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WELCOME TO THE PHYSICS 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. We are surrounded by the products resulting from the
application of that understanding, technological inventions including clocks, cars, 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 while 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. This course is rare in the University for that property. In very few
departments are you able to test and see if what was heard in lecture is actually truth. Relish this
opportunity to be free from interpretation and relative perspective. If you think the TA, the professor,
and the book are incorrect, this is your opportunity to demonstrate it conclusively. 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, read the assigned
problems to develop a fairly clear idea of what will be happening, and complete the prediction and
warm-up 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 G. Please do not hesitate to discuss any difficulties with your fellow students or
the lab instructor.

Relax. Explore. Make mistakes. Ask lots of questions, and learn what is true!
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WHAT TO DO TO BE SUCCESSFUL 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.

What to bring to each laboratory session:

1. Bring an 8" by 10" graph-ruled lab journal, 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. As such, your lab journal is a legal document; consequently you should never
tear pages from it. For this reason, your lab journal must be bound, for example, University of
Minnesota 2077-S, and not of the varieties that allow pages to be easily removed, for example
spiral bound notebooks.

2. Bring a "scientific" calculator.
3. Bring this lab manual.
Prepare for each 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.

2. Each lab contains several different experimental problems. Before you come to a lab, be sure
you have completed the assigned Prediction and Warm-Up Questions. The warm-up questions
will help you build a prediction for the given problem. It is usually helpful to answer the
warm-up questions before making the prediction. These individual predictions will be
checked (graded) by your lab instructor immediately at the beginning of each lab session.
This preparation is crucial if you are going to get anything out of your 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 his/her share.
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Laboratory 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. To do so 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. Your lab report 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 within two days of the end of that lab.

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 quarter at a 60% level or better will receive a grade of F for the entire
course. The laboratory grade makes up 15% of your final course grade. 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. Your laboratory journal will be graded by the lab instructor 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 attempt but your lab report is unacceptable, your instructor may
allow you to rewrite parts or all of the report. Again, a rewrite must be handed in within two days
of the return of the report to you by the instructor, in order to obtain an acceptable grade.

The Bboratory 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 or fall on reasoned arguments about physics principles, the data, or
acceptable procedures, never on the basis of power, loudness, or intimidation.

2. It is OK to make a reasoned mistake. It is in fact, one of the more efficient ways to learn. This is an
academic laboratory in which to learn things, to test your ideas and predictions by collecting
data, and to determine 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 after 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
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with the accepted ideas. Then someone says, "No, that's not the way | 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 speech, is one of the best waysto learn.

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

However, it is never acceptable to copy the work of others. Helping others is encouraged
because it is one of the best ways for you to learn, but copying someone else’s work and
claiming it as your own is completely inappropriate and immoral. Write out your own
calculations and answer questions in your own words. It is okay 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. Seethe 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 must be either returned to the lab instructor or left
neatly at your station, depending on the circumstances.

A note about Laboratory equipment:

At times equipment in the lab may break or may be found to be broken. If this happens you should
inform your TA and report the problem to the equipment specialist using the Problem Report Form
found on the desktop. To use the Problem Report Form you will have to login using your University ID
and password. Describe the problem, including any identifying aspects of the equipment, and be sure
to include your lab room number.

If equipment appears to be broken in such a way as to cause a danger do not use the equipment and
inform your TA immediately.

In summary, the key to making any community work 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.

INTRO -4
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WHAT IS EXPECTED IN A LAB REPORT?
HOW IS IT HANDLED?

Before you leave the laboratory, have the instructor assign the problem you will write up and
initial your cover sheet.

A cover sheet for each problem must be placed on top of each problem report handed in to the
instructor. A cover sheet can be found at the end of every lab. It gives you a general outline of
what to include in a report.

A problem report is always due within two days of the end of the lab.

A lab report should be an organized, coherent display of your thoughts, work, and
accomplishments. It should be written neatly (word processor recommended) in English that is
clear, concise, and correct. It may help you to imagine that hundreds of people will read your
report and judge you by it. Communication is the goal of the report. In many cases,
communication can be aided greatly by use of tables and graphs.

A sample report is included in Appendix G. Listed below are the major headings which most

laboratory reports use.

MAJOR PARTS OF A LABORATORY REPORT:

COVER SHEET

See the end of this introduction for a sample cover sheet.

STATEMENT OF THE PROBLEM

State the problem you were trying to solve, and how you went about it. Describe the general
type of physical behavior explored, and provide a short summary of the experiment.

PREDICTION

This is a part of the lab where you try to predict the outcome of the experiment based on the
general knowledge of Physics. Generally, you start from fundamental laws or principles and
derive the theoretical expression for the measured quantity. Later you are going to use your
prediction to compare with experimental results.

INTRO-5
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EXPERIMENT AND RESULTS

Following the problem statement is a Data and Results section, containing a detailed
description of how you made your measurements and what results you obtained. This usually
involves an organized and coherent display of labeled diagrams, tables of measurements,
tables of calculated quantities, and graphs. Explanations of all results must occur in correct
grammatical English that would allow a reader to repeat your procedure.

Mathematical calculations connecting fundamental physics relationships to the quantities
measured should be given. Any interesting behavior should be explained. Difficulties
performing the experiment should be described as well as any subtleties in the analysis.

All data presented must be clearly identified and labeled. Calculated results should be clearly
identified. Anybody should be able to distinguish between quantities you measured, those you
calculated, and those you included from other sources. Clearly assign uncertainties to ALL
measured values -- without uncertainties, the data is nearly meaningless.

CONCLUSIONS

INTRO -6

The Conclusions section should include your answers to the following questions: What
generalized behavior did you observe? Was it different from what you expected? Why? (e.g.
What were the possible sources of uncertainties? Did you have any major experimental
difficulties?) How do your results compare with the theory presented in your textbook or
during lectures? Can you think of any other ways to check your theory with your data?
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| SAMPLE COVER SHEET |
PHYSICS 1302 LABORATORY REPORT

Laboratory |

Name and ID#:

Date performed: Day/Time section meets:

Lab Partners' Names:

Problem # and Title:

Lab Instructor's Initials:

Grading Checklist Points*

LABORATORY JOURNAL:

PREDICTIONS
(individual predictions and warm-up completed in journal before each lab session)

LAB PROCEDURE
(measurement plan recorded in journal, tables and graphs made in journal as data is
collected, observations written in journal)

PROBLEM REPORT:

ORGANIZATION

(clear and readable; logical progression from problem statement through conclusions;
pictures provided where necessary; correct grammar and spelling; section headings
provided; physics stated correctly)

DATA AND DATA TABLES
(clear and readable; units and assigned uncertainties clearly stated)

RESULTS
(results clearly indicated; correct, logical, and well-organized calculations with
uncertainties indicated; scales, labels and uncertainties on graphs; physics stated correctly)

CONCLUSIONS
(comparison to prediction & theory discussed with physics stated correctly ; possible
sources of uncertainties identified; attention called to experimental problems)

TOTAL(incorrect or missing statement of physics will result in a maximum of 60% of
the total points achieved; incorrect grammar or spelling will result in a maximum of 70%
of the total points achieved)

BONUS POINTS FOR TEAMWORK
(as specified by course policy)

* An "R" in the points column means to rewrite that section only and return it to your lab instructor
within two days of the return of the report to you.
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LABORATORY I
ELECTRIC FIELDS AND FORCES

The most fundamental forces are characterized as “action-at-a-distance”. This means that an object can
exert a force on another object that is not in contact with it. You have already learned about the
gravitational force, which is of this type. You are now learning the electric force, which is another one.
Action-at-a-distance forces have two features that require some getting used to. First, it is hard to
visualize objects interacting when they are not in contact. Second, if objects that interact by these action-
at-a-distance forces are grouped into systems, the systems have potential energy. But where does the
potential energy reside?

Inventing the concept of a field solves the conceptual difficulties of both the force and the potential
energy for action-at-a-distance interactions. With a field theory, an object affects the space around it,
creating a field. Another object entering this space is affected by that field and experiences a force. In
this picture the two objects do not directly interact with each other: one object causes a field and the
other object interacts directly with that field. The magnitude of the force on a particular object is the
magnitude of the field (caused by all the other objects) at the particular object’s position, multiplied by
the property of that object that causes it to interact with that field. In the case of the gravitational force,
that property is the mass of the object. (The magnitude of the gravitational field near the earth’s surface
isg=09.8 m/sz.) In the case of the electrical force, that property is the electric charge. The direction of the
force on an object is determined by the direction of the field at the space the object occupies. When a
system of two, or many, objects interact with each other through a field, the potential energy resides in
the field.

Thinking of interactions in terms of fields is a very abstract way of thinking about the world. We accept
the burden of this additional abstraction because it leads us to a deeper understanding of natural
phenomena and inspires the invention of new applications. The problems in this laboratory are
primarily designed to give you practice visualizing fields and using the field concept in solving
problems.

In this laboratory, you will first explore electric fields by building different configurations of charged
objects and mapping their electric fields. In the last two problems of, you will measure the behavior of
electrons as they move through an electric field and compare this behavior to your calculations and
your experience with gravitational fields.

OBJECTIVES

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

< Qualitatively construct the electric field caused by charged objects based on the geometry of those

objects.

= Determine the magnitude and direction of the force on a charged particle in an electric field.

PREPARATION
Read Fishbane: Chapter 3, section 4; Chapter 22.

Before coming to lab you should be able to:
= Apply the concepts of force and energy to solve problems.
= Calculate the motion of a particle with a constant acceleration.

= Write down Coulomb's law and understand the meaning of all quantities involved.

Labl-1
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PROBLEM #1: ELECTRIC FIELD VECTORS

SIMULATION PROBLEM #1
ELECTRIC FIELD VECTORS

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 begin design work, the
company needs a computer program to simulate the electric field for complicated charge configurations.
Your task is to evaluate 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 start
with a single positive charge. You then try a single negative charge. Finally, you place one positive
charge a short distance from a negative charge of equal magnitude to get a dipole configuration. You
make a sketch of the electric field vectors at different points in space for each of the three cases.

EQUIPMENT

The computer program EM Field.

PREDICTION

Restate the problem to give a clear and complete statement of the prediction you wish to make.

WARM-UP QUESTIONS

Read: Fishbane Chapter 22 Section 1. It also might be a good idea to review Chapter 1 Section 6.

1. Draw a positively charged point object.

2. Consider a point in space some distance from that object. What is the direction of the electric field
vector at this point? Remember that you can understand the electric field by considering the electric
force on a positive “test charge” placed at that point. Draw the electric field vector at that point.

3. Consider another point in space at a different distance from the charged object. How should the
length of the electric field vector at this point compare to the length of the vector at the previous point?
Draw the electric field vector at this point. Choose various points in space and draw more electric field
vectors. Continue this process until you have a satisfactory diagram of the electric field in the space
surrounding the charge configuration.

Repeat the above steps for the other two cases. For the dipole, remember that the total electric field
from multiple point charges is the vector sum of the electric fields due to each point charge. This can
be understood by considering the force on a positive “test charge” and remembering that the total
force is the vector sum of individual forces.

Labl -3
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EXPLORATION

On the desktop, open EM Field and click anywhere in the window for the instructions.

From the Sources pull-down menu, select Field and Potential JUENEN]
3D point charges.

Drag any positively + Field vectors
charged point object to the center of the Directional arrows

}deovr\: of -E|M Field. Selec_tIFleId”vectors Field lines
rom the Field and Potential pull-down Potential

menu (as shown). Potential difference
Equipotentials
Equipotentials with number
Flu¥ and Gauss's Law

Move the cursor where you would like to place a field vector and click the 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. If you switch to Field
vectors without clearing the screen, you can see how the representations correspond to each other.
Unfortunately, the Directional arrows representation is not very good for printing on black and white
printers.

You can get the third visual representation of the electric field by selecting Field Lines in the menu. What
are some differences between the "field lines" and "field vectors" representations? Are they equally
useful?

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 position 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?



PROBLEM #1: ELECTRIC FIELD VECTORS

ANALYSIS

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

Look at the electric field diagram for your dipole. Where is the electric field the greatest? The least?

Consider one of the electric field vectors in one of the diagrams you have created. If a positively charged
object were placed at the tail end of that vector, what would be the direction of the force on it? What if it
were a hegatively charged object? How would the size of the force compare to what it would be at a
different point in space where the electric field vector was shorter or longer?

CONCLUSIONS

How does each of the computer-generated diagrams compare with your prediction? Where is the field
the strongest? How is this shown in the diagram? Where is the field the weakest? How is this shown
in the diagram?

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

Labl-5



PROBLEM #2: ELECTRIC FIELD FROM A DIPOLE

PROBLEM #2
ELECTRIC FIELD FROM A DIPOLE

You have a summer job with a solar power company. To measure the electric fields produced by solar
cells the company plans to use conductive paper. They will arrange the cells on the paper and measure
the field at different points on the paper. Your assignment is to test the process for measuring the fields.
To find out if it works correctly, you decide to use it to determine the electric field created by a simple
pattern of charged objects. You create a two-dimensional dipole field by giving two parallel metal rods
opposite charges with a battery while their tips are in contact with a sheet of conducting paper. You
then measure the electric field in the paper. To see if the paper can be used to correctly map an electric
field you make a detailed qualitative prediction of the electric field produced by an electric dipole at
different points in space.

EQUIPMENT

You will be using the conductive paper rods
setup described in Appendix D. There is a A
coordinate grid drawn on the conductive

paper. Two brass rods (electrodes) stand / L
upright with their tips in contact with the

conductive paper and connected to opposite L L]
terminals of a battery or power supply. The

electric field probe is connected to a digital
multimeter (DMM) set to read volts. You

will also have the EM Field program. A Overhead view of
white sheet of paper with a grid similar to conductive paper for this
the grid on the conducting paper is useful problem.

for recording the field (do not write on the
conductive paper).

PREDICTION

Restate the problem. What do you wish to predict? How can you make a qualitative prediction with as
much detail as possible?

WARM-UP QUESTIONS

1. Draw a picture of the dipole similar to the one shown in the equipment section. Label one of the
charged point objects “+” and the other “-”.

2. At a point in space some distance from the charged objects, draw two vectors, one each to represent
the electric field due to each charged object. To understand electric field you can imagine a positively
charged object at that point and consider the force on that “imaginary” charged object. How should
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the length of each vector depend on the distance to each charged object? Measure the distance from
each charged object to the point where you are drawing the vectors; make sure the relative lengths of
the vectors correspond correctly to those distances.

3. Draw a darker vector representing the total electric field at that point. Remember, if an object feels two
different forces then the total force is the vector sum of the individual forces. You can add the vectors
representing electric fields due to the positive and negative parts of the dipole graphically.

4. Repeat the process at different points until you have a satisfactory map of the electric field in the
space surrounding the dipole. Where is the field the strongest? The weakest? What is the direction of
the field on different points along the dipole’s two axes of symmetry?

EXPLORATION

You can compare your prediction with a field map of 2D charged rods produced by the EM Field
simulation program, located on the desktop. For instructions on how to use this program see the
Exploration section of Problem 1.

Appendix D tells how to use the DMM and the power supply. Follow the instructions given there to set
up the conductive paper.

Once the rods are connected to the battery, set the digital multimeter (DMM) to wlts and turn it on.
Place the tips of the probe on the conductive paper midway between the tips of the two rods. Based on
your warm-up questions, what is the direction of the electric field at that position? Rotate the probe so
that the center of the probe stays in the same spot. Record the meter readings as you rotate the probe.
Do the values change (pay attention to the sign)? Is there a minimum or maximum value? Are there
any symmetries in this data? If there are large fluctuations, determine how you will measure
consistently. Describe how you will use the probe to determine the field direction at other points.

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 maximum DMM reading at
this point to the one you found at the midway point. Compare your measurements to your prediction;
does the value displayed on the DMM become larger or smaller when the electric field kecomes
stronger? Describe how you will use the probe to determine the electric field strength at other points.

Where on the conductive paper is the electric field strongest? weakest? Does this match your
predictions?

