box is your primary session control.
Use the Main Control buttons to navigate back and forth through the steps shown in the progress
box. The red Quit Motion Lab button closes the program.

- -
QUIT Motion Lab

During the course of using MotionLab, bigger video screens pop up to allow you to calibrate your
movie and take data as accurately as possible. The calibration screen is shown on the next page.
The calibration screen has the instructions box to the right of the video with the Main Controls
and Video Controls directly below. The calibration screen automatically opens once an AVI
movie has been loaded.
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Video Calibration

Instructions

[To redefine/rotate the coordnate system
chck <Accept>,

[OR click <QUIT Calibration> to ext vith ongn
at start of calbration cbject.

Man Controls

Back Accept

Use Main Control buttons to navigate back and forth
through the steps i the procedure
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The data acquisition screen is shown below. To get to the data acquisition screen you need to first enter
predictions (the progress indicator will display which step you are at.) More will be said about predictions
in a bit. The data acquisition screen has the same instructions box and Video Controls, along with a Data
Acquisition Control box. The Data Acquisition controls allow you to take and remove data points. The red
Quit Data Acq button exits the data collection subroutine and returns to the main screen once your data has
been collected. The red cursor will be moved around to take position data from each frame using your
mouse.
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Be careful not to quit without printing and saving your data! You will have to go back and
@ analyze the data again if you fail to select Print Results before selecting Quit.

There are just a few more items to point out before getting into calibration, making predictions,
taking data and matching your data in more detail. To the right the picture shows the equation
box for entering predictions and matching data. Directly above this and below the progress
indicator you have controls for setting the range of the graph data and controls for printing and
saving. The graphs that display your collected data are shown on the next page. Your
predictions are displayed with red lines, fits are displayed with blue lines.
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CALIBRATION

While the computer is a very handy tool, it is not smart enough to identify objects or the sizes of those
objects in the videos that you take and analyze. For this reason, you will need to enter this
information into the computer. If you are not careful in the calibration process, your analysis will not

make any sense.

After you open the video that you wish to analyze the calibration screen will open
automatically. Advance the video to a frame where the first data point will be
taken. The time stamp of this frame will be used as the initial time." To advance the
video to where you want time t=0 to be, you need to use the video control buttons.

This action is equivalent to starting a stopwatch.

Practice with each button until you are proficient with its use. When you are ready to continue with
the calibration, locate the object you wish to use to calibrate the size of the video. The best object to
use is the object whose motion you are analyzing, but sometimes this is not easy. If you cannot use
the object whose motion you are analyzing, you must do your best to use an object that is in the plane

of motion of your object being analyzed.
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Follow the direction in the Instructions box and define the length of an object that you have measured
for the computer. Once this is completed, input the scale length with proper units. Read the
directions in the Instructions box carefully.

Lastly, decide if you want to rotate your coordinate axes. If you choose not to rotate the axes, the
computer will use the first calibration point as the origin with positive x to the right and positive y up.
If you choose to rotate your axis, follow the directions in the Instructions box carefully. Your chosen
axes will appear on the screen once the process is complete. This option may also be used to
reposition the origin of the coordinate system, should you require it.

Once you have completed this process, select Quit Calibration.

ANALYSIS PREDICTIONS

This video analysis relies on your graphical skills to interpret the data from the videos. Before doing
your analysis, you should be familiar with both Appendix C: Graphing and Appendix B:
Uncertainties.

Before analyzing the data, enter your prediction of how you expect the data to behave. This pattern
of making predictions before obtaining results is the only reliable way to take data. How else can you
know if something has gone wrong? This happens so often that it is given a name (Murphy’s Law). It
is also a good way to make sure you have learned something, but only if you stop to think about the
discrepancies or similarities between your prediction and the results.

In order to enter your prediction into the computer, you first need to decide on your coordinate axes,
origin, and scale (units) for your motion. Record these in your lab journal.

Jultl=A+Bt

Next you will need to select the generic
equation, u(t), which describes the graph _
you expect for the motion along your x- ult) =4 + B t+Etn2 .
axis seen in your video. You must choose Ut =A+Bt+C1"2+D "3
the appropriate function that matches the ufj =A +Bt+C"2+DI"3+E 174

predicted curve. The analysis program is ulf] =4+ B sin[C+Dt+EL"2)
equipped with several equations, which Ut =4 +Beas [C+DE+E2)

are accessible using the pull-down menu uftj =& + B esp - Lt

on the equation line. The available ultj =A+B[1-exp-CH ]
equations are shown to the right. Ut =& +[B+Ctzsin[D+Et+FLE2

ul =A + B +Ctcos(D+Et+F ™2

You can change the equation to one you

would like to use by clicking on the arrows

to the left of the equation If you took good notes of these values during the
filming of your video, inputting these values should

After selecting your generic equation, you be straightforward. You will also need to decide on

next need to enter your best the units for these constants at this time.
approximation for the parameters A and B

and C and D where you need them.

Once you are satisfied that the equation you selected for your motion and the values of the constants
are correct, click "Accept” in the Main Controls. Your prediction equation will then show up on the
graph on the computer screen. If you wish to change your prediction simply repeat the above
procedure. Repeat this procedure for the Y direction.
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DATA COLLECTION

To collect data, you first need to identify a very specific point on the object whose motion you are
analyzing. Next move the cursor over this point and click the green ADD Data Point button in Data
Acquisition control box. The computer records this position and time. The computer will
automatically advance the video to the next frame leaving a mark on the point you have just selected.
Then move the cursor back to the same place on the object and click ADD Data Point button again. So
long as you always use the same point on the object, you will get reliable data from your analysis.
This process is not always so easy especially if the object is moving rapidly. The data will
automatically appear on the graph on your computer screen each time you accept a data point. If you
don’t see the data on the graph, you will need to change the scale of the axes. If you are satisfied with
your data, choose Quit DataAcq from the controls

FITTING YOURDATA

Deciding which equation best represents your data is the most important part of your data analysis.
The actual mechanics of choosing the equation and constants is similar to what you did for your
predictions.