Complete your measurement plan for mapping the electric field on the conductive paper. How will you
record the magnitude and direction of the electric field at each point?

MEASUREMENT

Select a point on the conductive paper where you wish to determine the electric field. Place the probe on
the conductive 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 or
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on a sheet of white paper with a grid pattern similar to that on the conductive paper. At each point,
take at least two measurements of magnitude and direction to gain a measure of your uncertainty.

Repeat for as many points as needed to check your prediction. When you have taken enough data, you
will have a map of the electric field.

CONCLUSIONS

How does your map compare to your prediction? How does it compare to the simulation program?
Where is the field strongest? How do you show this in your map? Where is the field weakest? How do
you show this in your map?
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PROBLEM #3: GRAVITATIONAL FORCE ON THE ELECTRON

PROBLEM #3
GRAVITATIONAL FORCE ON THE ELECTRON

You work in a research laboratory that is attempting to make a better electron microscope. The project
requires precise control of a beam of electrons. For your study of electron control you decide to use a
Cathode Ray Tube (CRT), the same device that is the basis of most TV sets. 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. Every object 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. Your teammates worry that the gravitational force will deflect the electron
from its path giving it a parabolic trajectory, and that this deflection will depend on whether the beam is
vertical or horizontal. You decide to compute how far the beam deviates from a straight-line trajectory
when the beam is aimed in different directions.

EQUIPMENT

You will be using the Cathode Ray Tube (CRT)
described in Appendix D. The fluorescent
screen has a one-half centimeter grid in front of
it so you can measure the position of the beam

spot.

PREDICTION

Restate the problem. State clearly what you’re going to study. Sketch a graph of the distance of the
electron from the center of the CRT when it hits the screen (its deflection) versus the angle of incline of
the CRT from the horizontal. Explain your reasoning.

WARM-UP QUESTIONS

Read: Fishbane Chapter 22 Section 4 and review Chapter 3 Section 4.

1. Draw a picture of the CRT in the horizontal position. Do not include the deflection plates shown in
Appendix D since they will not be used in this problem. Draw the electron's trajectory from the time it
leaves the electron gun until it hits the screen. Label each important kinematics quantity in the
problem. Label all forces on the electron during this time. Choose a convenient coordinate system and
put it on your drawing. Does the vertical component of the electron’s velocity change? Why? Does the
horizontal component of its velocity change? Why?

2. Calculate the velocity of the electron just after it leaves the electron gun.
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PROBLEM #3: GRAVITATIONAL FORCE ON THE ELECTRON

Hint: The change in the electric potential energy of an electron moving from one plate to another is the
voltage difference between the two plates (Vi in Appendix D) times the electron's charge. What
assumptions must you make to calculate the electron’s initial velocity?

3. What physics principles can you use to calculate how far the electron falls below a straight-line
trajectory (its deflection from the center of the screen)? What quantities must you know to make the
calculation? Make the calculation.

4. Does your solution make sense? You can check by estimating the time of flight of the electron based
on its initial velocity and the distance between its starting point and the screen. In that amount of
time, how far would a ball drop in free fall? If the solution does not make sense, check your work for
logic or algebra mistakes.

5. Now return to step 1 and solve the problem for a CRT pointed upward, and then at an angle from the
horizontal.

Hint: Keep the coordinate system you used and look for the new components of the acceleration and
the velocity in that frame. What difference will this make to your solution? Does the deflection
increase or decrease as the tube becomes more vertical? Is there any angle for which you predict zero
deflection?

EXPLORATION

WARNING: You will be working with equipment that generates large electric voltages. Improper use can
@ cause painful burns. The power must be turned off and you must wait at least one minute before any
wires are disconnected from or connected to the power supply. Never touch the conducting metal of any

wire.

Follow the directions in Appendix D for connecting the power 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.

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

Does the qualitative behavior of the electron deflection agree with your prediction?

For what orientation of the CRT is it impossible for the gravitational force to deflect the electron? This is
the location of the beam spot when there is no gravitational effect on the motion of the electrons.

If you observe a deflection of the electron beam, determine if this deflection is or is not caused by the
gravitational force. If it is not, what does this mean and how can you minimize the effect of that force on
your measurements? Is the deflection different if you move the CRT to a different position in the room?

Devise a measuring scheme to record the angle of the CRT and the position of the beam spot.

Write down your measurement plan.
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PROBLEM #3: GRAVITATIONAL FORCE ON THE ELECTRON

MEASUREMENT

Measure the position of the beam spot at an orientation of the CRT for which you expect the
gravitational deflection to be zero and the position at an angle for which the gravitational deflection
should be maximum. Make measurements at several intermediate angles as well.

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

ANALYSIS

Make a graph of the position of the electron beam spot as a function of the angle that the CRT makes
with the horizontal.

If you observe a deflection, how can you tell if it is caused by the gravitational force? If the deflection is
not caused by gravity, what might be its cause? How will you decide?

Use your data to determine the magnitude of the deflection of the electron.

CONCLUSION

Did your data agree with your predictions? Did you observe any deflection of the electron beam? Was
it in the direction you expected? What could account for any aberrant behavior? How can you arrange
your CRT to minimize the aberrant behavior?

Can you measure the effect of the Earth's gravitational force on the motion of the electrons in the CRT?

State your results in the most general terms supported by your data. Based on your results, do you
think you need to take gravitational deflection into account when using the CRT? Why?
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PROBLEM #4
DEFLECTION OF AN ELECTRON BEAM
BY AN ELECTRIC FIELD

You are attempting to design an electron microscope. To precisely steer the beam of electrons you will
use an electric field perpendicular to the original direction of the electrons. To test the design, you must
determine how a change in the applied electric field affects the position of the beam spot. A colleague
argues that an electron’s trajectory through an electric field is analogous to a bullet’s trajectory through
a gravitational field. You are not convinced but are willing to test the idea. One difference that you both
agree on is that the electrons in the microscope will pass through regions with an electric field and
other regions with no electric field, while a bullet is always in a gravitational field. You decide to model
the situation with a Cathode Ray Tube (CRT) in which 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 will
calculate the deflection of an electron that begins with an initial horizontal velocity, passes between a
pair of short metal plates that produce a vertical electric field between them, and then continues
through a region with no electric field until hitting the screen. Your result could depend on the strength
of the electric field, the electron’s initial velocity, intrinsic properties of the electron, the length of the
metal plates that produce the vertical electric field, and the distance from the end of the metal plates to
the screen. NOTE: In the next lab problem you will measure the effect of changing the electron’s initial speed.

EQUIPMENT

You will use a Cathode Ray Tube (see Appendix D). Connecting the internal parallel plates to a battery
or power supply creates an applied electric field. A high voltage power supply supplies the energy
used to give the electron its initial velocity.

PREDICTION

Restate the problem. What do you want to calculate? What variable will you control? Present your
results as an equation and as a graph.

WARM-UP QUESTIONS

For this problem, review Projectile Motion [Fishbane, 3-4], Motion of a Charge in a Field [Fishbane,22-4]
and Appendix D [lab Manuall:

These questions are similar to those for Problem #5. If you have already completed Problem #5, review your
answers to those warm-up questions and draw a new graph. If not, you should answer the following warm-up
questions.

1. Examine the diagram of the CRT in Appendix D. You will use only one set of the deflection plates
shown. Draw a simplified diagram of an electron with an initial horizontal velocity about to enter the
region between the plates. Draw the screen some distance past the end of the plates. Label the
relevant distances. Assume that the electric field is vertically oriented in the region between the plates
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PROBLEM #4: DEFLECTION OF AN ELECTRON BEAM BY AN ELECTRIC FIELD

and is zero elsewhere. Indicate on your picture where an electron experiences electrical forces. Draw
a coordinate axis on this picture. Sketch the electron's trajectory through the CRT, indicating where
the electron should accelerate and the direction of that acceleration. Indicate on the screen of the CRT
the distance by which the electron has been deflected away from its initial straight-line path. Why
can you ignore the gravitational force on the electron?

2. Recall some things you already know about projectile motion. Does a force in the vertical direction
affect the horizontal component of an object’s velocity? In this situation, can you use the horizontal
velocity component to find the time required to travel some horizontal distance?

3. Consider the motion of the electron in the region between the deflection plates. Calculate the amount
of time the electron spends in this region. Calculate the vertical position and vertical velocity
component of the electron when it leaves this region. Remember you are assuming that only an
electric force acts on the electron and are neglecting the gravitational force. (You will need the
relationship between the electric field and the electric force on a charged object, as well as the general
relationship between force and acceleration.)

4. Consider the motion of the electron in the region past the deflection plates. What is true about the
vertical and horizontal components of its velocity in this region? Calculate where the electron hits the
screen relative to where it entered this final region. Then calculate the total deflection of the electron at
the screen from where it initially entered the region between the plates.

5. Using the equation you have found for the deflection of the electron beam draw a graph of the
deflection vs. the electric field strength. Treat the other quantities as constant.

6. Two quantities in your expression are not directly measurable in lab. These are the electron’s initial
velocity and the electric field strength between the deflection plates. You will, however, know the
voltage that accelerates the electrons, Vi , and the voltage across the deflection plates, Vpjates . Use
conservation of energy to express the electron’s initial velocity in terms of Vi . Substitute this
expression into your deflection equation.

If you have already learned about potential differences, you may not need the following hint <based
on Fishbane section 24-2; also see problem 24-24>: the magnitude of the work done on the electron by
the accelerating voltage equals V4 times the electron charge.

7. Write an equation relating Vpjates to the electric field between the plates, and substitute it into your
deflection equation. Your final deflection equation should involve only quantities that can be
measured in lab or found in the textbook or in Appendix D.

If you have already learned about potential differences, you may not need the following hint <from
Fishbane 24-5>: the electric field between the plates equals Vpjates divided by the distance between the
plates.

EXPLORATION

WARNING: You will be working with equipment that generates large electric voltages. Improper use can
cause painful burns. To avoid danger, the power must be turned off and you must wait at least one
minute before any wires are disconnected from or connected to the power supply. Never touch the
conducting metal of any wire.
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PROBLEM #4: DEFLECTION OF AN ELECTRON BEAM BY AN ELECTRIC FIELD

Follow the directions in Appendix D for connecting the power 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, make a note of the position of the spot
on the screen. The deflections you measure will be in relation to this point. Make sure not to change the
position of the CRT since external fields may affect the position of the spot.

Now apply a voltage across one set of deflection plates, noting how the electron beam moves across the
screen as the voltage is increased. Determine how you will adjust the voltage level and how you will
measure it. 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. Write down your measurement plan. 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?

MEASUREMENT

Measure the position of the beam spot as you change the electric field applied to the deflection plates.
At least two people should make a measurement at each point, so you can estimate measurement
uncertainty. Note: Be sure to record your measurements with the appropriate number of significant figures (see
Appendix A) and with your estimated uncertainty (see Appendix B). Otherwise, the data is virtually
meaningless.

ANALYSIS

Draw a graph of the measured deflection of the electron beam as a function of the voltage difference
across the deflector plates.

CONCLUSIONS

How does the graph based on your data compare to the graph based on your prediction? If they are
different explain why. Is the analogy between bullets and electrons supported by your experiment?

How does the deflection of the electron beam vary with the applied electric field? State your results in
the most general terms supported by your data.
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PROBLEM #5
DEFLECTION OF AN ELECTRON BEAM AND VELOCITY

You are attempting to design an electron microscope. To precisely steer the beam of electrons you will
use an electric field perpendicular to the original direction of the electrons. To test the design, you must
determine how a change in the initial velocity of the electrons affects the position of the beam spot. A
colleague argues that an electron’s trajectory through an electric field is analogous to a bullet’s
trajectory through a gravitational field. You are not convinced but are willing to test the idea. One
difference that you both agree on is that the electrons in the microscope will pass through regions with
an electric field and other region with no electric field, while a bullet is always in a gravitational field.
You decide to model the situation with a Cathode Ray Tube (CRT) in which 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 will calculate the deflection of an electron that begins with an initial horizontal velocity,
passes between a pair of short metal plates that produce a vertical electric field between them, and then
continues through a region with no electric field until hitting the screen. Your result could depend on
the strength of the electric field, the electron’s initial velocity, intrinsic properties of the electron, the
length of the metal plates that produce the vertical electric field, and the distance from the end of the
metal plates to the screen.

EQUIPMENT

You will use a Cathode Ray Tube (see Appendix D).

PREDICTION

Restate the problem in terms of what you want to calculate and which parameter you will vary? Show
your prediction in the form of an equation and a graph.

WARM-UP QUESTIONS

For this problem, review Projectile Motion [Fishbane, 3-4], Motion of a Charge in a Field [Fishbane,22-4]
and Appendix D [lab Manual].

These questions are similar to those for Problem #4. If you have already completed Problem #4, review your
answers to those warm-up questions and draw a new graph. If not, you should answer the following warm-up
questions.

1. Examine the diagram of the CRT in Appendix D. You will use only one set of the deflection plates
shown. Draw a simplified diagram of an electron with an initial horizontal velocity about to enter the
region between the plates. Draw the screen some distance past the end of the plates. Label the
relevant distances. Assume that the electric field is vertically oriented in the region between the plates
and is zero elsewhere. Indicate on your picture where an electron experiences electrical forces. Draw
a coordinate axis on this picture. Sketch the electron's trajectory through the CRT, indicating where
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the electron should accelerate and the direction of that acceleration. Indicate on the screen of the CRT
the distance by which the electron has been deflected away from its initial straight-line path. Why
can you ignore the gravitational force on the electron?

2. Recall some things you already know about projectile motion. Does a force in the vertical direction
affect the horizontal component of an object’s velocity? In this situation, can you use the horizontal
velocity component to find the time required to travel some horizontal distance?

3. Consider the motion of the electron in the region between the deflection plates. Calculate the amount
of time the electron spends in this region. Calculate the vertical position and vertical velocity
component of the electron when it leaves this region. Remember you are assuming that only an
electric force acts on the electron and are neglecting the gravitational force. (You will need the
relationship between the electric field and the electric force on a charged object, as well as the general
relationship between force and acceleration.)

4. Consider the motion of the electron in the region past the deflection plates. What is true about the
vertical and horizontal components of its velocity in this region? Calculate where the electron hits the
screen relative to where it entered this final region. Then calculate the total deflection of the electron at
the screen from where it initially entered the region between the plates.

5. Using the equation you have found for the deflection of the electron beam draw a graph of the
deflection vs. the initial velocity. Treat the other quantities as constant.

6. Two quantities in your expression are not directly measurable in lab. These are the electron’s initial
velocity and the electric field strength between the deflection plates. You will, however, know the
voltage that accelerates the electrons, Vi , and the voltage across the deflection plates, Vpjaes. Use
conservation of energy to express the electron’s initial velocity in terms of Vi . Substitute this
expression into your deflection equation.

If you have already learned about potential differences, you may not need the following hint <based
on Fishbane section 24-2; also see problem 24-24>: the magnitude of the work done on the electron by
the accelerating voltage equals V.. times the electron charge.

7. Write an equation relating Vuiawes to the electric field between the plates, and substitute it into your
deflection equation. Your final deflection equation should involve only quantities that can be
measured in lab or found in the textbook or in Appendix D. If you have already learned about
potential differences, you may not need the following hint <from Fishbane 24-5>: the electric field
between the plates equals Vpiaes divided by the distance between the plates.

EXPLORATION

WARNING: You will be working with equipment that generates large electric voltages. Improper use can

@ cause painful burns. To avoid danger, the power must be turned off and you must wait at least one
minute before any wires are disconnected from or connected to the power supply. Never touch the
conducting metal of any wire.

Follow the directions in Appendix D for connecting the power 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. Apply between 250 and 500 Volts across the anode and cathode. After a
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PROBLEM #5: DEFLECTION OF AN ELECTRON BEAM AND VELOCITY

moment, you should observe a spot on the screen that can be adjusted with the knob labeled “Focus”. If
your connections are correct and the spot still doesn’t appear, inform your lab instructor.

TAKING EXTREME CARE, change the voltage across the accelerating plates, and determine the range
of values for which the electrons have enough energy to produce a spot on the screen. Changing this
voltage changes the velocity of the electrons as they enter the deflection plates. What is the range of
initial electron velocities corresponding to this range of accelerating voltages? Which of these values
will give you the largest deflection when you later apply an electric field between the deflection plates?

Before you turn on the electric field between the deflection plates, make a note of the position of the spot
on the screen. The deflections you measure will be in relation to this point. Make sure not to change the
position of the CRT since external fields may affect the position of the spot.

Now apply a voltage across one set of deflection plates, noting how the electron beam moves across the
screen as the voltage is increased. Find a voltage across the deflection plates that allows the deflection
for the entire range of initial electron velocities to be measured as accurately as possible.

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.

Write down your measurement plan. How will you determine the strength of the electric field between
the deflection plates? How will you determine the initial velocity of the electrons? What quantities will
you hold constant for this measurement? How many measurements do you need?

MEASUREMENT

Measure the deflection of the beam spot as you change the initial velocity of the electrons in the beam,
keeping the electric field between the deflection plates constant. At least two people should make a
measurement at each point, so you can estimate measurement uncertainty. Note: Be sure to record your
measurements with the appropriate number of significant figures (see Appendix A) and with your estimated
uncertainty (see Appendix B). Otherwise, the data is virtually meaningless.

ANALYSIS

Draw a graph of your average measurements of the deflection of the electron beam as a function of the
initial electron velocity. How do your uncertainties affect your graph?

CONCLUSIONS

Did your data agree with your prediction of how the electron beam would deflect due to the initial
electron velocity? If not, why? 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.
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|ZI CHECK 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.

e 7
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©) o
|

. 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 Vacc 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.
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LABORATORY Il
ELECTRIC FIELDS AND ELECTRIC POTENTIALS

In this lab you will continue to investigate the abstract concept of electric field. If you know the
electric field at a point in space, you can easily determine the force exerted on a charged object placed
at that point. The concept of field has the practical advantage that you can determine the forces on an
object in two stages. To determine the force exerted on object A by other objects, you first determine
the field, at a location to be occupied by A, due to all objects except for object A. You then calculate the
force exerted on object A by that field. That force depends only on the properties of object Aand the
value of the field at object A’s location. An advantage of this two-step approach is that if you make no
changes but replace object A with a new object, B, it is simple to calculate the force exerted on object B.
This is because replacing A with B does not change the field. The field that exerts a force on an object
depends only on the other objects.

Keeping track of forces and accelerations is not always the simplest approach for predicting the
behavior of objects. It is often more convenient to use the principle of Conservation of Energy. As
mentioned in the introduction to the previous lab, the potential energy related to the position of a
charged object resides in the surrounding field. As with forces on an object (A) due to a field, the
change in potential energy due to the addition of an object (A) to a configuration of other aobjects is
calculated in two stages. First you calculate the “potential,” at a location to be occupied by object A,
due to all objects except for object A That potential depends only on the other objects and does not
depend on any properties of object A. You then use the value of the potential at that location to
calculate the change in potential energy when object A is placed there. That potential energy depends
only on the properties of object A and the value of the potential at object A’s location. As with forces,
it would then be a simple matter to calculate the potential energy change due to replacing object A
with another object B.

Because the concepts of field and potential are abstract and difficult to visualize, this laboratory uses a
computer simulation based on the interaction of point charged objects (usually called point charges).
With this simulation you can construct a complicated charge configuration and read out the resulting
electric field and electric potential at any point in space.

OBIJECTIVES

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

Quialitatively determine the electric field at a point in space caused by a configuration of charged
objects based on the geometry of those objects.

Calculate the electric field at a point in space caused by a configuration of charged objects based on
the geometry of those objects.

Quialitatively determine the electric potential at a point in space caused by a configuration of
charged objects based on the geometry of those objects.

Calculate the electric potential at a point in space caused by a configuration of charged objects
based on the geometry of those objects.

Relate the electric field caused by charged objects to the electric potential caused by charged objects.
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LAB Il: INTRODUCTION

PREPARATION
Read: Fishbane Chapters 22, 24.

Before coming to lab you should be able to:
Add vectors in two dimensions.
Calculate the electric field due to a point charge.
Calculate the electric potential due to a point charge.

Use the computer simulation program, EM Field.
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PROBLEM #1: THE ELECTRIC FIELD FROM MULTIPLE POINT CHARGES

SIMULATION PROBLEM #1
THE ELECTRIC FIELD FROM MULTIPLE POINT CHARGES

You work with a biochemical engineering group investigating new insulin-fabrication techniques. Part
of your task is to calculate electric fields produced by complex molecules. The team has decided to use a
computer simulation to calculate the fields. Your task is to determine if the simulation agrees with the
physics that you know. You decide to determine the electric field at a point from a set of charged objects
that is complex enough to test the simulation but simple enough to make direct calculation possible.
The first configuration you try is a square with two equal negatively charged point objects in opposite
corners and a positively charged point object of 1/3 the magnitude of the negative charges in a third
corner. You will calculate the electric field at the remaining corner of the square and compare your
result to that of the computer simulation of the same configuration.

EQUIPMENT

The computer program EM Field and a ruler.

PREDICTION

Restate the problem. What do you need to calculate? How do you calculate a total electric field from a
collection of point charges?

WARM-UP QUESTIONS

Read: Fishbane Chapter 22. Read carefully Sections 22-1 and 22-2 and Examples 22-3 and 22-4.

1. Make a picture of the situation. Label the objects and their charges. At the point of interest, draw and
label an electric field vector caused by each of the charged objects.

2. Determine the magnitude and direction of each of the three electric field vectors at the point of interest
in terms of the charge magnitudes and the length of the square’s sides. You may need geometry and
trigonometry to determine distances.

3. Choose a useful coordinate system. Draw each electric field vector on your coordinate system. Write
an expression for each component of each vector.

4. Find the components of the total electric field vector at the point of interest, and then use them to write
an expression for both the magnitude and direction of the electric field at the point of interest.
Remember what you have learned about adding vectors.
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PROBLEM #1: THE ELECTRIC FIELD FROM MULTIPLE POINT CHARGES

EXPLORATION

On the desktop, open EM Field and click Field and Potential QINEY

anywhere in the window for the instructions. * Field vectors

From the Sources pull-down menu, select 3D point Directional arrows

charges. Drag any positive charge to the center of Field lines

the window of EM Field. From the Field and Potential

Potential pull-down menu (shown to the right), :3:?;;;:;?;;{?““

select Field vectors. Equipotentials with number
Flux and Gauss's Law

You can reveal electric field vectors using the left button on the mouse: drag the cursor to scan and
release the button at the locations where you would like the electric field to remain displayed. Look at
the Display drop-down menu and explore its options. To place objects at precise points on the screen
you can use the show grid and constrain to grid features from the display pull-down menu. Expand the
display window to fill the entire computer screen.

Measure the length of the electric field vector at several locations, as well as the distance from the
locations to the center of the charged point object. You can remove the displayed vectors using the Clean
up screen option from the Display drop-down menu.

Try using different magnitudes of charge. What range of charge values allows you to accurately
measure the length of the electric field vector at all points on the screen?

To check whether or not you get the correct behavior of the electric field from a point charge do the
following:

1. Pick several locations at different distances r from the center of the single point charge. For each of the
locations, measure r and the length of the electric field vector.

2. Draw what the Coulomb’s law predicts for the field strength vs. distance (r) graph.

3. Plot the measured electric field vector lengths as a function of the distance to the center of the charged
point object. Compare the shape of the graph to that based on the Coulombs’ law.

You have to calibrate the computer simulation program to be able to translate the lengths of electric field
vectors into magnitudes of the electric field represented. Using a charged point object whose electric
field can be determined, you can do this in the following way.

1. Pick a distance r, for which you have measured the electric field vector length. Assume charges are
given in Coulombs by the simulation program. Use Coulomb’s law to calculate in Sl units the
magnitude of the electric field produced by the point charge at that distance.

2. Find the ratio of the calculated electric field magnitude to the vector length.

3. Repeat this for several other distances. Estimate the percentage within which you can claim that you
get the same ratio for different distances. If the uncertainty is reasonably low, calculate the average
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value of the ratio. This number can now be used as a conversion factor to translate measured lengths
of the electric field vector into electric field strengths.

Verify qualitatively that the simulation gives the correct behavior of the electric field from a pair of point
charges. Try opposite charges of the same absolute value first. Where does the field go to zero? Does
this behavior match what is expected? Repeat this qualitative analysis for two identical charges.

Let us explore a distribution of three charges. Drag two negative charges and one positive charge onto
the screen. Look at the electric field vectors at various points around the charge distribution. Try
changing the magnitudes of the charges, the signs of the charges, the distances between them, and their
locations on the screen.

To reproduce the configuration under study in this problem, place two negative charges in opposite
corners of a square using constrain to grid. (Larger charges are recommended; besides, keep in mind that
you will be adding a positive charge of 1/3 the magnitude.) Add the positive charge. Explore the
electric field at different locations. Note the length of the electric field vector in the forth corner of the
square. What parameter can you vary to change the length of the electric field vector at that point
preserving the conditions of the problem? If needed, move the charges to make the electric field vector
length in the forth corner of the square large enough for accurate measurement. In your journal, note
whether or not such manipulations change the direction of the electric field at that corner, and record
the direction.

MEASUREMENT

Measure the length of the electric field vector at the point of interest.

ANALYSIS

Use the data that you have collected for thew following analysis.

1. Convert the length of the electric field vector produced by the computer simulation into electric field
strength.

2. Using the Coulomb’s law, calculate electric fields at the measurement location from each of the three
charges.

3. Introduce a two-dimensional coordinate system and calculate two components for each of the three
fields. When estimating components of a vector, you should always take into accountits direction.

4. Add x-components (with their correct signs) of three fields to get the x-component of the electric field
in the forth corner due to all three charges. Similarly, add y-components.

5. Use the calculated components of the (total) electric field in the forth corner to find its magnitude.

6. Compare your calculated electric field strength to that from the computer simulation. Also compare
your prediction for the direction of the field to that from the computer simulation.
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CONCLUSIONS

Did the result of your calculations using the Coulomb’s law match the value obtained by converting the
length of the electric field vector from the computer simulation? Explain any differences.

What properties of electric field due to one or more point charges can be seen from and/or supported by
the computer simulation? Use evidence from both the exploration and measurement parts of the
experiment to formulate your answer.
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SIMULATION PROBLEM #2
THE ELECTRIC FIELD FROM A LINE OF CHARGE

You are a member of a team designing an electrostatic air cleaner for the use of people suffering from
allergies. The air passage through the device will contain many complicated charged electrodes. You
must determine the effect of these electrodes on plant spores that cause allergic reactions. The first step
is to calculate the electric field at every point in the air passage. Because the electrode configuration is
complicated, your team has decided to use a computer simulation to model the resulting electric field.
Your task is to determine if the simulation results agree with the physics you know for non-point-like
charged objects. You decide to test the simulation for the case of a uniformly charged rod, since this
situation is simple enough for you to calculate. For comparison with the simulation results, you decide
to calculate the electric field at a point a short distance from the middle of the rod along a line
perpendicular to it, and also at a point a short distance from the end of the rod along its axis.

EQUIPMENT

The computer program EM Field and a ruler.

PREDICTION

Restate the problem. What do you need to calculate? How do you calculate the total electric field due to
a continuous charge distribution?

WARM-UP QUESTIONS

Read: Fishbane Sections 22-1, 22-2, and 22-3.

1. Make a picture of the situation. Select one of the points of interest. Label any relevant constant
quantities. Label all relevant distances and angles. Decide on an appropriate coordinate system.
Draw a charge element dg somewhere along the rod.

2. At the point of interest draw a vector dE representing the electric field produced by the element dq.
Write an expression for its magnitude. Draw and label its components. Write an expression for the
magnitude of each component.

3. For any charge distribution, the total electric field is found by calculating the contribution from each
charge element to the total (vector) field, and summing the contributions (as vectors). When the charge
distribution is continuous, it may be mathematically divided into infinitesimal elements dq; then (for
each field component) the individual contributions are added together with an integral. Write an
integral for each component of the total field at the point of interest in terms of the charge elements dg.
(Note: Always consider the symmetry of the situation. It may be that the integral for one of the
components does not need to be calculated.)

4. In order to evaluate an integral, all terms in the integrand must be either constant, or be explicit
functions of the integration variable. The integral(s) from the previous step are conceptually
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straightforward but cannot be evaluated directly; the integrand(s), including dq, must be re-written in
terms of a different integration variable. What is an appropriate integration variable in this case?
Determine appropriate limits for the new integration variable. Use the Pythagorean Theorem,
trigonometry, and the linear charge density to write your integrand(s) in a suitable form.

5. Evaluate the integral(s) to get an expression for the total electric field’s components at the point of
interest. Write an expression for the total field magnitude and indicate its direction.

6. Repeat steps 1-5 for the other point of interest.

EXPLORATION

On the desktop, open the EM Field program. If you have done Problem #1, you are already familiar
with this simulation software and it may be enough to just review the notes in your lab journal.
Otherwise (or if you need to refresh or reinforce your knowledge of the EM Field simulation program)
perform (repeat) the exploration from Problem #1. Two importantgoals of the Exploration part are (i) to
check that the simulation software describes the electric field form a point charge correctly and (ii) to
determine a conversion factor, which will be used to translate the measured lengths electric field vectors
into absolute values of the vectors, i.e. into magnitudes of electric fields.

Let us now explore the configuration of charges to be studied in this experiment. From the sources pull-
down menu select 3D Point Charges. Drag positive charges onto the screen to create a long, uniform line
of charge.

Use the mouse (click or drag) to investigate how the magnitude and direction of the electric field
depends on position. Display electric field vectors by clicking at the locations of interest for this
problem. To obtain electric field vectors of accurately measurable lengths at the locations of interest,
you may have to adjust the number of charges and their magnitudes (use Add more charges from the
Sources pull-down menu).

MEASUREMENT

Place charges on the screen to simulate the situation described in the problem. Measure the length and
direction of the electric field vector, as well as any other guantities necessary for your prediction
equation, at the points of interest.

ANALYSIS

Translate the length of the electric field vectors produced by the computer simulation into electric field
strengths. For the situation in the problem, compare your calculated electric field strengths to those from
the computer simulation. Also compare your prediction for the direction of the fields to those from the
computer simulation.
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CONCLUSION

Did your results match your predictions? Explain any differences.

What physical principles are

consistent with the computer simulation? Use evidence from the exploration and measurement to

support your answer.
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SIMULATION PROBLEM #3
ELECTRIC POTENTIAL FROM MULTIPLE POINT CHARGES

You are a member of a team building the world’s highest intensity particle accelerator. In this machine,
charged atomic nuclei are brought from a very slow speed to almost the speed of light by passing them
through a charged electrode structure. You need to determine the effect of these electrodes on the speed
of various nuclei. The first step is to calculate the electric potential that affects the nuclei. Because the
charged electrode configuration is so complicated, your team has decided to use a computer simulation.
Your task is to determine if the simulation results agree with the physics that you know. You decide to
calculate the electric potential at a point caused by a set of charged objects that is complex enough to
test the simulation but simple enough to make your calculation possible. The first configuration that
you try is a square with two equal negatively charged point objects in opposite corners and a positively
charged point object of 1/3 the magnitude of the negative charges in a third corner. You will calculate
the electric potential at the remaining corner of the square and compare your result to that of the
computer simulation of the same configuration.

EQUIPMENT

The computer program EM Field and a ruler.

PREDICTION

Restate the problem. What are you trying to calculate in your prediction? How do you calculate a total
electric potential from a collection of point charges?

WARM-UP QUESTIONS

1. Draw a schematic of the charge configuration. Label the objects and their charges. Show and label
all relevant distances and angles.

2. Write down equations for the (scalar) electric potentials at the point of interest caused by each of the
three charged objects using the value of each charge and the size of the square. Use geometry to
determine relevant distances.