First you must find your data on your graphs. Usually, you can find your full data set by using the
Autorange buttons to the left of the graphs.

Secondly, after you find your data, you need to determine the best possible equation to describe this
data. After you have decided on the appropriate equation, you need to determine the constants of
this equation so that it best fits the data. Although this can be done by trial and error, it is much more
efficient to think of how the behavior of the equation you have chosen depends on each parameter.
Calculus can be a great help here.

Lastly, you need to estimate the uncertainty in your fit by deciding the range of other lines that could
also fit your data. This method of estimating your uncertainty is described in Appendix C. Slightly
changing the values for each constant in turn will allow you to do this quickly. For example, the X-
motion plots below show both the predicted line (down) and two other lines that also fit the data
(near the circles).
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After you have found the uncertainties in your constants, return to your best-fit line and use it as your
fit by selecting Accept x- (or y-) fit in the Program Controls panel.

LAST WORDS
These directions are not meant to be exhaustive. You will discover more features of the video analysis
program as you use it. Be sure to record these features in your lab journal.
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MAGNETLAB - MEASURING CONSTANT MAGNETIC FIELD

Application Basics

Before you begin, you should ensure that you have read the relevant sections of Appendix A to
familiarize yourself with the equipment.

The software package that works in tandem with your magnetic field sensor is written in LabVIEW™,
It allows you to measure and record magnetic field strength as a function of a number of different
variables.

After logging into the computer, execute the application by double clicking the “MAGNETLAB” icon
located in the PhysLab folder on the desktop.

Before you start using the program, you should take

a moment to identify several key elements. The two O " .

: calibrate P
most important of these are the Command Panel, SRISEETIOnE
shown to the right, and the Guide Box, shown Oncceptprediction
below.

Oncquire Data
MagnetLab Guide Box O
Armplification switch on the Magnetic Field Sensor should be set [EiEE i (Rl
to the "6.4mT" positon. If not, change it, and press Abort/ Q
Restart button to re-initizlize the SensorDAGD. Rralezslicts
When switch is in correct position, select "Calibrate Probe" to O“‘ce"t [
begin.
Olmport Data
O Print Results (anytime)

Onhort / Restart

. Quit Program

The Guide Box will give you directions and tasks to perform. It will also tell you when to select a
command in the Command Panel. After selecting a command, it will “gray out” and the next
command will become available.

You can also print and/ or quit from the Command Panel or abort your analysis and try again.
The primary data output you get is by generating pdf files of your results, so be careful not to
quit without printing pdf files or exporting your data to be emailed amongst your lab group.

Calibration

The first command is to calibrate the Magnetic Field Sensor. Before selecting this command, you need to
set the probe to the 6.4mT setting.
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After selecting the "Calibrate Probe" command, you will be asked to do
two tasks. Firstly, you will need to choose the quantity on the x-axis of
your data graph. This is accomplished by moving the mouse cursor over
to the word "meter" in the red-colored area (shown below) and then
pressing the mouse button.

meker -

Ok,

You should get a list of choices as shown to the right. By selecting any of
these units, you will be making a choice about what you wish to measure.
For example, if you choose to use "em”, you will make a graph of
magnetic field strength as a function of distance (B vs. x). It is likely you
will want to choose a small unit (cm’s or mm’s) to measure the distance in,
since many magnetic fields are not very strong over long distances
Selecting "degree” will make a plot of magnetic field strength as a function
of angle (Bvs. 0). Click "OK" when you are ready to proceed.

cm
mm
micron
inch
foot

Hz
second
minute
hour
degree
radian
Holt
millivolt
amp
milliamp
turns

Secondly, you will need to eliminate the effect of the background magnetic fields. This process is
called "zeroing the Hall probe"” in the Guide Box. Place the magnetic field sensor wand in the
position you would like to take your measurement, but be sure that there are no magnets nearby.
Note that power supplies and computers generate magnetic fields, so it is a good idea to keep away
from them! When you are ready, select the "Set Probe Zero" as shown below.

Set Probe Zero
(Tare) Value

Cione

Then select the “Done” button. The calibration process is now complete.
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Predictions

This type of analysis relies on your graphical skills to interpret the data. You should be familiar with
both Appendix D: Graphing, and Appendix C: Uncertainties.

The first task is to enter your prediction of the mathematical function you expect to represent your
data. Making a prediction before taking data is the best way to determine if anything is going wrong
(remember Murphy’s Law). It’s also a good way to make sure you have learned something, but only if
you stop to think about the discrepancies or similarities between your prediction and the results.

In order to enter your graphical prediction, s |u[u] =A + Bx
you first need to decide on your L -
coordinate axes and scale (units) for your + 10,000 | A Fit
measurements. Record these in your lab A 0000 | B Equation
: v | U
journal. -

~/0.000 c
Next, you will need to select the generic Agoo0 .
equation, u(x), which describes the graph v 0.000 | D Predictior]

you expect for the data. Clicking the

equation currently showing in the box will Ju(x) = A + Bx

bring up a list of equations to choose from; u{x) = A + Bx + Cx"2
see the diagrams to the right. u{x) = A + Bx + Cx™2 + Dx°3
u{x) = A + B sin{Cx + D)
After selecting your generic equation, you uf{x) = A + B cos({Cx + D)
next need to enter your Dbest u{x) = A + B exp({-Cx)
approximation for the parameters A, B, C, uix) = A + B{1 - exp(-Cx)}
ar_1d/or D. These va_lue_zs should_ come ulx) = A +B 7 (x+C)D
directly from your prediction equation you uix) = A +B 7 (22 +C)D

did for class. As you enter these values,
you should see the red line in the "Plot"
box changing.

u{x) = A +B /F (%2 + Cx)D

Once you have selected an equation and the values of the constants are entered, your prediction
equation is shown on the graph on the computer screen. If you do not see the curve representing
your prediction, change the scale of the graph axes or use the AutoScale feature (see Finding Data
below). When you are satisfied, select the Accept Prediction option from the Command Panel. Once
you have done this you cannot change your prediction except by starting over.

Exploration
After you have entered your prediction, you can explore the limitations of your magnetic field sensor

before you take data. The value of the magnetic field strength is displayed directly under the Guide
Box. When you are ready to take data, select Acquire Data from the Command Panel.
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Data Acquisition

Collecting data requires that you enter the x-axis data each time the computer reads in a value for the
magnetic field strength. You enter this data using the panel shown. For every x-axis data value you
enter, the analysis program will record the magnetic field strength in gauss on the y-axis of the "Plot".
Press "OK" to collect the next data point. Each data point should appear

on the graph on the computer screen as you take it. If it
doesn’t, adjust the scales of your graph axes or use the i
AutoScale feature (see Finding Data below). If you are oz Data

satisfied with your data, choose Analyze Data from the %“1_["]] | Value

Command Panel.
ak. |

Finding Data on the Graph

You can find your data on the graph by adjusting the scales of your X-axis and Y-axis plots manually.
This scaling is accomplished by entering values into the legend of the graph. Click on the upper or
lower legend value and enter a new value, then hit enter. If you cannot locate your data, you can
select both "AutoScale Y-axis" and "AutoScale X-Axis" to let the program find the data for you. You
can then adjust your axis scales to give you a convenient graph for analysis. Be careful, the AutoScale
option will often set the scales in such a way that small fluctuations in the data are magnified into
huge fluctuations.

Data Fits

Deciding which equation best fits your data is the most important part of using this analysis program .
While the actual mechanics of choosing the equation and parameters is similar to what you did for
your predictions, fitting data is somewhat more complicated.

By looking at the behavior of the data on the graph, determine the best possible function to describe
this data. After you have decided on the appropriate equation, you need to determine the constants
of this equation so that it best fits the data. Although this can be done by trial and error, it is much
more efficient to think of how the behavior of the equation you have chosen depends on each
parameter. Calculus can be a great help here. This can be atime-consuming task, so be patient.

Now you need to estimate the uncertainty in your fit by deciding the range of other lines that could
also fit your data. This method of estimating your uncertainty is described in Appendix D. Slightly
changing the values for each constant in turn will allow you to do this quickly.

After you have computed your uncertainties, return to your best-fit line and use it as your fit by
selecting Accept Fit in the Command Panel.



APPENDIX E: SOFTWARE

Importing / Exporting Data

After you have selected
Analyze Data, it is possible to
save your data to the
computer's hard drive. This
feature can come in handy if
you need to analyze your
data at a later date or if you
want to re-analyze your data
after you have printed it out.

To save your data, simply
select Export Data (as shown
to the right) and follow the
instructions in the windows.
Your file should be saved in
the LabData folder. To
retrieve this file, restart
MagnetLab from the desktop
and select Import Data.

Last Words

These directions are not meant to be exhaustive. You will discover more features as you analyze more
data. Be sure to record these features in your lab journal.



Appendix F: What is a Lab Report?

Glad you asked. A lab report is an analysis of an experiment that you personally performed in this
class's lab setting. It is a self-contained document; the reader should not have to consult any other
source to understand what you did or why you did it. It should present a cogent, coherent, complete
analysis which moves from a statement of a question (expressed in terms of one or more empirical
quantities) toward a clear, pre-established goal (an evaluation of those empirical quantities) which
answers that question.

This makes a lab report a somewhat unique assignment in the context of science classes you may
have taken in the past. To this point, work has always been about finding an answer; to this point, the
product of the work has been the answer. Lab reports do seek to answer a question, yes, but the
product of a lab report is the process. Your purpose in writing a lab report (as an assignment, not as a
composition) is to demonstrate to your instructors that you understand the process of science.

Audience

Your audience when writing a lab report is an arbitrary scientifically literate person. You should
assume that your audience is well-acquainted with science in general and physics and mathematics
in particular, both in theory and in practice. You should also assume that your audience knows
absolutely nothing about what specific experiment you have performed, why you have performed it,
or what the result ought to be. This means that you can use the language, methods, and writing style
of physics without explaining them, but that you must explain your experimental procedure and
analysis in detail.

Technical Style

A lab reportis a technical document. This means that it is stylistically quite different from documents
you may have written in English, history, rhetoric, or other humanities classes. The sample lab
reports in this manual, real scientific papers, manuals, design reports, and such things are good
examples of technical writing.

A lab reportis divided into sections. It does not rely on language to create transitions from one topic
to the next, and each section should be comprehensible by itself. This is not to say that the sections
should duplicate information; reading the “Procedure” section of a lab report will not tell the reader
the goal or the result of the experiment, but it should completely communicate the experimental
procedure used.