3. Get the total electric potential at the point of interest by adding the electric potentials from step 2.
Remember that even though it looks like we simply add up three quantities, the charges are of
different signs and so are the potentials in the sum.

EXPLORATION

From the desktop, open EM Field and click anywhere in the window for the instructions.
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From the Sources pull-down menu, select 3D point Field and Potential QiE0EN]

charges. Drag any positive charge to the center of the Field vectors
window of EM Field. From the Field and Potential pull- Directional arrows
Field lines

down menu (as shown to the right), select Potential.
Move the cursor where you would like to determine
the electric potential and click the mouse button.

+ Potential
Potential difference
Equipotentials
Equipotentials with number
Flux and Gauss's Law

To place objects at precise points on the screen you can use the show grid and constrain to grid features of
the program (from the display pull-down menu). It might also be helpful to expand the display window
to fill the entire computer screen. You can do this by clicking on the small box in the upper right-hand
corner of the display screen.

Another useful way to view electric potential involves equipotential surfaces. Select Equipotentials with
number from the Field and Potential pull-down nenu. Move the cursor where you would like to
determine the electric potential and click the mouse button. How is this different from the Potential
setting?

Try different magnitudes of charge. What range of charge values allows you to accurately measure the
electric potential at a large number of locations on the screen?

Try using negative charges. How does this change the electric potential?

Check to see if you get the correct behavior of the electric potential from a point charge:

Predict the shape of a graph of potential vs. distance (r). Graph the electric potential vs. the distance
from the center of the charged point object. Is it the shape you expected?

Predict the shape of a graph of potential vs. inverse distance (1/r). Graph the electric potential vs.
(1/r). Is it the shape you expected?

You will need to translate the number the computer gives for the electric potential to appropriate units.
Calibrate the computer simulation program using a charged point object whose actual electric potential
can easily be determined:

For one of the distances you used in the data that you took, calculate what the electric
potential should be using Coulomb’s law (assuming the value of the charge is in Coulombs).
How does this compare to the number produced by the computer simulation program? Find
the ratio between the calculated electric potential and the number produced by the simulation.
How can you use this number to translate the computer simulation results into electric
potentials?

Repeat this for another distance to verify that you get the same ratio.

Quialitatively check to see if the program combines the electric potentials from two charged point objects
correctly. Look at the cases of (a) equal and opposite charges and (b) two identical charges. Does the
potential behave as you predict in each case? Does it go to zero where you predict it should in each
case?

Lab Il - 11



PROBLEM #3: ELECTRIC POTENTIAL FROM MULTIPLE POINT CHARGES

MEASUREMENT

Place charges on the screen to simulate the situation of interest. Measure the electric potential at the
point of interest.

ANALYSIS

For the situation in the problem, compare your calculated electric potential to that from the computer
simulation.

CONCLUSION

Did your results match your predictions? Explain any differences. What physical principles are
consistent with the computer simulation? Use evidence from the exploration and measurement to
support your answer.
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SIMULATION PROBLEM #4
ELECTRIC POTENTIAL FROM A LINE OF CHARGE

You work with an astrophysics research group investigating the origin of high-energy particles in the
galaxy. The group has just discovered a large electrically charged nebula with an irregular shape. In
order to understand how this nebula affects the motion of charged particles passing nearby you must
find the electric potential near the nebula. Because of its complicated shape you plan to use a computer
simulation. You must determine if the simulation results match the physics you know. You decide to
test the simulation for the case of a uniformly charged rod, since the situation is simple enough for
direct calculation. You decide to calculate the electric potential at a point a short distance from the
middle of the rod along a line perpendicular to it, and also at a point a short distance from the end of
the rod along its axis. You will then compare these results with those obtained using the computer
simulation, to see if the simulation can be trusted.

EQUIPMENT

The computer program EM Field and a ruler.

PREDICTION

Restate the problem. What do you need to calculate? How do you calculate the electric potential due to
a continuous distribution of charge?

WARM-UP QUESTIONS

Read: Fishbane Chapter 24. Pay particular attention to Sections 24-2 and 24-5 and Examples 24-9, 24-10
and 24-11.

1. Make a picture of the situation. Select one of the points of interest. Label relevant distances, angles,
and constant quantities. Decide on an appropriate coordinate system. Draw a charge element dq
somewhere along the rod.

2. Write an expression for the (scalar) electric potential dV at the point of interest that is caused by your
small element of charge dq.

3. For any charge distribution, the total electric potential is found by calculating the contribution from
each charge element to the potential, and summing the contributions. When the charge distribution is
continuous, it may be mathematically divided into infinitesimal elements dq; then the individual
contributions are added together with an integral. Write an integral for the total potential at the point
of interest in terms of the charge elements dq.

4. In order to evaluate an integral, all terms in the integrand must be either constant, or be explicit
functions of the integration variable. The integral from the previous step is conceptually
straightforward but cannot be evaluated directly; the integrand, including dq, must be re-written in
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terms of a different integration variable. What is an appropriate integration variable in this case?
Determine appropriate limits for the new integration variable. Use the Pythagorean Theorem and the
linear charge density to write your integrand in a suitable form.

5. Evaluate the integral to get an expression for the total electric potential at the point of interest. Repeat
steps 1-5 for the other point of interest.

EXPLORATION

On the desktop open EM Field. If you have done Problem #3, review the notes in your journal. If you
did not or your notes are incomplete, perform the exploration from Problem #3. The exploration from
Problem #3 provides a technique for translating the values for potential produced by the simulation to
actual potentials expressed in appropriate units.

From the sources pull-down menu select 3D Point Charges. Drag positive charges onto the screen to
create a long, uniform line of charge. Use the mouse to investigate how the electric potential depends on
position. What number and magnitude of charges work best to give you electric potentials that can be
accurately measured at the points of interest?

MEASUREMENT

Place charges on the screen to simulate the situation described in the problem. Measure the electric
potential, as well as any other quantities necessary for your prediction equation, for the object at the
points of interest.

ANALYSIS

Translate the values for potential produced by the simulation into actual potentials. For the situation in
the problem, compare your calculated electric potential to that from the computer simulation.

CONCLUSION

Did the computer simulation match your predictions? Explain any differences. What physical
principles are consistent with the computer simulation? Use evidence from the exploration and
measurement to support your answer.

Where is the electric potential defined to be zero? Is this consistent with your results? If you completed
problem 2 in this laboratory, do the following. For the point along the axis of the line of charge, take the
derivative (with respect to distance from the rod) of the expression the potential. How does this
compare with the magnitude of the electric field at this point that you calculated in the warm-up
questions of Problem 2? How should it compare, and why?
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|ZI CHECK YOUR UNDERSTANDING

For each of the charge configurations below, find the electric field and the electric potential at the point
marked with the “?”.

2uC +1 uC -2 uC
[ SO ®
lem™2/ 1 em 2cm

+3uC lem I em +3 uC

Configuration 1 Configuration 2

+5uC +5uC

3 cm

b= 50 C/m

10 ecm 3em 10 cm
2ecm

+5 uC

Configuration 3 Configuration 4
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LABORATORY 111
ELECTRIC ENERGY AND CAPACITORS

Our modern society functions in part because we have learned how to manipulate electrical energy. Almost all
of our technology involves electrical energy in one form or another. In this laboratory you will investigate the

conservation of energy as it relates to electricity.

A capacitor is the simplest device that can store electrical energy. The problems in this lab involve transforming
electrical energy stored in capacitors into light, kinetic energy, and other forms of energy that may be more

difficult to detect.

OBIJECTIVES:

After successfully completing this laboratory, you should be able to:
Apply the concept of conservation of energy to solve problems involving electrical phenomena.

Describe the energy stored in a capacitor based on how it is connected to other capacitors and to
sources of potential differences.

PREPARATION:
Read Fishbane: Chapter 6, section 1 and section 5; Chapter 25, sections 1-4.

Before coming to lab you should be able to:
Calculate the work done by a force exerted on a moving object.
Calculate the relationship between power and energy.

Write the equation for the energy stored in a single capacitor and understand the meaning of all the
guantities involved.
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PROBLEM #1
ELECTRICAL AND MECHANICAL ENERGY

You have a job in a University research group investigating the effect of solar flares on the Earth’s
magnetosphere. Your team is designing a small, cheap satellite for the investigation. As soon as the
satellite achieves a stable orbit, it must extend its two solar panels. Your team must design a
lightweight power source for deploying the solar panels. You have been asked to investigate the use of
capacitors. You decide to calculate how the mechanical energy transferred to a device powered by a
capacitor depends on the capacitance. You will test your calculation using a laboratory model in
which a capacitor provides power for a motor that drags a block of wood across a table. You calculate
how far the block will move as a function of the capacitance of the capacitor, the efficiency of the system,
and other properties of the block and table. You assume that you know the initial voltage on the
capacitor.

EQUIPMENT

A block of wood, an aluminum track, a motor, string, several different capacitors, a battery or power
supply, a meter stick, and a digital multimeter (DMM).

PREDICTION

Restate the problem. What are you trying to calculate? Express the result as both an equation and a
graph.

WARM-UP QUESTIONS

Read: Fishbane Chapter 25 Sections 1 and 2. Also review Chapter 5 Section 2.
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1. Draw pictures of the situation before the block moves, while the block is in motion, and after the
block has come to rest. Label all relevant distances, masses, forces, and potential differences.
Describe the physics principles you need to solve this problem.

2. Define the initial and final times of interest in this problem. Describe (perhaps with your
diagrams) what happens to energy in the situation between those times. Indicate interactions
that transform energy from one form to another or from one object to another.

3. Are there objects in the problem whose potential or kinetic energy is relevant, and that you can
calculate directly in terms of quantities measurable in the lab? If so, write down expressions for
their initial and final (potential or kinetic) energies.

4. Draw a force diagram for the block while it is in motion. Are there any relevant forces with
magnitudes you can calculate, in terms of quantities you can measure in the lab? Write
equations for those forces. Are there any relevant forces you can’t calculate in terms of easily
measured quantities? Indicate which forces those are.

5. Use the work-energy theorem to write an equation for the net work done on the block. Use this
equation and equations from previous steps to write the amount of energy transferred from the
capacitor to the block, during the entire process, as a function of the distance the block slides
and properties of the block and track.

6. How would you define “efficiency” for tis situation? Choose a system. Write an energy
conservation equation for your system that relates the efficiency, the situation’s initial
conditions, and properties you can measure in the lab, to the distance the block slides.

7. Use the principal of energy conservation to write an equation for the amount of energy
dissipated in this situation, in terms of measurable quantities and the efficiency. Be sure this
equation is consistent with your description from step 2.

8. Sketch a graph of the distance the block slides as a function of the capacitor’s capacitance.
Assume constant efficiency, and that the capacitor is charged to the same potential difference
for each trial. (You can check the “constant efficiency” assumption in the lab.)

EXPLORATION

WARNING: A charged capacitor can discharge quickly producing a painful spark. Do not

@ handle the capacitors by their electrical terminals or handle connected wires by their metal ends.
Always discharge a capacitor with a wire when you are finished using it. To discharge a
capacitor, use an insulated wire to briefly connect one of the terminals to the other.

Take the capacitor with the smallest capacitance. Give the capacitor plates a potential difference of 6
volts by connecting the “+” terminal of the capacitor to the “+” terminal of the battery and the “-*
terminal of the capacitor to the “-“ terminal of the battery.

NOTE: DO NOT reverse the polarity of the connection by connecting the battery’s “+” terminal to
the capacitor’'s “-“ terminal or vice versa. Doing so would irreversibly change the capacitor’s
capacitance.
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Disconnect the capacitor from the battery. Explain how you can use the DMM to tell if the capacitor is
fully charged or fully discharged. Explain what you mean by fully charged. Try charging for different
amounts of time. Determine how long it takes the capacitor to fully charge.

Connect the block to the motor with the string. Without touching the capacitor leads to anything else
connect one lead to one terminal of the motor and the other lead to the other terminal of the motor.
Which direction does the motor spin? Does the direction that the motor spins depend on how you
connect the motor and the capacitor? Decide the best way to connect the motor and the capacitor.

How far is the block pulled along the track? Try it for the largest capacitor as well. Does the efficiency
appear to be constant? If not, can you make it more constant, or will you have to average over several
trials, or is the assumption of constant efficiency simply not realized by this system? Choose a range of
capacitors to give you a good range of distances.

Write down your measurement plan.

MEASUREMENT

Measure the distance that each fully charged capacitor pulls the block. Be sure to take more than one
measurement for each capacitor.

ANALYSIS

Graph the distance the block is pulled versus the capacitance of the capacitor. Show the estimated
measurement uncertainty on your graph.

CONCLUSION

Did your results match your predictions? Explain any differences.

How efficient is this energy transfer? Define what you mean by efficient. How good was the
assumption of constant efficiency for this situation?

You have heard that energy is always conserved. Is it appropriate to say that energy was conserved in
this situation? Why or why not?
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EXPLORATORY PROBLEM #2
SIMPLE CIRCUITS WITH CAPACITORS

You and your friend are trying to determine if you can use a capacitor to extend the lives of batteries in
circuits. You suggest that you try a simple circuit with a capacitor, originally uncharged, connected to a
battery through a switch. To monitor the output energy, you put a light 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 circuit shown below out of wires, 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:
A @ light bulb
T:: C(j) —_Il_— battery
_1 L -
—_— -1 capaci t or
="« switch
Circuit | Wire
PREDICTION

Restate the problem. Do you agree with your friend? If not, describe what you think the behavior of the
circuit will be. Give your reasoning. Explain what is going on in each component of the circuit.

Sketch a qualitative graph of the bulb’s brightness vs. time.

EXPLORATION

WARNING: A charged capacitor can discharge quickly producing a painful spark. Do not

@ handle the capacitors by their electrical terminals or connected wires by their metal ends.
Always discharge a capacitor with a wire when you are finished using it. To discharge a
capacitor, use an insulated wire to briefly connect one of the terminals to the other.
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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.

After you are convinced that all of the circuit elements are working and that the capacitor is uncharged,
build the circuit but do not close it yet.

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.

Now, close the circuit and observe how the brightness of the bulb changes over time.

From your observation of the bulb's brightness, how does the charge flowing through the bulb change
over time? You can check this using the DMM set for current (Amps). See Appendix D for the use of the
DMM. Using a mental model of the capacitor as two parallel plates separated by a short distance, how
does the charge accumulated on each plate of the capacitor change over the same time? Can you
measure this with the DMM? Use conservation of charge to explain what you observe.

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 (change of potential
difference) across the capacitor over time? Can you check with a DMM? Use the concept of
conservation of energy to explain what you observe.

After a few moments, open the circuit. Is the capacitor charged or uncharged? To determine if the
capacitor is charged, carefully (and safely) remove the battery from the circuit and reconnect the circuit
without the battery. With only the capacitor and bulb (no battery) in the circuit, does the bulb light? Use
the result to answer the following questions. Was the capacitor charged before you closed the circuit?
Was the capacitor still charged long after the circuit was closed? Use conservation of charge and
conservation of energy to explain your results.

CONCLUSION

Was your friend correct about how the brightness of the bulb changed?

Sketch a qualitative graph of the brightness of the bulb as a function of time after you complete the
circuit consisting of the initially discharged capacitor, battery and light bulb. How does this compare to
your prediction? Sketch a qualitative graph of the charge on the capacitor as a function of time for this
situation.

Sketch a qualitative graph of the brightness of the bulb as a function of time after you complete the
circuit consisting of the initially charged capacitor, NO battery and light bulb. Sketch a qualitative graph
of the charge on the capacitor as a function of time for this situation. Describe how this graph relates to
the changing potential difference across the capacitor, and to the changing amounts of charge on each
plate of the capacitor.
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PROBLEM #3 : CAPACITANCE

EXPLORATORY PROBLEM #3
CAPACITANCE

You have a part time job as a special effects technician at a local theater. As part of the theatrical
production, the play’s director wants a light bulb to dim very slowly for dramatic effect. You design a
simple, inexpensive circuit to automatically accomplish this task: a battery, a switch, a light bulb, and a
capacitor in series. You have been asked to demonstrate different rates of dimming for the light bulb so
the director can select the one that best fits the performance. You need to determine how to adjust the
amount of time it takes for the light bulb to go out by varying the capacitance. To make a proper
comparison you make sure that the capacitor is initially uncharged.