A lab report does not need to use the active voice. In many kinds of writing, the active voice is
encouraged for sounding brief and clear, and the passive voice is discouraged for sounding verbose
and distant. In technical writing, the passive voice is often encouraged to shift the focus of the writing
to the science rather than the scientist. Either voice is acceptable in your report. You should use
whichever feels natural and accomplishes your intent, but you should be consistent.

A lab report presents much of its information with media other than prose. Tables, graphs, diagrams,
and equations frequently can communicate far more effectively than can words. Technical writing
embraces these media. You should integrate them smoothly into your report.

A lab report is a persuasive document, but it does not express opinions. Your predictions should be
expressed as objective hypotheses. Your experiment and analysis should be a disinterested effort to
confirm or deny your predictions, not an attempt to convince your audience that they are correct.
Please note that your thesis, which your report should always confirm, will not necessarily coincide
with your predictions. Whether or not your report supports your predictions, it should support your
thesis objectively.
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A lab report does not entertain. If you read the sample reports, you will probably find them boring. A
lab report ought to be boring. Your audience is not reading your report to have a good time; he is
reading your report to learn. The science in your report should be able to stand for itself. If your
report needs to be entertaining, then its science is lacking.

Spelling, Grammar, Mechanics, and So Forth

You should write your lab report in standard, formal, American English. You should use proper
grammar, syntax, orthography, and so on. Bad spelling, in particular, is inexcusable; while electronic
spelling checkers are not perfect, they are good enough to render spelling mistakes in finished
products all but extinct. You are a college student; you ought to be able to do these things properly.

With that said, these linguistic components of the report are the emphasis neither of this course nor of
this assignment. If they are sufficiently lacking to compromise the understandability of your report,
you will be penalized. Otherwise, they are of secondary importance.

Physical Style

Physical style refers to the visual, as opposed to the logical, attributes of a document. In lab reports,
this basic philosophy holds true: content is important; appearance is not. You should therefore
consider physical style to be of secondary importance.

This is not to say that you may simply write your lab report by hand on notebook paper. Your report
should be typeset using a computer. Your graphs should be produced with a high-grade plotting
program, not with a drawing program like Microsoft Paint or Adobe Illustrator. Your headings
should stand out. Your equations should be rendered using a tool specifically for typesetting
mathematics, not simply typed using a word processor's text mode. It isto say that your specific
choices of fonts, heading sizes, paragraph delimitation, etc. are up to you. Ultimately, the physical
style is subservient to the logical style. It should serve to communicate information. Your headings
should be obvious, your mathematics should be unambiguous, your graphs should be accurate, and
so forth.

When in doubt, your best practice is to ask your TA. He may or may not have specific desires in this
area, and he can always provide an acceptable suggestion. If you need to see something personally,
this lab manual, particularly the sample reports, is a good example of physical style done well.

Graphs, Tables, Diagrams, Math

A lab report utilizes a variety of media to communicate its message. An old cliché tells us, “A picture
is worth a thousand words;” you should embrace this sentiment when you write your reports, but
you should not limit yourself to pictures. Your goal should be to make your point to your reader as
clearly and tersely as possible. When a graph will do better than words, use a graph. When a table
will do better than a listing, use a table. When a diagram will do better than a long description, use a
diagram.

You should label these media when you write your report. Graphs, diagrams, and other pictures
should be labeled with “Figure X,” wherein X is an identifying integer. Tables should be labeled
similarly, with “Table.” Equations typically only receive a number; convention places the numbers at
the right end of the line, and the word “Equation” is omitted for space. However, you should still
refer to an equation as “Equation X” in the text.

You should caption every table and figure you include in your report. Your goal in the caption, at the
very least, is to accomplish what a title otherwise would: to declare to the reader what information
the object is presenting. Depending on the circumstance, you should also explain any relevant, non-
obvious details, such as assumptions or important numerical quantities not presented in the object
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itself. For example, if you include a graph of the position of a ball with respect to time in a report
where you measured this quantity for balls of several masses, your caption should indicate the mass
of the ball for which the data is presented. Finally, if the object is intended to demonstrate some
derived piece of information, such as a conclusion or a fit to a graph, you should include this in your
caption.

As valuable as these media are, they do not contain enough information to stand without context.
You should not merely add these sorts of objects without addressing them in the text of your report.
They should be naturally integrated into the discussion. When you come to a point that you wish to
make with a graph, state that the information is contained in Figure X. When you reference data that
isincluded in a table, tell your reader to refer to Table ¥. Be sure to state and explain the salient
conclusion that the reader should draw from the object that she has just examined. Sometimes, these
two functions can even be combined into a single sentence.

These media are powerful tools, and they are at your disposal to help you make your case in your
report. You should use them whenever you can make your argument more elegantly by doing so
than by not. If you find yourself in a situation where trying to use one only makes things more
confusing, it is best to stick with tried-and-true prose. Use your best judgment.

Quantitativeness

A lab report is quantitative. Quantitativeness is the power of scientific analysis. It is objective, and it
allows us to know precisely how well we know something. Your report is scientifically valid only
insofar as it is quantitative.

You must follow one, simple rule to make your report quantitative: give numbers. Give numbers for
everything. You should report the numerical values of every relevant quantity that you measure or
calculate. You should report some numerical evaluation of every result you derive and every
conclusion you draw. You should report the numerical errors in every quantity you measure, and
you should propagate the numerical errors in every quantity you compute. If you find yourself using
words like “big,” “small,” “close,” “similar,” and etc., then you are probably not being sufficiently
quantitative. Try to replace vague statements like these with precise, quantitative ones.

ERIN3

If there is a single “most important part” to quantitativeness, it is error analysis. This lab manual
contains an appendix about error analysis; read it, understand it, and take it to heart.

Making an Argument

The single most important part of any lab report is the argument. You need to be able communicate
and demonstrate a clear point. If you can do this, and do it in a scientifically valid manner, your
report will be a success. If you cannot, your report will be a failure.

You have certainly written a traditional five-paragraph essay at some point. Recall its structure:

1. An opening paragraph stating a thesis.

2. A middle paragraph explaining a first supporting point.

3. A middle paragraph explaining a second supporting point.

4. A middle paragraph explaining a third supporting point.

5. Aclosing paragraph restating the thesis.
A lab report is not so trite and formulaic a document as this, but you can, nevertheless, learn an
important lesson from it. Good technical writing states a thesis, supports it with argument, and then
restates the thesis. By “giving away the ending,” so to speak, you accomplish two things. First, you
entice the audience to finish reading the report. Second, you let the audience know where the report
is about to take her, an act which will help her to keep track of her train of thought as she reads. Once
this is done, you must defend your thesis through logical, scientific argument. Your audience is
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trained to react to anything you say with skepticism, so you must rigorously justify it. Finally, by
restating the thesis with which you opened, you emphasize the point, remind your audience what
she just learned, and give your audience a sense of closure.

In science, this is typically implemented by structuring a report in four basic sections: introduction,
methodology, results, and discussion; this is sometimes called the “IMRD method.” You should state
your thesis, along with enough background information to explain it and a brief preview of the
succeeding sections, in your introduction. You should defend that thesis in the method ology and
results sections. You should restate your thesis, this time with an evaluation of its veracity and its
implications, in your discussion. N.B.: Your report does not need to have exactly four sections
entitled “Introduction,” “Methodology,” “Results,” and “Discussion;” this is just the logical
progression by which you should structure it. Several more specific, more finely divided sections are
recommended below.

An Example Format

We here present an example of how to structure your report. You should not interpret this as a strict,
required format. It is, however, one possible good implementation of the IMRD method. Any format
that you choose should be such a good implementation and should include all of the information
presented in the format below. Much of the advice given below is useful in general.

Abstract

You should think of the abstract as your report in miniature. It should be only a few sentences long,
but should emulate the IMRD method. You should state the question you are trying to answer. You
should then state the method you used to answer that question. You should finally summarize your
results and conclusion.

The abstract serves the same purpose for your report that a teaser serves for a film. It is the first thing
that your audience will encounter, and it is what will convince her that reading the rest of your report
is worth her time.

Although the abstract is first piece of your report, it can be helpful to write it last. After you have
written the rest of the report is when you best understand it and can best summarize it.

Your abstract should not be an integrated component of your report as a whole; it should not replace
any other part of the report, and the report should be complete and comprehensible in its absence.

Introduction

You should do three things in your introduction. First, you should provide enough context so that
your audience can understand the question that your report tries to answer. This typically involves a
brief discussion of the hypothetical, real-world scenario presented at the beginning of the
experiment's prompt in the lab manual. Second, you should clearly state the question. Third, you
should provide a brief statement of how you intend to go about answering it.

Students sometimes balk at hypothetical scenarios used in the lab manual to provide context to the
experiment. There is some fairness to the objections; the stories are often awkward and far -fetched.
That is not really the point. You should include the discussion of context in your report. Think of it as
the part where you justify yourself to your oversight committee or funding agency. The realism you
perceive in the story is not important; the skill that it helps to develop is.
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Predictions

You should include the same predictions in your report that you made prior to the beginning of the
experiment. They do not need to be correct. If they do turn out to be correct, then you must prove
that they are so by means of your analysis. If they do not, then you must prove that, too, and explain
the reality exposed by your analysis. Either way, you will be doing the same work; only a few words
will change. You will receive far more credit for an incorrect, well refuted prediction than you will for
a correct, poorly supported one.

The lab manual will often ask you for an equation or a graph as your prediction. Just as they cannot
in any other part of the report, these things cannot stand by themselves. You must discuss them in
prose.

Your prediction will often be expressible as an equation that you can derive from the physical
principles and formulas that you will learn in the lecture portion of this class. If so, then you should
include a brief, mathematical derivation of that prediction. You should not include every step in the
calculation, but only the ones which constitute important, intermediate results.

Procedure

You should explain what your actual, experimental methodology was in the procedure section. You
should discuss the apparatus and techniques that you used to make your measurements.

You should exercise a little conservatism and wisdom when deciding what to include in this section.
You should include all of the information necessary for someone else to repeat the experiment, but
only in the important ways. It is important that you measured the time for a cart to roll down a ramp
through a length of one meter; it is not important who released the cart, how you chose to coordinate
the person releasing it with the person timing it, or which one meter of the ramp you used. You
should also omit any obvious steps. If you performed an experiment using some apparatus, it is
obvious that you gathered the apparatus at some point. If you measured the current through a circuit,
it is obvious that you hooked up the wires. One aspect of this which is frequently problematic for
students is that a step is not necessarily important or non-obvious just because they find it difficult or
time-consuming. Try to decide what is scientifically important, and then include only that in your
report.

Students approach this section in more incorrect ways than any other. You should not provide a
bulleted list of the equipment. You should not present the procedure as a series of numbered steps.
You should not use the second person or the imperative mood. You should not treat this section as
though it is more important than the rest of the report. You should rarely make this the longest, most
involved section.

Data

This will be your easiest section. You should record your empirical measurements here: times,
voltages, fits from MotionLab, etc.