EQUIPMENT

You have the materials to build the circuit below. You will also have a stopwatch and a digital
multimeter (DMM). Use the accompanying legend to help you build the circuit.

e Legend:
@ light bulb
+ C A
S batter
T T Y
— # capaci t or
"« switch
Circuit | Wire
PREDICTION

Restate the problem. What is the variable you will be measuring and what is the variable you will be
controlling? How do you think they will depend on one another? Give your reasoning. Explain what

is going on in each component of the circuit.

Sketch a graph of the time it takes for the light bulb to turn completely off as a function of the capacitor’s
capacitance.

EXPLORATION

WARNING: A charged capacitor can discharge quickly producing a painful spark. Do not handle
the capacitors by their electrical terminals or connected wires by their metal ends. Always discharge
a capacitor before you use it and after you are finished using it. To discharge a capacitor, use an
insulated wire to briefly connect one of the terminals to the other.
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PROBLEM #3 : CAPACITANCE

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.

After you are convinced that all of the circuit elements are working and that the capacitor is uncharged,
connect the circuit but do not close it yet.

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.

Now, close the circuit and observe how the brightness of the bulb changes over time. How long does it
take for the bulb to turn off?

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.

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, what you mean by the light bulb being “off,” and
how to ensure that the capacitor is uncharged before you make each measurement.

MEASUREMENT

Follow your measurement plan. Be sure to record your estimated uncertainty for each measurement.

ANALYSIS

Graph the time it takes for the light bulb to turn off, as a function of capacitance, with the capacitor
initially uncharged.

CONCLUSION

How did your measurement compare with your prediction? Using conservation of charge,
conservation of energy, and the model of a capacitor as two plates separated by a short distance,
explain how the capacitance affects the time it takes for the bulb to turn off.

Lab Il - 8



PROBLEM #4: CIRCUITS WITH TWO CAPACITORS

PROBLEM #4
CIRCUITS WITH TWO CAPACITORS

You recently purchased a used camera with an electric flash. After taking a roll of pictures you are
disappointed that the flash isn’t bright enough. You look in the camera and notice that the flash works
by allowing a battery to slowly charge a capacitor, and then quickly releasing the capacitor’s stored
electrical energy through a light bulb when a photo is taken. You think that the problem with your
camera may be that not enough energy is stored in the capacitor to properly light the flash bulb. You
have another capacitor with different capacitance, but aren’t sure if you should connect it in series or in
parallel with the original capacitor in order to store the most energy. You make an educated guess, and
decide to test your prediction with circuits consisting of one or two initially uncharged capacitors, a
battery, and a light bulb. You plan to measure the amount of time the bulb stays lit for one capacitor
and for each of the possible arrangements of two capacitors, reasoning that if capacitors in a circuit can
store more energy, they will take longer to fully charge.

EQUIPMENT

You will build the circuits shown below out of wires, identical bulbs, two different capacitors, and
batteries. You will also have a stopwatch.

Legend:

—'/j L L (Q tight bulb

+ +

. B L . 1

—_ ﬁ — — —_ —_ battery
S

capaci tor

:
L
#

———— switch

— wire

Circuit | Circuit Il Circuit I

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 and check to see that the color of the plastic bead
separating the filament wires is the same.

PREDICTION

Restate the problem. What quantity do you wish to compare across the three situations; use physics to
decide how they will compare? Which quantity will you be measuring directly; describe qualitatively
how it is connected to the quantity of interest?

WARM-UP QUESTIONS

Read: Fishbane Chapter 25 Section 3.
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PROBLEM #4: CIRCUITS WITH TWO CAPACITORS

1. Draw a picture of each arrangement of the capacitors, light bulb, and battery. On each
picture, label the capacitance of each capacitor. (Remember that you will have only have
capacitors with different capacitances.) Also, label the electric potential difference across
each circuit element and the charge stored on the plates of each capacitor.

2. Decide on the physics principles you will use. For a circuit, conservation of charge is
usually useful, as is conservation of energy. What is the relationship between the total
energy stored in each circuit and the energy stored on each capacitor in that circuit?

3. For each capacitor, determine an equation that relates its stored energy, the charge collected
on its plates, and its capacitance.

4. For each capacitor, write an equation relating the charge on its plates, the potential
difference across the capacitor, and its capacitance.

5. After the current stops flowing through the circuit, do the two capacitors in Circuit Il have the
same amount of stored charge? Circuit 111? At that time, what is the potential difference
across the bulb in each circuit? At that time, what is the relationship between the potential
difference across the battery and the potential difference across each capacitor?

6. The target quantity is the energy stored in the capacitors of each circuit. To determine
which circuit stores more energy in the capacitors, you must calculate the energy stored in
terms of quantities you can easily find, such as the potential difference across the battery
and the capacitance of each capacitor.

7. From the previous steps, you can find the total energy stored in the capacitors in each
circuit in terms of the potential difference across the battery and the capacitance of each
capacitor. Now compare them to determine which is largest. Check your equations by making
the comparison when both capacitors have the same capacitance. Does the result make sense?

8. What assumptions must you make to relate the total energy stored in the capacitors for
each configuration to the time the light bulb remains lit after each circuit is closed?

EXPLORATION

WARNING: A charged capacitor can discharge quickly producing a painful spark. Do not

@ handle the capacitors by their electrical terminals or connected wires by their metal ends. Always
discharge a capacitor before you use it and when you are finished using it. To discharge a
capacitor, use an insulated wire to briefly connect one of the terminals to the other.

Make sure all of your capacitors are uncharged before starting the exploration. Examine each element of
the circuit before you build it. How do you know if the battery and the bulb are "good"? Connect
Circuit | to use as a reference.

NOTE: Be sure that the polarity of the capacitor’s connection is correct in each circuit -- that the part
of the circuit connected to the battery’s “+” terminal is connected to a capacitor’s “+” terminal, and
the part of the circuit connected to the battery’s “-“ terminal is connected to a capacitor’s “-“ terminal.
Reversing the polarity would irreversibly change each capacitor’s capacitance.
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PROBLEM #4: CIRCUITS WITH TWO CAPACITORS

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

Connect Circuit Il using the capacitor from Circuit | along with a capacitor with a different capacitance.
Do not close the circuit yet. Do you think the bulb will light when the circuit is closed? Record your
reasoning in your journal. Now, close the circuit. Record your observations and explain what you saw
using 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. Try switching the two capacitors.

When the brightness of the bulb no longer changes, how are the the potential differences across the
circuit elements related? Check this using the DMM, set for potential difference (Volts). Use the concept
of energy conservation to explain what you observe.

Connect Circuit Il using the two capacitors you used in Circuit Il. Do not close the circuit yet. Do you
think the bulb will light when the circuit is closed? Record your reasoning in your journal. Now, close
the circuit. Record your observations and explain what you saw using conservation of charge and the
concept of potential difference. Use the DMM to check the relationship between the potential
differences across the elements of this circuit. Explain what you observe.

Develop a plan for measuring the time that it takes for the bulbs in Circuits I, Il, and Il 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 any bulbs that did not light. What are the uncertainties in these measurements?

ANALYSIS

Rank the actual time it took each bulb to turn off. Do all the bulbs initially light? Do all the bulbs
eventually 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 conservation of charge, conservation of energy, and the concept of potential
difference to explain your results.

Compare the reasoning you used in the exploration section to predict whether the bulbs would light in

each circuit to the understanding you now have. If your reasoning has changed, explain why it
changed.
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|ZI CHECK YOUR UNDERSTANDING

For each of the arrangements of identical capacitors shown below:

1

2)

3

Rank them in terms of the amount of time they can light alight bulb. Assume that the leads shown
have been connected to a 6 Volt battery and then removed from the battery and connected to a light
bulb.

Calculate the potential difference between the terminals of each capacitor. Assume that the leads
shown have been connected to a 6 Volt battery and that the capacitance of each capacitor is 10 nC.

Calculate the amount of energy stored in each capacitor and the total energy stored in each
arrangement of capacitors. Assume that the leads shown have been connected to a 6 Volt battery and
that the capacitance of each capacitor is 10 nC

Arrangement 1 Arrangement 2

pi— -
_ [
—— —

Arrangement 3 Arrangement 4
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LABORATORY IV
ELECTRIC CIRCUITS

In the first 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 completely known. Their behavior could be determined by
calculating the electric field and then applying 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 charge allow us to determine the overall
behavior of electric currents without the need to know the details of the electrons’ interactions. This
approach to problem solving, in the ubiquitous realm of electric circuits, will give you more
experience in applying the very useful principles of conservation.

OBJECTIVES

After successfully completing this laboratory, you should be able to:
Apply the concepts of circuits to electrical systems.

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 electric 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 multimeter (DMM).
Measure the voltage between two points in a circuit with a DMM.

Measure the resistance of a circuit element with a DMM.

PREPARATION

Read Fishbane: Chapter 24 section 1; Chapter 25, sections 1, 2, 4; Chapter 26,27. It is likely that you
will be doing these laboratory problems before your lecturer addresses this material. The purpose of
this laboratory is to give you these experiences as an introduction to the material. So, it is very
important that, when you read the text before coming to lab, you remember the objectives of the
laboratory.

Before coming to lab you should be able to:
Describe the relationship between charge and current.

Describe the relationship between potential and potential energy.
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LAB IV: INTRODUCTION

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.
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PROBLEM #1: SIMPLE CIRCUITS

EXPLORATORY PROBLEM #1
SIMPLE 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 are already
in the track. When you proceed with the addition of another light, you notice that none of the lights
are dimmer than before. You wonder what type of circuit your track lighting uses. You decide to
build models of circuits with two bulbs connected across a battery, and to compare the brightness of
the bulbs in these circuits to a reference circuit with a single bulb. The circuit in which each bulb is as
bright as the one in your reference circuit is the same type as the circuit in your track lighting.

EQUIPMENT
You will build three simple circuits shown below out Legend:
of wires, bulbs, and batteries. @ _
l'ight bulb
Use the accompanying legend to build the circuits. —_||: battery
— Wwire
1 1 3

ESIC)

iZircuit | Circuit 1l it 111

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 and check to see that the color of the plastic bead
separating the filament wires is the same.

PREDICTION

Restate the problem. Rank, in order of brightness, the 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"). Write
down your reasoning.

EXPLORATION

Reference Circuit |

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 ofall
your bulbs when they are connected into the same type of circuit. If the bulbs are identical, they
should have the same brightness.
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PROBLEM #1: SIMPLE CIRCUITS

Note: Pay attention to large differences you may observe, rather than minor differences that may
occur if two "identical" bulbs are, in fact, not quite identical. How can you test whether minor
differences are due to manufacturing irregularities?

Circuit 11

Connect Circuit Il. Compare the brightness of bulbs B and C. What can you conclude from this
observation about the amount of current through each bulb?

Is current "used up" in the first bulb, 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 does the brightness of bulb A (Circuit 1) compare to the brightness of bulbs B and C (Circuit 11)?
What can you infer about the current at point 1 in each of the two circuits?

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 does the brightness of bulb A (Circuit 1) compare to the brightness of bulbs D and E (Circuit
I11)? What can you infer about the current at point 1 in each of the two circuits?

Comparing the three circuits, does the amount of current at point 1 appear to remain constant or to
depend on the number of bulbs and how they are connected?

CONCLUSIONS

Rank the actual brightness of the bulbs. How did this compare to your prediction? Make sure you
adequately describe what you mean in your comparisons, i.e. “the same brightness as”, “brighter
than”, “dimmer than”. What type of circuit is used in your track lighting? Circuit Il is called a series

circuit and Circuit Il is called a parallel circuit.

Can you use conservation of energy and conservation of current to explain your results? The rate
that energy is output from a bulb is equal to the potential difference (voltage) across the bulb times
the current through the bulb. Does a battery supply a constant current or a constant potential
difference to circuits?

To check your understanding, rank the brightness of the bulbs in the following circuits.

T 6 T 0@ E@D FQD

Use the lab equipment to see if your answer is correct.
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PROBLEM #2: MORE COMPLEX CIRCUITS

EXPLORATORY PROBLEM #2
MORE COMPLEX CIRCUITS

It is the holiday season once again so you have decided to put up your decorations. You have three
strings of decorative lights and only one electrical outlet between the tree and your doorway. To
have enough lights to cover the tree, 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 ways of connecting the lights. You want to hook up the lights so they are all as bright as
possible. In order to determine which arrangement gives the most light before making your final
decorating plans, you build a reference circuit and a model of the possible ways of connecting the sets
of lights. In your model one light bulb represents a light string.

EQUIPMENT
You will build four simple circuits shown below out of Legend:
ires, bulbs, tteries. .
wires, bulbs, and batteries @ i ght bulb
Use the accompanying legend to build the circuits. —_||: battery
— Wwre
L L .
- b 2 d 1‘.
3 B 3 2 3 {4
il & il I D +
@ 4 @ ERORTORC)
C
Circuit | Circuit | Circuit 11l Circuit I

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 and check to see that the color of the plastic bead
separating the filament wires is the same.

PREDICTION

Restate the problem. Rank the brightness of the bulbs A, B, C, D, H, J, K, L, M, and N from the
brightest to the dimmest (use the symbol ‘=’ for "same brightness as" and the symbol ‘>’ for
"brighter than"). Write down your reasoning.

EXPLORATION

It is important to measure voltages of the batteries that you will be using to verify that they are the
same before experiments.

Reference Circuit I.
Connect Circuit | to use as a reference.
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PROBLEM #2: MORE COMPLEX CIRCUITS

Note: Pay attention to large differences you may observe, rather than minor differences that may occur if two
"identical" bulbs are, in fact, not identical. How can you test whether minor differences are due to
manufacturing irregularities?

Circuit 11

Connect Circuit Il. Compare the brightness of bulbs B and C. Compare the brightness of bulbs B and
C to bulb D. What can you conclude from this observation about the amount of current through each
bulb?

How does the brightness of bulbs B and C compare to the brightness of bulb A (Circuit 1)? What can
you infer about the current at point 2 in Circuit 1l and 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 Il and 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 through the battery divides and recombines at junctions where the circuit splits into
two parallel branches? How does the current at point 1 in Circuit Il compare with the current at
point 1 in Circuit I? Explain any differences.

Circuit 1.
Connect Circuit Ill. 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 Il and the current at point 1 in Circuit 1?

Circuit V.
Connect Circuit IV. 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 L compare to the brightness of bulb A (Circuit I)? What can you
infer about the current at point 1 in Circuit IV and the current at point 1 in Circuit 1?

CONCLUSIONS

Rank the actual brightness of the bulbs A, B, C, D, H, J, K, L, M and N. Make sure you have
adequately defined your comparisons: “same brightness as”, “brighter than”, and “dimmer than”.
How did your prediction compare to your results? Can you use conservation of energy and
conservation of current to explain your results?

How will you connect your three strings of lights so that they are all as bright as possible?
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PROBLEM #3: SHORT CIRCUITS

EXPLORATORY PROBLEM #3
SHORT CIRCUITS

A friend of yours who manages a movie theater is having a problem with the lights that surround the
marquee. Some of the light bulbs don’t light up. But when he takes out the bulbs and checks them
individually, they all work. You tell him he must have a short circuit. You explain that you have a
short circuit when a wire makes an alternate path for the current to bypass a circuit element. To
demonstrate this idea, you build a few simple circuits to show the results of a short circuit.

EQUIPMENT
You will build three simple circuits shown below out Legend:
of wires, bulbs, and batteries. @ _
light bulb
Use the accompanying legend to build the circuits. —_||: battery
— Wre
1 1 1 3
. | B@ 2
+
= @ = 2 = D 2CP
c (9
3
ik | Circuit 11 Circuit 1l

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 and check to see that the color of the plastic bead

separating the filament wires is the same.

PREDICTION

Restate the problem.

Circuit 1l: 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?

Circuit I: What happens to the brightness of the bulb A when a wire is attached across the bulb?
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PROBLEM #3: SHORT CIRCUITS

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 different potentials, like the terminals of
a battery or power supply. Short circuits can destroy equipment and injure people! Always avoid

@ short circuits in other circuits! Short circuits damage equipment by causing larger currents in a circuit
than they are designed for. These currents can cause great heat and 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 Il. What happens to the brightness of bulbs B and C when you place a wire across bulb
B? How did the current through C change? How did the current through B change? Did the current
through point 1 change? If so, in what way? Did the wire across bulb B get warmer? Explain your
answers.

Build Circuit 11l. What happens to the brightness of bulbs D and E when you place a wire across bulb
E? Did the current through D change? Did the current through E change? Did the wire across bulb
E get warm? What would be the brightness of a bulb inserted in the circuit at point 1? Explain your
answers.

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? Make sure you disconnect the battery when you are done.

Placing the wire across the bulb causes a short circuit and it is called "shorting out" the bulb.

CONCLUSIONS

Did your predictions match your observed results? What have you learned from experiments, which
agreed with your predictions? Draw more conclusions based on the experiments where your
predictions were different from what you observed.
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PROBLEM #4: CHARGING A CAPACITOR (PART A)

PROBLEM #4
CHARGING A CAPACITOR (PART A)

You have designed a circuit using a battery and a capacitor to automatically dim the lights for a
theatrical production. However, the lighting consists of many different kinds of bulbs, which have
been manufactured differently, and which consequently have very different resistances. You need to
be able to precisely control the rate at which the lights dim, so you need to determine how this rate
depends on both the capacitance of the capacitor and the resistance of the bulb. You decide to model
this situation using a circuit consisting of a battery, a capacitor (initially uncharged), and a resistor, all
in series. You will try to ascertain how the current in the circuit changes with time.

EQUIPMENT

Build the circuit shown below using wires, resistors, capacitors, and batteries. Use the accompanying
legend to help you build the circuits. You will also have a stopwatch and a digital multimeter
(DMM).

— Legend:
-wo- Resistor
1 — Battery
-T —— Capacitor
—_ —  Wire
~"«  Switch
Circuit VII

PREDICTION

When the circuit is closed, with the capacitor initially uncharged, how does the current in the circuit
change with time? How long does it take for the current to fall to zero?
Sketch a graph of current against time for this circuit, assuming the capacitor is initially uncharged.

WARM-UP QUESTIONS

Read: Fishbane Section 27-5.

1. Draw a circuit diagram, similar to the one shown above. Decide on the properties of each of the
elements of the circuit that are relevant to the problem, and label them on your diagram. Label the
potential difference across each of the elements of the circuit. Label the current in the circuit and
the charge on the capacitor.

2. Use energy conservation to write an equation relating the potential differences across all elements
of the circuit. Write an equation relating the potential difference across the capacitor plates and the
charge stored on its plates. What is the relationship between the current through the resistor and
the voltage across it? Are these three equations always true, or only for specific times?
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PROBLEM #4: CHARGING A CAPACITOR (PART A)

3. Describe qualitatively how each quantity labeled on your diagram changes with time. What is the
voltage across each element of the circuit (a) at the instant the circuit is closed; (b) when the
capacitor is fully charged? What is the current in the circuit at these two times? What is the charge
on the capacitor plates at these two times?

4. From the equations you constructed above, determine an equation relating the voltage of the
battery, the capacitance of the capacitor, the resistance of the resistor, the current through the
circuit, and the charge stored on the capacitor plates.

5. Write an equation relating the rate of charge accumulation on the capacitor plates to the current
through the circuit.

6. Use the equations you have written to get a single equation that relates the current and the rate of
change of current to the known properties of each circuit element. To do this, you may find it
helpful to differentiate one of your equations.

7. Solve the equation from step 6 by using one of the following techniques: (a) Guess the current as a
function of time, which satisfies the equation, and check it by substituting your current function
into your equation; (b) Get all the terms involving current on one side of the equation and time on
the other side and solve. Solving the equation may require an integral.

8. Complete your solution by determining any arbitrary constants in your solution, using the initial
value of the current you obtained in question 3.

EXPLORATION

WARNING: A charged capacitor can discharge quickly producing a painful spark. Do not handle the
@ capacitors by their electrical terminals or connected wires by their metal ends. Always discharge a

capacitor when you are finished using it.

If you have not used the digital multimeter (DMM), read the relevant section of Appendix D, and get

familiar with its different operations.

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 determine the resistance of your resistor? Is there a way to confirm it?

Once you are convinced that all of the elements are working and that the capacitor is uncharged, read
the note below and start building Grcuit VIII. Leave the built circuit open until you begin your
experiment.

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.

Close the circuit and observe how the brightness of the bulb changes with time. What can you infer
about the way the current in the circuit changes with time? 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
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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.

Now, discharge the capacitor, and reconnect the DMM in such a way that it measures the current in
the circuit. Close the circuit and observe how the current changes with time? Is it as you expected?
How long does it take for the current to fall to zero?

Replace the light bulb with a resistor. Qualitatively, how will changing the resistance of the resistor
and the capacitance of the capacitor affect the way the current in the circuit changes with time? How
can you test this experimentally?

Choose a suitable capacitor and resistor combination that allows you to easily and accurately
measure how the current changes with time. How many measurements will you need to make?
What time interval between measurements will you choose?

Complete your measurement plan.

MEASUREMENT

Measure the current flowing through the circuit for as many times as you deem necessary. Make
your measurements using a resistor, not a bulb. What are the uncertainties in each of these
measurements?

ANALYSIS

Use your measured values for the resistance of the resistor, the capacitance of the capacitor, and the
voltage of the battery, along with your prediction equation, to construct a graph of your predicted
current against time.

Make a graph of the measured current flowing through the circuit against time.

Compare these two graphs, noting any similarities and explaining any differences.

CONCLUSIONS

Describe which of your predictions were confirmed by experiments and draw conclusions
accordingly. To continue conclusions, explain what was incorrect in those of your predictions that
your laboratory observations or measurements did not support (or what went wrong with the
experiment that failed to verify your prediction). Finally, use theory and your experimental results
from this problem to answer the following question: Does the current in the circuit change linearly
with time?
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PROBLEM #5
CIRCUITS WITH TWO CAPACITORS

You are modifying the design of a sturdy, low-cost beeper to be used as a safety device on children’s
bicycles. The sound-producing component of the beeper is will not pass current or make noise until
after the potential difference across it reaches a certain value. This component is connected in parallel
to the capacitor in an RC circuit. When the threshold voltage is reached, the capacitor discharges
through the sound-producing component, and then begins to charge again. The time between beeps
is thus determined by the time it takes for the capacitor to charge to a certain value. You wish to
shorten the amount of time between beeps and decide to modify the capacitance. You don’t want to
buy new capacitors because the original ones are extremely cheap and reliable. You decide to use
two of the original capacitors for each beeper. There are at least two different ways to arrange the
capacitors in the circuit: in series with each other, or in parallel. How would you arrange the
capacitors in order to reduce the time between beeps? In order to understand the quantitative
behavior of each circuit, you decide to make some measurements on the circuits with the sound
emitter removed.

EQUIPMENT

You will build the circuits shown below out of wires, resistors, 2 uncharged capacitors of equal
capacitances, and a battery. To visualize the presence of electric current in the circuits, you will
replace resistors with light bulbs. (Note, however, that you cannot fairly compare capacitances in the
circuits unless the bulbs are identical. Using the same bulb in all circuits is a possible way to ensure
that.) You will have a stopwatch and a digital multimeter (DMM) for measurements.

ey

Legend:
MMM resistor
+ +
-__: -__: o S — f__: —1 battery
| .
. — /! capacitor
W T switch
—  wWire
Circuit IX Circuit X Circuit XI

PREDICTION

For each of Circuits IX, X, and Xl, draw a graph to qualitatively describe the current through the
resistor (or the light bulb) as a function of time after the switch is closed, if the capacitors are initially
uncharged. Compare the times it will take for light bulbs to go off in each circuit. For the
comparison to be fair, do you think it is important that in each circuit

() The resistances of light bulbs are the same, and

(ii) The light bulb is connected in series with the battery?

Having made necessary assumptions for a fair comparison, rank Circuits 1X, X, and XI by the time it
will take for the bulbs to go off.
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WARM-UP QUESTIONS

Read: Fishbane, Sections 25-4 and 27-5.

1. For each of the circuits, draw a circuit diagram, similar to those shown above. Decide on the
properties of each of the elements of the circuit that are relevant to the problem, and label them on
your diagram. Label the potential difference across each of the elements of the circuit. Label the
current in the circuit and the charge on each capacitor. What is the relationship between the
charges on the two capacitors of Circuit X? What about the two capacitors of Circuit X1? Under
what conditions will the bulb go out?

2. Write an equation relating the potential difference across each of the elements of the circuit. What
is the relationship between the potential difference across the plates of each capacitor and the
charge stored on its plates? What is the relationship between the current through a resistor (in the
place of each bulb) and the voltage across it? Are these equations always true, or only for specific
times?

3. Explain how each of the quantities labeled on your diagram changes with time. What is the
voltage across each of the elements of the circuit (a) at the instant the circuit is closed, (b) when the
capacitor is fully charged? What is the current through the resistor at these two times? What is the
charge on each of the capacitors at these two times?

4. From the equations you constructed above, determine an equation relating the voltage of the
battery, the capacitance of each of the capacitors, the resistance of the resistor, the current through
the resistor, and the charge stored on each of the capacitors.

5. Write an equation relating the rate of charge accumulation on the capacitor plates to the current
through the circuit.

6. Use the equations you have written to get a single equation that relates the current and the rate of
change of current to the known properties of each circuit element. To do this, you may find it
helpful to differentiate one of your equations.

7. Solve the equation from step 6 by using one of the following techniques: (a) Guess the current as a
function of time, which satisfies the equation, and check it; (b) Get all the terms involving current on
one side of the equation and time on the other side and solve. Solving the equation may require an
integral.

8. Complete your solution by determining any arbitrary constants in your solution, using the initial
value of the current obtained above.
Repeat the above steps for the other two circuits.

EXPLORATION

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

Review your exploration from Problem #4.
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Before you start building a circuit, examine each element of it. How do you know if the battery is
"good"? Are the capacitors charged? Carefully connect the two terminals of each capacitor to ensure
it is uncharged. Make sure you that have two capacitors of the same capacitance.

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 o 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.

Check that the polarity of the capacitor’s connection is correct and begin your observations by using
bulbs instead of resistors.

Build Circuit IX, but do not close the switch. Do you think the bulb will light when the circuit is
closed? Record your reasoning in your journal. Close the circuit. Record your observations and
explain what you saw using conservation of charge and the concept of potential difference.

Build Circuit X, but do not close the switch. Do you think the bulb will light when the circuit is
closed? Record your reasoning in your journal. Close the circuit. Record your observations and
explain what you saw using conservation of charge and the concept of potential difference. Does it
make a difference if you put the bulb in series with of one of the capacitors?

Build Circuit XI, but do not close the switch. Do you think the bulb will light when the circuit is
closed? Record your reasoning in your journal. Close the circuit. Record your observations and
explain what you saw using conservation of charge and the concept of potential difference. Does the
order in which you connect the two capacitors and the bulb in the circuit matter? Try following one
capacitor with the other capacitor and then the bulb.

Now, replace the light bulbs in your circuits with resistors. How can you determine the resistance of
the resistor? Is there a way to confirm it? Connect a DMM in each of the circuits and observe how
the current changes with time. For each circuit, decide how many measurements you will need to
make in order to make a graph of current against time, and what time interval between
measurements you will choose. Complete your measurement plan.

MEASUREMENT

Measure the current in each circuit for as many different times as you deem necessary. Make your
measurements using resistors, not bulbs. What are the uncertainties in each of these measurements?

ANALYSIS

Use your measurements to plot the (measured) values of current as a function of time for circuits IX,
X, and XI.

CONCLUSIONS

How well did your graphs drawn from your data compare to those in your predictions? Explain any
differences. How did your predicted rankings of the time each bulb would remain lit compare to
your measurements? Explain any differences.
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PROBLEM #6
CHARGING A CAPACITOR (PART B)

You are an electrical engineer working for a company designing ultrasonic bug-repellent devices.
Your group has decided that in order to find the minimum power needed for the ultrasonic emitter to
be effective, you should design a circuit in which the aurrent to the emitter falls to half its initial
value, then to half of that value, then to half again, all in equal time intervals. They will then observe
the insects to see at what point they are no longer repelled. You tell your colleagues that a simple
circuit consisting of a capacitor and a resistor in series will have this property. They are unconvinced,
so you decide to demonstrate to them that the time required for the current in the circuit to decrease
to half its value is independent of the time that you begin measuring the current. You build a circuit
consisting of a battery, a capacitor (initially uncharged), and a resistor, all in series in order to
demonstrate this property.

EQUIPMENT

Build the circuit shown below using wires, resistors, capacitors, and batteries. Use the accompanying
legend to help you build the circuits. You will also have a stopwatch and a digital multimeter
(DMM).