You should not use this as the report's dumping ground for your raw data. You need to think about
which measurements are important to your experiment and which are not. For example, consider a
lab wherein you measure acceleration by fitting position and velocity as functions of time. You
probably will have estimated some of the coefficients in the fits by making measurements with a
meter stick and stopwatch. However, because those “by hand” measurements do not contribute to
values of the acceleration that you actually used in your analysis, you should not record them in your
report. You may not even need to record the fit functions themselves; it would be appropriate for you
just to include the corresponding values of acceleration.
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You should also only include data in processed form. Use tables, graphs, and etc. with helpful
captions, not long lists of measurements without any logical grouping or order.

Remember to include the uncertainties in all of your measurements.

There is some exception to the “smoothly integrate figures and tables” rule in this section. You
should actually include little to no prose in the Data section; most of the discussion of this
information actually belongs in the Analysis section. The distinction between the Data and Analysis
sections exists largely to make the interpretation of your report easier on your TA.

Analysis

You should do the heavy lifting of your lab report in the Analysis section. This is where you should
take the empirical data that you included in the Data section, perform some kind of scientific analysis
on it, present your results, and finally answer the question that you posed in your Introduction. You
must do this quantitatively. This is arguably the most important section of your report, and it has any
scientific meaning only if it is quantitative.

Your analysis will almost always amount to quantifying the errors in your experimental
measurements and in any theoretical calculations that you made in the Predictions section. You
should then answer the following question: are the error intervals in my measurements and
predictions consistent with one another? If you are measuring some quantity, say a voltage ¥, then
you need to see whether the error intervals for the experimental value ¥: and the theoretical value V;
overlap. If you are trying to confirm some functional form, say, x(£} = 3t + 12, then you need to
determine whether or nor your fit function passes through the error regions for your experimental
data points (t..x ). This manual contains an appendix about error analysis: read it, understand it,
and take it to heart.

If your prediction turns out to be incorrect, you should show that it is incorrect as the first part of
your analysis. You should then propose the correct result, which your TA should have helped you
determine before you left lab, and show that it is, in fact, correct as the second part of your analysis.

You should finally discuss any shortcomings of your procedure or analysis. This includes sources of
systematic error for which you did not account, approximations that are not necessarily valid, etc.
You should try to decide how badly these shortcomings affected your result. If you confirm your
prediction to a high degree, then you can probably dismiss them as insignificant. If you cannot, then
you should estimate which are the most important and how they might be addressed in the future.

Conclusion

You should consider your conclusion as the wrapping paper and bow tie, the finishing tou ches, of
your report. At this point, all of the important things ought to have already been said, but this is
where you collect them together in one place. You should remind your audience of the important
points of your report: what you did and what your result was. You should leave her with a sense of
closure.

A good way to go about doing this is to quote your result from the Analysis section and to interpret it
in the context of the hypothetical scenario that you discussed in your Introduction. If you d etermined
that there were any major shortcomings in your experiment, you might also propose future work in
which the experiment could be done so as to overcome them. If the Introduction included your
attempt to justify your funding, then the Conclusion includes your attempt to secure more for the
future.
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One way to evaluate whether or not your Introduction and Conclusion work well together is to read
them in the absence of the intermediate sections. Imagine that you are the person who hired you to
perform this work, and that you are so busy that you don't have time to read the whole report. If you
can tell what the purpose of the experiment was and what question it was trying to answer in the
Introduction, and if you can tell what the answer to that question was in the Conclusion, then chances
are good that you have written a solid report.

What Now?

You should now read the sample reports included in this manual. There are two; one is an example of
the advice in this document implemented well, and the other is an example of the advice in this
document implemented poorly. Hopefully, they should help to clear up any lingering questions
about what any of this means. It might be helpful to read the sample reports, then re-read this
document, examining the relevant parts of the samples as they are discussed herein.

You should then talk to your TA. She can answer any remaining questions you have and can tell you
her preferences about how you should write your report for her, specifically. She can tell you when
something written above might not quite apply to a particular experiment. At the end of the day, she
determines what is right and what is wrong, so communication is important — and by
communication, we do not mean one frantic email that you write to her at 11:30 the night before the
reportis due.

There is a lot of information here, so implementing it and actually writing your lab report might seem
a little bit overwhelming. If so, then go back to the idea that the most important part of the report is
the argument. Go back to the idea that the lab report seeks to answer a question. Go back to the idea
that the product of the lab report is not so much the answer but the process by which you find it. You
should complete your analysis and answer the question before you ever sit down to write your
report. At that point, the hard part of the writing should be done: you already know what the
question was, what you did to answer it, how the analysis was performed, and what the answer was.
You then just need to put that on paper.
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Horizontal Acceleration (m/s?)

Appendix G: Sample Laboratory Reports

GOOD SAMPLE LAB

Lab I, Problem 4: Projectile Motion and Mass
George Aramis
July 12, 2011
Physics 1101W, Professor Luke, TA Balthasar

Introduction

A group of medieval warfare enthusiasts is planning a reenactment and intends to build a trebuchet. If the
reenactment is to be safe and realistic, the motion of the projectiles it launches must be well understood. The
acceleration of the projectile is constant in time, as confirmed by a previous experiment. This experiment sought
to understand the mass dependence of that constant acceleration. To do so, the projectiles were modeled using
balls; the trebuchet, using an experimenter’s arm. The hypothesis that the acceleration is mass-independent was
confirmed.

Prediction

It is hypothesized that the acceleration of an object in projectile motion is mass-independent; this is
depicted graphically in Figure 1.
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gure 1: Horizontal and vertical components of acceleration of a projectile near Earth’s surface.

The acceleration of all objects moving ballistically near the surface of Earth is downward and of a magnitude
given by local g, approximately 9.8m/s, i.e. is constant with respect to mass. Mathematically,

Ad g
Am

This is an assumption of our theory of kinematics.