— Legend:

~~~-  Resistor
1 —  Battery
-1 —— Capacitor

== —  Wire
~" v Switch
Circuit VIII
PREDICTION

In a circuit consisting of a battery, a capacitor (initially uncharged), and a resistor, all in series,
calculate the dependence of the time it takes for the current to fall to half its initial value.

Sketch a graph of current against time for this circuit, assuming the capacitor is initially uncharged.
Indicate on your graph the time taken for successive halving of the current in the circuit (the time at
which the current is %2, ¥4, ? ... of its initial value).

WARM-UP QUESTIONS

Read: Fishbane, Sections 25-4 and 27-5.
1. If you have done Problem #4, you will already have the equation that describes the way in which

the current in the circuit changes with time and depends upon the capacitance of the capacitor and
the resistance of the resistor. If not, you should answer the warm-up questions in Problem #4.
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2. Using your equation for the current, find the time taken for the current to fall to half its initial
value. Now find the time taken for the current in the circuit to halve again, and so on. How does
the time for the current to be cut in half depend on the amount of time after the circuit was closed?

EXPLORATION

capacitors by their electrical terminals or connected wires by their metal ends. Always discharge a
capacitor before you use it and when you are finished using it. To discharge a capacitor, use an
insulated wire to briefly connect one of the terminals to the other.

@ WARNING: A charged capacitor can discharge quickly producing a painful spark. Do not handle the

Before you build the circuit, examine each element of 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 determine the resistance of the resistor? Is there a way to confirm it?

If you have completed Problem #4, review your exploration notes from your lab journal. If not,
complete the exploration from Problem #4.

Build circuit VIII. To measure the current in the circuit, connect a DMM in series.

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.

Check that the polarity of the capacitor’s connection is correct and begin your experiment. Close the
circuit and observe how long it takes for the current in the circuit to halve. How does changing the
capacitance of the capacitor or the resistance of the resistor affect this time? Choose a combination of
a resistor and a capacitor that allows you to measure this time as accurately as possible. Observe how
long it takes for the current in the circuit to successively halve in value. Is this as you had predicted?

Complete your measurement plan.

MEASUREMENT

Measure the time taken for the current in the circuit to successively halve in value. Make at least two
measurements for each setup for averaging.

ANALYSIS

Using the measured value of the capacitance of the capacitor, the resistance of the resistor, and the
voltage of the battery, calculate the times for successive halving of the current in the circuit. These
times are what theory predicts for your circuit. Compare them to the measured times, at which the
current decreases to %, ¥, ? ... of its initial value.
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CONCLUSIONS

How well did your prediction agree with your results? Explain any differences.

Using these times for successive halving of the current, can you determine how long it would take for
the current to fall to zero? Does this agree with your experimental evidence?
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PROBLEM #7
CHARGING A CAPACITOR (PART C)

You have read on the internet that you can use a large capacitor to increase the bass volume in your
car stereo. However, you know from physics that a charged capacitor will only provide current for a
short time before it needs to be recharged. You decide to figure out how long it will take the
capacitor to recharge as a function of the total resistance of the recharging circuit. You know that one
way to quantify this time is to measure how long it takes for the charging current to fall to one half of
its initial value. You decide to model this situation using a circuit consisting of a battery, a capacitor
(initially uncharged), and a resistor, all in series.

EQUIPMENT

Build the circuit shown below using wires, resistors, capacitors, and batteries. Use the accompanying
legend to help you build the circuits. You will also have a stopwatch and a digital multimeter
(DMM).

— Legend

-~=  Reastor

T — DBattery
-1 —— Capacitor
= —  TWire
~" «  Switch

Circuit VIII

PREDICTION

For a circuit consisting of a battery, a capacitor (initially uncharged), and a resistor, all in series, how
does the time taken for the current in the circuit to fall to half its initial value depend on the resistance
of the resistor.

Use your calculation to graph the time taken for the current to fall to half its initial value against the
resistance of the resistor.

WARM-UP QUESTIONS

Read: Fishbane, Sections 25-4 and 27-5.

1. If you have done Problem #4, you will already have the equation that describes the way in which
the current in the circuit changes with time and depends upon the capacitance of the capacitor and
the resistance of the resistor. If not, you should answer the warm-up questions in Problem #4.

2. Using your equation for the current, find the time taken for the current to fall to half its initial
value. Sketch a graph of this time against the resistance of the resistor.
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EXPLORATION

WARNING: A charged capacitor can discharge quickly producing a painful spark. Do not handle the
capacitors by their electrical terminals or connected wires by their metal ends. Always discharge a
capacitor when you are finished using it.

Before you build the circuit, examine each element of 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 determine the resistance of the resistor? Is there a way to confirm it?

If you have completed Problem #4, review your exploration notes from your lab journal. If not,
complete the exploration from Problem #4.

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.

Construct Circuit VIII, including a DMM in the circuit to measure the current. Check that the
polarity of the capacitor’s connection is correct and begin your experiment.

Close the circuit and observe how long it takes for the current in the circuit to halve. How does
changing the capacitance of the capacitor or the resistance of the resistor affect this time? Choose a
capacitor and a range of resistances that allow you to effectively construct a graph and test your
prediction. Complete your measurement plan.

MEASUREMENT

Measure the time taken for the current in the circuit to halve in value for different resistances in the
circuit. Be sure to make at least two measurements for each resistor.

ANALYSIS

Using the measured value of the capacitance of the capacitor, construct a graph showing how the
time it takes the current to halve should depend on resistance in the circuit. This is based on the
theory, as you use a formula. Now construct a graph of the measured times against resistance, using
your experimental data.

CONCLUSIONS

Compare your prediction graph with your graph showing your data. Explain any differences.

How does the time taken for the current in the circuit to halve in value depend upon the resistance of
the charging circuit? Does this time depend upon the voltage of the battery? If yes, then how?

What are possible sources of systematic uncertainty in this experiment (see Appendix B)? How do
contributions to the systematic uncertainty from the equipment imperfections and from human error
compare? Provide detailed explanations.
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PROBLEM #8
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 wonder how well a light bulb can substitute for a resistor in the circuit.
You decide to make a direct comparison.

EQUIPMENT

You will have wires, a power supply, a digital multimeter (DMM), a light bulb, and a resistor.

PREDICTIONS

Restate what elements of electric circuits (and by what criteria/parameters) you are to compare in
this problem. Use your experience to draw a graph of voltage versus current for (a) a standard
resistor, and (b) a light bulb. Explain your reasoning, including physical assumptions you have
made.

WARM-UP QUESTIONS

Read: Fishbane section 26-3.

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 voltage
versus current 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. As it gets brighter, it gets hotter. Do
you expect the increasing temperature to affect the resistance of the bulb? If so, how?

3. Sketch a qualitative graph of voltage across a light bulb versus current through the light bulb.

EXPLORATION

WARNING: You will be working with a power supply that can generate large electric voltages.

@ Improper use can cause painful burns. To avoid danger, the power must be turned OFF and you must
wait at least one minute before any wires are disconnected from or connected to the power supply.
Never grasp a wire by its metal end.

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?
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Read Appendix D and become 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 the laboratory (and also in Appendix D) 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?

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?

CONCLUSIONS

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
voltages? What range? Explain your reasoning.

What are possible sources of systematic uncertainty? (See Appendix B) Does the equipment
contribute? Do you? Be specific in explaining how and why.
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PROBLEM #9
QUANTITATIVE CIRCUIT ANALYSIS (PART A)

As a member of the safety group for the space shuttle scientific program, you have been asked to
evaluate a design change. In order to improve the reliability of a circuit for the next shuttle flight, a
navigation electronics team has suggested adding a second battery. The proposed design is shown
below. You worry about the heat generated by the circuit since it will be located next to an
experiment that uses liquid oxygen. Your manager asks you to calculate the rate of thermal energy
output by the proposed circuit. As a first step, you decide to calculate the current through each
resistor. You consult with the team to build a prototype circuit and test your calculation.

EQUIPMENT

You will have wires, resistors, and batteries R )
or a power supply to build a circuit shown to . Vo——
the right ;—_ Vi § R3

. . . R,
You will have a digital multimeter (DMM) to
measure resistances, voltages, and currents.

Circuit XII

PREDICTION

To predict currents through resistors in the circuit under study, you will need to use Kirchoff’s laws.
The goal is to derive theoretical formulas for the currents. Once you have the formulas, you can plug
in them parameters of your circuit, such as voltages of the batteries and resistances of resistors, and
calculate the currents. These (predicted) values will be compared with the currents measured in the
experiment.

WARM-UP QUESTIONS

Read: Fishbane, Section 27-3. Pay attention to the examples 27-55, 27-6, and 27-7.

1. Draw and label a circuit diagram, showing all voltages and resistors. You may need to redraw the
given circuit to see which resistors are in series and which are in parallel. For this problem, the
voltages and the resistors are the known quantities and the currents in the resistors are the
unknowns.

2. Assign a separate current for each leg of the circuit, indicating each current on the diagram.ldentify
the number of circuit paths (loops) and label them on the diagram.

3. Apply conservation of current to each point in the circuit at which wires come together (a
junction).Use conservation of energy to get the sum of the potential differences across all of the
elements in each loop, ensuring your signs are correct. Does the potential difference increase or
decrease across each circuit element, in the direction you have chosen to traverse the loop? Use
Ohm's law to get the potential difference across each resistor.
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Check that the number of equations you wrote above matches the number of unknowns.

4. Complete the calculations and write your solution. Simplify your equations as much as possible,
but be warned that your final solutions may look quite complicated.

EXPLORATION

To get familiar with a DMM and various modes of its operation, read Appendix D.

Build Circuit XII. How can you tell if there is current flowing through the circuit? What happens to
the current at each junction? What is the resistance of each resistor? What is the potential difference
provided by each of the batteries? What is the potential difference across each resistor? Use the
DMM to check your answers to each of these questions.

Complete your measurement plan.

MEASUREMENT

Measure the resistance of the resistors. Measure the current flowing through each resistor, and the
potential difference provided by each battery. So that you can check your measurements, measure
the potential difference across each resistor.

ANALYSIS

Calculate the current through each resistor from your prediction equations, using your measured
values of the resistance of each resistor and voltage of each battery. Compare those results to the
measured values of each current.

CONCLUSIONS

Did your measured and predicted values of the currents through the resistors agree? If not, explain
the discrepancy.

As a check for the consistency of your measurements, calculate the potential difference across each

resistor using the currents that you measured. Compare these values with the potential difference
across each resistor that you measured with the DMM.
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PROBLEM #10
QUANTITATIVE CIRCUIT ANALYSIS (PART B)

You apply for a summer job at an electronics company. As part of the interview process, the manager
gives you a circuit and asks you to calculate the current flowing through each resistor. You are then
given some batteries, resistors and wires, and asked to build the circuit to check your calculation.

EQUIPMENT

. . . R R R
You will have wires, resistors, and ! 2 3
batteries or a power supply to huild a
circuit shown to the right.
You will have a digital multimeter + + +
(DMM) to measure resistances, voltages, ) N N

V]_ V2 V3
and currents.
Circuit X111

PREDICTION

Derive formulas © calculate the current through each of resistors in Circuit Xl as a function of
voltages of the batteries and resistances involved in the circuit.

WARM-UP QUESTIONS

1. Draw and label a circuit diagram showing all voltages and resistors. Sometimes you may need to
redraw the given circuit to help yourself see which resistors are in series and which are in parallel.
For this problem, the voltages and the resistors are the known quantities and the currents in the
resistors are the unknowns.

2. Assign a separate current for each leg of the circuit, indicating each current on the diagram.
Identify the number of circuit paths (loops) and label them on the diagram.

3. Apply conservation of current to each point in the circuit at which wires come together (a junction).
Use conservation of energy to get the sum of the potential differences across all of the elements in
each loop, ensuring your signs are correct. Does the potential difference increase or decrease across
each circuit element, in the direction you have chosen to traverse the loop? Use Ohm's law to get
the potential difference across each resistor.

Check that the number of linear equations that you have now matches the number of unknowns.

4. Complete the calculations and write your solution. Simplify your equations as much as possible,
but be warned that your final solutions may look quite complicated.
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EXPLORATION

To become familiar with a DMM and various modes of its operation, read Appendix D.

Build Circuit XIIl. How can you tell if there is current flowing through the circuit? What happens to
the current at each junction? What is the resistance of each resistor? What is the potential difference
provided by each of the batteries? What is the potential difference across each resistor? Use the
DMM to check your answers to each of these questions.

Complete your measurement plan.

MEASUREMENT

Measure the resistance of each of the three resistors, as well as the currents flowing through each of
them. Measure the potential difference provided by each battery. So that you can check your
measurements, measure the potential difference across each resistor.

ANALYSIS

Calculate the current through each resistor from your prediction equations, using your measured
values of the resistance of each resistor and voltage of each battery. Compare those results to the
measured values of each current.

CONCLUSIONS

Did your measured and predicted values of the currents through the resistors agree? If not, explain
the discrepancy.

As a check for the consistency of your measurements, calculate the potential difference across each

resistor using the currents that you measured. Compare these values with the potential difference
across each resistor that you measured with the DMM.
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PROBLEM #11
QUALITATIVE CIRCUIT ANALYSIS

You have just become a manager at an engineering firm. The engineers who report to you are
constantly describing complex circuits; to pinpoint possible problems with their designs, you have to
quickly decide which resistors in the circuits will carry the most current. You have been using a
calculator to calculate the current through each resistor, and the process is too slow.. A fellow
manager suggests that a purely qualitative analysis could get you reliable results much more quickly.
You decide to test the technique on the three circuits below, using identical light bulbs so that the
brightnesses of the bulbs indicate which parts of the circuit carry more or less current. You will also

do some practice calculations to see if you can get faster. You decide to double-check your work by
actually building the circuits.

EQUIPMENT

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

A B () A A (éj

To@ @o @ | ° > Ted O

C E

Circuit ¥ Cireuit ¥w Circuit ¥4

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 and check to see that the color of the plastic bead
separating the filament wires is the same.

PREDICTIONS

You will need to use both qualitative rules and formulas from your text book to make predictions
about the brightness of the light bulbs in the circuits under study. The following rules are nothing
but consequences of conservation of charge, conservation of energy, and Chm's law in electric
circuits.

1. a) Resistors in series all have the same current flowing through them.
b) Resistances in series add.
¢) The current through a path across a fixed potential difference decreases as the total resistance of
the path increases.

2. a) Current divides at a junction.

b) The current through each path across the same potential difference depends on the resistance
of the path — the larger the resistance, the smaller the current.
c) Paths of equal resistance will have the same current.
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3. a) Resistors in parallel offer less total resistance than the smallest resistance in the configuration.
b) Parallel branches connected directly across a battery are independent — each set of parallel
branches has the same potential difference as if it were the only connection to the battery.

The above rules will help you predict how the bulbs within each circuit should compare in
brightness. Include in each prediction, which rule(s) you used answering the question.

Circuit XIV

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?

Circuit XV

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 XVI

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?

Now, try to rank the circuits by the brightness of bulb A. First, decide, which quantity does the
brightness of a bulb depend on? Then derive an equation for this quantity in terms of two variables —
the resistance of each bulb, say R, (remember that all the bulbs are identical) and the voltage of each
battery, say V (same in each of the three circuits). Begin by finding equivalent resistances of certain
parts of the circuits. In your text book or lecture notes, look up equations for equivalent resistances of
two resistors connected in parallel and in series. Gradually simplify each circuit applying
appropriate equations to pairs of bulbs in series or in parallel up to the point when you can use
qualitative considerations to rank the circuits by the current through bulb A or by the potential
difference across this bulb.

EXPLORATION

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

MEASUREMENT

Coordinate with other groups to compare the brightness of bulb A in each of the three circuits. If
necessary, use a DMM (see Appendix D) to measure the current through bulb A in each of the three
circuits.
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CONCLUSIONS

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.

Explain any differences between your predictions and your observations.
Each qualitative rule is the result of applying conservation of energy (Kirchhoff's loop rule),

conservation of charge (Kirchhoff's junction rule), and Ohm’s law to different circuit configurations. .
To summarize the material learned, for each qualitative rule, write the corresponding equation(s).
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IZ[ CHECK YOUR UNDERSTANDING

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

parallel to bulbs B and C?
- {%3}

[ $odos

1b. In household circuits, a fuse or circuit breaker is in the position occupied by bulb A, why?

2. In circuits | through IV below, the four batteries supply the same voltage and all bulbs are
identical. Rank the circuits from the largest current at point 1 to the smallest current at point 1.
Explain your reasoning.
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3._ Predict what will happen_ to the A @ E G}
brightness of bulbs A, B, C and D if bulb E
were removed from its socket. Explain your +
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CHECK YOUR UNDERSTANDING

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

8W 12W
_+1 s ol
p— 6W ———
“[2av § 12V
24 W 3B6W
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5. For the circuit below, determine the value for R such that the current 13 is 0.1A with the indicated
direction.

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

Magnetism plays a large part in our modern world's technology. Magnets are used today to image parts of the
body, to explore the mysteries of the human brain, and to store analog and digital data. Magnetism also allows
us to explore the structure of the Universe, the atomic structure of materials, and the quark structure of

elementary particles.

In this set of laboratory problems, you will map magnetic fields from different sources and use the magnetic
force to deflect electrons. The magnetic interaction 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. There