Procedure

Spherical balls, all of approximately the same size (in order to make approximately constant the effects of air
resistance) but of varying masses, were used to model the projectiles. The force of the trebuchet was modeled
by throwing by the experimenters. The resulting projectile motion was recorded with a video camera;
MotionLab analysis software was used to generate (horizontal position, vertical position, time) triplets at each
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frame in the trajectories and, by linear interpolation, (horizontal velocity, vertical velocity, time) triplets
between each pair of consecutive frames in the trajectories. A meter stick was placed less than 5cm behind the
projectiles’ plane of motion for calibration of this software. The position and velocity of each projectile as
functions of time were fit

by eye as parabolas and lines, respectively. The acceleration of each projectile was then taken to be the slope of
the velocity fit because this was deemed more reliable than the position fit and because it was easier to quantify
the error in the velocity fit.

Two trajectories were analyzed in this fashion. Due to time constraints, the results of all the lab groups were
combined to yield enough data for the analysis. The other groups’ procedures were similar, but the details are

unknown.

Data
M(g) ay (M/s”) (low) &, (M/s%) (best fit) &, (m/s?) (high)
48.8 9.7 10.0 10.7
51.4 9.3 9.5 11.1
57.3 9.0 10.0 10.6
75.0 9.0 9.7 10.0
141.2 9.1 9.8 10.5
148.6 9.3 9.9 10.8
165.5 9.4 10.0 10.5

Table 1: The vertical accelerations as measured by MotionLab fits of velocity and the associated masses. The
uncertainty in all of the masses is 0.3g

Analysis

The accelerations in the vertical () direction as measured by the fits are given in Table 1 in the Data section.
The accelerations in the horizontal (x) direction are not given because they are all 0. The errors in the
accelerations were difficult to determine because of the by-eye fitting procedure used by MotionLab. Errors
were assigned to the fits by finding the maximal and minimal values of the parameters which yield apparently
valid fits. A constant, the average of the “best fit” accelerations listed in Table 1, was then taken as the single
parameter in a 0-degree polynomial fit to the data. The error was taken to be the standard deviation from this
parameter. The fit is depicted in Figure 2.

As Figure 2 illustrates, the fit falls within the error of all the data points, so it is valid to say that this has
confirmed the prediction that the vertical acceleration is constant with respect to mass. Because all of the
horizontal accelerations a.. = 0, the hypothesis that the horizontal acceleration of the projectiles is constant with
respect to mass has been confirmed; although there exists a nonzero uncertainty in all of these measurements, 0
lies within all possible error intervals.

Possible sources of systematic error include air resistance, distortion due to the camera’s optics, error in
calibration due to the offset depth of the trajectories versus the meter stick, and the constraint that the first frame
of the ball’s motion was at time 0, which is accurate only to 0.016s. These, and any other systematics, are
believed to be insignificant because the average and expected accelerations in both the horizontal and vertical
directions are consistent with the individual measurements to within experimental error.
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gure 2: The measured vertical accelerations versus the respective projectile masses and the constant fit thereto. The
errors in the masses are smaller than the markers.

Conclusion

The motion of projectiles launched by trebuchets was modeled by thrown balls. The hypothesis that the
horizontal accelerations thereof are mass-independent was confirmed in that all were measured to be 0. The
hypothesis that the vertical accelerations thereof are mass-independent was confirmed in that a single, constant
acceleration of 9.84m/s? lay within the error intervals of all of the measured data points.
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BAD SAMPLE LAB

Lab II, Problem 4

Atropos Tisiphone
July 12, 2011
Physics 1101W, Professor Luke, TA Balthasar

Introduction

We want to figure out how the trebuchet’s projectiles will move if their mass is

changed. A trebuchet is a kind of medieval catapult that uses gravity to launch

rocks. First, we threw balls to simulate the rocks. We recorded them with a camera. Then, we analyzed the
videos using MotionLab. Then, we decided that the acceleration does not change when the mass changes.

Prediction

Horizontal
Acceleration

Vertical
Acceleration

Procedure
The procedure in this experiment began with setup. We collected the following materials:

meter stick

tennis ball

baseball

video camera on tripod

computer with MotionLab software
stopwatch

We then positioned the camera facing the wall. We taped the meter stick to the wall.

We next recorded the videos. We threw the tennis ball in a parabolic trajectory parallel to the wall and recorded
a video of it with the camera and computer. We did the same for the baseball.

We then analyzed the videos with MotionLab. We began by setting t=0 to the time when the ball left General
Veers's hand. We then used the meter stick to calibrate the length in the video. We defined our coordinate
system. It had the origin where the ball was at t=0, x was horizontal, and y was vertical. We then had to make
predictions about the position graphs. Since there is no acceleration in the x direction, we predicted it would be
a straight, linear line. Since there is acceleration in the y direction, we predicted it would be quadratic. We
derived the coefficients for the predictions by measuring how high and how far the ball went with the meter
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stick and how long it flew with the stopwatch. The first ball flew 88+/-0.05cm in the x direction and 90+/-
0.05cm in the y direction, and took 0.85+/-0.005s to complete it’s trajectory. The second ball flew 110+/-
0.05cm in the x direction and 60+/-0.05cm in the y direction. It took 0.86+/- 0.005s to complete it’s trajectory.
The predicted equations were x=0+1.054t and y=0+4.185t-4.9t"2 for the first ball and x=0+0.694t and
y=0+4.185t-4.9t"2 for the second ball. We then added a data point at each frame in the ball’s flight. We omitted
some frames near the end of the video when the ball was in the distorted region. We took 24 data points for the
first ball and 29 data points for the second ball. We fit graphs to the resulting data points. The fits were
x=0+1.05t and y=0+3.47t-5t"2 for the first ball and x=0+0.71t and y=0+4.37t-5t"2 for the second ball. We then
had to predict the velocity graphs of the balls. We did this by making the t coefficient in the position function
the constant in the velocity function and the t"2 coefficient in the position function the t coefficient in the
velocity function. This made the xv graph a constant line and the yv graph a linear line. The predictions were
xv=1.05+0t and yv=3.47-10t for the first ball and xv=0.71+0t and yv=4.37-10t for the second ball. After this,
we had to fit the velocity graphs to the data points. The fits were xv-1.05+0t and yv=3.47-10t for the first ball
and xv=0.71+0t and yv=4.37-10t for the second ball. The fits were the same as the predictions, so there were no
errors in the predictions. We then got the accelerations from the coefficients of the fits. This was 0.5 of the t"2
coefficient in the position fit and the same as the t coefficient in the velocity fit.

After analyzing the videos, we exchanged data with the other groups, left the lab, and analyzed the data.

Data

Ball 1 Ball 2 Ball 3

mass: 57.3+/-0.05g mass: 48.8+/-0.05¢ mass: 165.5+/-0.05g

x distance: 88+/-0.05cm x distance: 110+/-0.05cm X prediction; x=0+1.126t

y distance: 90+/-0.05cm y distance: 60+/-0.05cm x fit: x=0+1.13t

time: 0.85+/-0.005s time: 0.86+/-0.005s y prediction; y=0+3.915t-4.9t"2
x prediction: x=0+1.054t X prediction; x=0+0694t y fit: y=0+3.37t-4.9t"2

x fit: x=0+1.05t x fit: x=0+071t Xv prediction: xv=1.13+0t
y prediction: y=0+4.185t-4.9t™2 y prediction: y=0+4.185t-4.9t"2 xv fit: xv=1.13+0t

y fit: y=0+3.47t-5t™2 y fit: y=0+4.37t-5t"2 yv prediction: yv=3.37-9.8t
xv prediction: xv=1.05+0t xv prediction: xv=0.71+0t yv fit: yv=3.37-10t

xv fit: xv=1.05+0t xv fit: xv=0.71+0t

yv prediction: yv=3.47-10t yv prediction: yv=4.37-10t

yv fit: yv=3.47-10t yv fit: yv=4.37-10t

Ball 4 Ball 5 Ball 6

mass: 51.4+/-0.05¢ mass; 141.2+/-0.05¢g mass: 148.6+/-0.05g

X prediction: x=0+0.877t X prediction; x=0+1.203t X prediction; x=0+1.281t

x fit: x=0+0.82t x fit: x=0+1.21t x fit: x=0+1.4t

y prediction: y=0+4.469t-4.9t"2 y prediction: y=0+3.258t-4.9t"2 y prediction: y=0+3.258t-4.9t"2
y fit: y=0+3.8t-4.7t"2 y fit: y=0+3.1t-4.9t™2 y fit: y=0+4.1t-4.95t"2

xv prediction: xv=0.82+0t xv prediction: xv=1.21+0t xv prediction: xv=1.4+0t
xv fit: xv=0.82+0t xv fit: xv=1.21+0t xv fit: xv=1.4+0t

yv prediction: yv=3.8-9.4t yv prediction: yv=3.1-9.8t yv prediction: yv=4.1-9.9t
yv fit: yv=3.8-9.5t yv fit: yv=3.1-9.8t yv fit: yv=4.1-9.9t

Ball 7

mass: 75.0+/-0.05¢

x prediction: x=0+0.943t

x fit: x=0+1.07t

y prediction: y=0+3.895t-4.9t"2
y fit: y=0+3.3t-4.85t"2

xv prediction: xv=1.07+0t

xv fit: xv=1.07+0t

yv prediction: yv=3.3-9.7t

yv fit: yv=3.3-9.7t
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Analysis

We calculate the accelerations from the fits because we know x = x0 + v0*t + 1/2*a*t"2. All the accelerations in
the x direction are therefore 0. The accelerations in the y direction are -10m/s"2, -10m/s"2, -9.8m/s"2, -9.4m/s"2,
-9.8m/s™2, -9.9m/s"2, -9.7m/s 2.

We know that the x accelerations should be 0 because we are ignoring air resistance. We know that the y
accelerations should be -9.8m/s"2. All of the y accelerations are close to this. They differ by 0.2m/s"2, 0.2m/s"2,
0m/s"2, 4m/s"2, Om/s"2, 0.1m/s"2, and 0.1m/s"2; these are all small.

There are several important sources of error in this lab. One is the fisheye effect of the camera lens. Another is
the finite accuracy of the measuring devices. The stopwatch can only measure to 0.01s, and the meter stick can
only measure to 0.001m, so these measurements are only accurate to half of those values. There is error in
MotionLab, too, as can be seen in the differences between some of the position and velocity fits. There was
error in that we couldn’t throw the balls exactly the same every time. Finally, there could have been human
error. We know that all of these errors were not significant, though, because all of the measurements of
acceleration were so close to the known right values.

Conclusion

We measured the acceleration of seven balls in projectile motion and got things very close to the right values
every time. We can therefore say that the mass dependence of the accelerations in the x and y directions are both
constant. In the x direction, it is Om/s"2, and in the y direction, it is -9.8m/s"2. This was true for all the masses.
This is the same as our original prediction. We can therefore say that this experiment was a success.
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