are similar activities in both labs so you can experience the universality of the field concept. Although they are
related, the magnetic force is not the same as the electric force. You should watch for the differences as you go

through the problems in this lab.

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

= Describe magnetic fields near 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 Fishbane: Chapter 28, sections 1-5. Review your notes from the first lab (Electric Fields and Forces).

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

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.
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PROBLEM #1
PERMANENT MAGNETS

You have a job working at a company that designs magnetic resonance imaging (MRI) machines. The
ability to get a clear image of the inside of the body depends on knowing precisely the correct magnetic
field at that position. In a new model of the machine, the magnetic fields are produced by
configurations of permanent magnets. You need to know the map of the magnetic field from each
magnet and how to combine magnets to change the magnetic field at any point. You decide to
determine the form of the magnetic field for various combinations of bar magnets, and to draw vector
diagrams (field maps) for each combination.

EQUIPMENT

You will have two permanent magnets and a clear plate filled with a viscous liquid along with small
pieces of Taconite, an iron-rich ore. When a magnet is placed on top of one of these plates, the Taconite
pieces at each point align themselves with the magnetic field. You will also have a compass. Some
possible magnet configurations are as follows:

N
Figure Il
:
Figure | Figure llI
N N N S S
S S S N N Figure VI
Figure IV Figure V
PREDICTION

Draw vector diagrams to describe the field for each configuration above.

LabV -2



PROBLEM #1: PERMANENT MAGNETS

WARM-UP QUESTIONS

Read: Fishbane Chapter 28 Section 1.

1.
2.

®

Make a sketch of all the magnets in each figure. Be sure to label the poles of the magnets.

Choose a point near the pole of a magnet. At that point draw a vector representing the
magnetic field at that point. The length of the vector should give an indication of the
strength of the field. Keep in mind that:

The field can have only one value and direction at any point.

The direction of the magnetic field points away from a North pole, and toward a South
pole.

The field at a point is the vector sum of the fields from all sources.

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 vectors for all parts of the configuration.

EXPLORATION

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

Check to make sure your Taconite 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 be behaving as you would expect.

Place a permanent magnet on the Taconite plate. How long do you need to wait to see effect of the
magnetic field? Is it what you expected? Try some small vibrations of the Taconite plate. How does the
pattern in the Taconite relate to the direction that a compass needle points when it is directly on top of
the Taconite sheet?

Try different configurations of magnets and determine how to get the clearest pattern in the Taconite.
What can you do to show that the poles of a magnet are not electric charges? Try it.
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MEASUREMENT AND ANALYSIS

Lay one bar magnet on the Taconite plate. In your journal, draw the pattern of the magnetic field
produced.

Repeat for each figure in the predictions.

CONCLUSION

How did your predictions of the shape of the magnetic field for each configuration of magnets compare
with your results? What influence does the field have on the Taconite filings? Does the field cause a
net force? Does the field cause a net torque? If so, in what direction?
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PROBLEM #2
CURRENT CARRYING WIRE

Your friend's parents, who live on a dairy farm, have high-voltage power lines across their property.
They are concerned about the effect 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 direction at points near a current carrying wire. They
know you have taken physics, so they ask you for help. First, you decide to check a simulation of the
magnetic field of a current carrying wire. Next, to confirm your prediction and simulation, you decide
to use a compass along with a current carrying wire. You decide to investigate both a straight wire and
a loop of wire.

EQUIPMENT

You will have a magnetic compass, a length of wire, a meter stick, a power supply, and the EMField
application. You will also have a Hall probe and the accompanying software.

PREDICTIONS

Sketch your best guess of the situations described in the problem.

EXPLORATION

To open the EMField application, just click on the EMField icon on your 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 EMField 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 try different sizes of current to note any changes.

Once you are finished with EMField, 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 enough wires together to give a total length of at least half a meter. Is there any evidence of a

magnetic field from a non current-carrying wire? To check this, stretch the wire vertically and move
your compass around the center of the wire. Does the compass always point in the same direction?
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PROBLEM #2: CURRENT CARRYING WIRE

WARNING: You will be working with a power supply that can generate 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. NEVER GRASP A WIRE BY ITS METAL ENDS!

Connect the wire to the power supply and turn the power supply on (do not use the PASCO power
source). 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 through which you can easily move the compass. Move the
compass around the loop. In which direction is the compass pointing? How far away from the loop can
you see a deflection? Is this distance larger along the axis of the loop or somewhere else?

Set up your Hall probe as explained in Appendices D and E. Before you push any buttons on the
computer, locate the magnetic field strength window. You will notice that even when the probe is held
away from obvious sources of magnetic fields, such as your bar magnets, you see a non-zero reading.
From its behavior determine if this is caused by a real magnetic field or is an electronics artifact or both?

Go through the Hall probe calibration procedure outlined in Appendix E. Be sure the switch on your
amplification box agrees with the value on the computer. Why do you rotate the probe 180 degrees for
the calibration process? Does the Hall probe ever read a zero field?

Hold the Hall probe next to the wire; how can you use the information from your compass to decide
how to orient the probe? Read the value displayed by the Hall probe program. What will happen when
you move the probe further from the wire? Will you have to change the orientation of the probe? How
will you measure the distance of the probe from the wire?

MEASUREMENT

Use your measurement plan to create a map of the magnetic field around the stretched wire and the
looped wire. Include the magnitude and direction of the magnetic field for each distance.

ANALYSIS

The direction of the magnetic field at a point near a current-carrying wire can be found by using the
"right-hand rule" that is described in your text. How does the "right-hand rule" compare to your
measurements?
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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"?
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PROBLEM #3
MEASURING THE MAGNETIC FIELDS
OF PERMANENT MAGNETS

Your team is designing a probe to investigate space near Jupiter. One device uses strong permanent
magnets to track the motion of charged particles through Jupiter’s magnetic field. You worry that their
magnetic fields could damage computers on the probe. To estimate how close a magnet can be to a
computer without causing damage, you have been asked to determine the magnitude of the field near
the magnet.

No isolated magnetic monopoles have ever been discovered (a difference between magnetism and
electricity) but you wonder how accurately one could mathematically model the field of a bar magnet as
the vector sum of fields produced by monopoles located near each end of the magnet. With this model,
you calculate how the magnetic field would vary with distance along each symmetry axis of a bar
magnet. You assume that a magnetic monopole would produce a magnetic field similar to the electric
field produced by a point charge. To test your model, you decide to measure the magnetic field near a
bar magnet with a Hall probe.

EQUIPMENT

You will have a bar magnet, a meter stick, a Hall probe (see Appendix D), and a computer data
acquisition system (see Appendix E). You will also have a Taconite plate and a compass.

PREDICTION

Restate the problem. What are you trying to calculate? What assumptions are you making?

WARM-UP QUESTIONS

Review your notes from Lab | problem 2, “Electric Field from a Dipole”

1. Draw a bar magnet as a magnetic dipole consisting of two magnetic monopoles of equal
strength but opposite sign, separated by some distance. Label each monopole with its
strength and sign, using the symbol “g” to represent the strength of the monopole. Label
the distance. Choose a convenient coordinate system.

2. Select a point along one of the coordinate axes, outside the magnet, at which you will
calculate the magnetic field. Determine the position of that point with respect to your
coordinate system. Determine the distance of your point to each pole of the magnet, in
terms of the position of your point with respect to your coordinate system.

3. Assume that the magnetic field from a magnetic monopole is analogous to the electric field
from a point charge, i.e. the magnetic field is proportional to %z where g is a measure of
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the strength of the monopole. (What are the dimensions of this “g”?) Determine the
direction of the magnetic field from each pole at the point of interest.

4. Calculate the magnitude of the each component of the magnetic field from each pole at the
point of interest. Add the magnetic field (remember it is a vector) from each pole at that
point to get the magnetic field at that point.

5. Graph your resulting equation for magnetic field strength along that axis as a function of
position along the axis.

6. Repeat the above steps for the other axis.

EXPLORATION

Using either a Taconite plate or a compass check that the magnetic field of the bar magnet appears to be
adipole.

Start the Hall probe program and go through the Hall probe calibration procedure outlined in Appendix
E. Be sure the switch on your amplification box agrees with the value on the computer.

Take one of the bar magnets and use the probe to check out the variation of the magnetic field. Based on
your previous determination of the magnetic field map, be sure to orient the Hall probe correctly. Where
is the field the strongest? The weakest? How far away from the bar magnet can you still measure the
field with the probe?

Write down a measurement plan.

MEASUREMENT

Based on your exploration, choose a scale for your graph of magnetic field strength against position
that will include all of the points you will measure.

Choose an axis of the bar magnet and take measurements of the magnetic field strength in a straight line
along the axis of the magnet. Be sure that the field is always perpendicular to the probe. Make sure a
point appears on the graph of magnetic field strength versus position every time you enter a data point.
Use this graph to determine where you should take your next data point to map out the function in the
most efficient manner.

Repeat for each axis of the magnet.

ANALYSIS

Compare the graph of your calculated magnetic field to that which you measured for each axis of
symmetry of your bar magnet. Can you fit your prediction equation to your measurements by adjusting
the constants?
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CONCLUSION

Along which axis of the bar magnet does the magnetic field fall off faster? Did your measured graph
agree with your predicted graph? If not, why? State your results in the most general terms supported
by your analysis.

How does the shape of the graph of magnetic field strength versus distance compare to the shape of the
graph of electric field strength versus distance, for an electric dipole along each axis? Is it reasonable to
assume that the functional form of the magnetic field of a monopole is the same as that of an electric
charge? Explain your reasoning.
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PROBLEM #4
THE MAGNETIC FIELD OF ONE COIL

You are working with a group researching new techniques to miniaturize the read-write head (the
device in hard drives that reads and writes data to the disk). You suggest that a permanent magnet in
the head could be replaced with a loop of wire to control the strength of the magnetic field. You read in
your physics text that a coil of wire carrying a current gives the same magnetic field as a bar magnet: a
magnetic dipole field. Your partners doubt that this is the case, so you decide to check it using a large
coil of wire and a Hall probe, as well as a simulation. You decide to measure the strength of the
magnetic field as a function of position along the central axis of the coil and compare it to the
measurements you have for a bar magnet. As a qualitative check you also use the Hall probe to make a
map of the magnetic field everywhere near the current carrying coil, and compare that to what the
simulation predicts.

EQUIPMENT

You will have a coil of 150 turns of
wire, a power supply, a compass, a
meter stick, a digital multimeter DMM Yy
(DMM), a Hall probe, and a computer O
data acquisition system. You will e
also have the EMField application.

Power X
Supply

PREDICTION

Sketch the magnetic field around a current-carrying coil of wire and compare to the magnetic field
around a bar magnet.

WARM-UP QUESTIONS

If you have done Problem #3, you already have the equation that describes the magnetic field strength of
a magnetic dipole along an axis of symmetry. If not, answer the method questions in Problem #3.

Draw the coil and label the current through it.

Using the right hand rule, determine the direction of the magnetic field along the central axis of the coil.
Using this information, which symmetry axis of a magnetic dipole corresponds to this central axis?
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EXPLORATION

First, see what the simulation gives you. If you do not remember how to use EMField, review labs 1, 2,
and the second problem of this lab.

Once you are in the 2D Line Currents mode, you will need to figure out how to model a coil. You should
think of the fact that a coil and its field are symmetric about the coil’s central axis and the simulation
plots fields in a plane perpendicular to the current flow. Once you have your model of a simple coil
input into the program, use the Field Vectors option in the Field and Potential menu to study the field.
You should pick points both inside and outside the coil for a complete map of the magnetic field. Once
you have done this, print it out, using Print under File. Note that you will use this for qualitative
comparisons only!

Now you should start working with the physical apparatus.

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. NEVER GRASP AWIRE BY ITS METAL ENDS!

Connect a large coil to the power supply using the adjustable voltage. Using your compass, make a
gualitative map of the magnetic field produced. To get the most obvious effect on the compass, should
the central axis of the coil be oriented N-S or E-W?

Using your compass an indicator, adjust the current up and down to determine the sensitivity of the
magnetic field to the current. For a reasonable current in the coil, use the compass to determine how far
a measurable magnetic field along the axis of the coil extends. Also check out the magnetic field outside
the coil. Isitlarge or small? Compared to what?

Try reversing the current through the coil. What happens to the magnetic field at each point? Connect
the Hall probe according to the directions in Appendices D and E. Explore the strength of the magnetic
field in the plane of the coil. Is the field stronger inside or outside the coil? Where is the field the
strongest inside the coil? Decide whether you should set the amplifier to high or low sensitivity.

How far from the center of the coil along the axis can you measure the field? Is it the same on both sides
of the coil? How can you tell by your magnetic field reading if you are on the axis? How far from the
axis can you move the Hall probe without introducing additional uncertainty to your measurement?
Write down a measurement plan.

MEASUREMENT

Based on your exploration, choose a scale for your graph of magnetic field strength as a function of
position that will include all of the points that you will measure.
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Use the Hall probe to measure the magnitude and direction of the magnetic field as a function of
position along the axis of the coil. Measure the field on both sides of the coil. Be sure your Hall Probe is
calibrated and has the correct orientation to accurately measure the magnetic field.

Use the Hall probe to complete the field map for the coil.

Use the DMM to measure the current in the coil. Try measuring the field along the axis at several
different currents.

Don't forget to measure the diameter of the coil and record the number of turns. What considerations
need to be made when measuring the diameter?

ANALYSIS

Graph the magnetic field of the coil along its axis as a function of position and compare to the magnetic
field of the bar magnet along the comparable axis. The graphical comparison is easier if you normalize
the function describing the bar magnet’s magnetic field to that of the coil. You can do this by dividing
the largest magnetic field strength of the coil by the largest magnetic field strength of the bar magnet.
Use the resulting number to multiply the function representing the bar magnet’s magnetic field strength.
You may also need to use the same process on the x-values. You can then put both functions on the
same graph.

CONCLUSION

Is the graph of magnetic field strength as a function of position along the central axis similar to that for
a bar magnet? Does the magnetic field map for a current-carrying coil have the same pattern as for a bar
magnet? Do you believe that this coil gives a magnetic dipole field? Is this true everywhere? Why or
why not?

How does the magnetic field strength of a current-carrying coil depend on the current? What
measurements justify your statement?
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PROBLEM #5
DETERMINING THE MAGNETIC FIELD OF A COIL

You have a job in a microelectronics laboratory and need to shape a silicon wafer with a precision of a
few microns. Your team decides to investigate using an ion beam to do this accurate cutting. You know
that an ion is just an atom with some of its electrons stripped off, so you could direct it with a magnetic
field. One of the members of your group suggests that a coil of wire can be used to produce a variable
magnetic field. You have been assigned to calculate the magnetic field along the axis of the coil as a
function of its current, number of turns, radius, and the distance along the axis from the center of the
coil. To make sure you are correct, you decide to compare your calculation to measurements.

EQUIPMENT

If you have done Problem #4, you can use those measurements for this Problem. If not, you will use the
following equipment.

You will have a large, 150 turn coil of

wire, a power supply, a digital

Multimeter (DMM), a compass, a y
meter stick, a Hall probe, and a O

computer data acquisition system.

Power
Supply

PREDICTION

Restate the problem. What are you trying to calculate? Express the result in the form of an equation
and a graph with respect to distance along the axis.

WARM-UP QUESTIONS

Read: Fishbane Chapter 29 Section 4.

1. Make a sketch of a coil of radius R. Define a coordinate axis, label the relevant quantities,
and indicate the direction of the current through the coil.

Select a point along the axis at which you will calculate the magnetic field.

2. Select a small element of current along the coil, which will cause a small fraction of this
magnetic field. Label the length of that current element. Draw a position vector from that
current element to the selected point along the axis of the coil.
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Use the Biot-Savart law to draw a vector representing the direction of the small part of the
magnetic field from your current element at the position of interest. Determine the components
of this vector along the axes of your coordinate system. Are there any symmetries that rule out
one or more components of the magnetic field at the point of interest?

3. Use the Biot-Savart law to calculate the small part of the desired component of the magnetic
field, at the selected point, from the small element of current. Now add up (using an
integral) all of the small fractions of that component of the magnetic field from all of the
small elements of current around the coil.

Determine the magnitude of the magnetic field at that point along the axis for one loop of
wire, writing your answer as a function of the distance along the axis of the coil. What will
be the effect of N identical loops on the magnitude of the magnetic field?

4. Graph the magnitude of magnetic field strength as a function of the position along the
central axis of the coil of wire.

EXPLORATION

If you have the data from Problem #4 you do not need to make any additional measurements. Go
directly to the analysis section. If you have not done Problem #4, continue with the 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 at least one minute before any wires are disconnected from
or connected to the power supply. NEVER GRASP AWIRE BY ITS METAL ENDS!

Connect a large coil to the power supply using the adjustable voltage. Using your compass, make a
gualitative map of the magnetic field produced. To get the most obvious effect on the compass, should
the central axis of the coil be oriented N-S or E-W? Decide whether you should set the amplifier to high
or low sensitivity.

Using your compass as an indicator, adjust the current up and down to determine the sensitivity of the
magnetic field to the current. For a reasonable current in the coil, use the compass to determine how far
a measurable magnetic field along the axis of the coil extends. Also check out the magnetic field outside
the coil. Isit large or small? Compared to what?

Try reversing the current through the coil. What happens to the magnetic field at each point?
Connect the Hall probe according to the directions in Appendices D and E. Explore the strength of the
magnetic field in the plane of the coil. Is the field stronger inside or outside the coil? Where is the field

the strongest inside the coil?

How far from the center of the coil along the axis can you measure the field? Is it the same on both sides
of the coil?

How can you tell by your magnetic field reading if you are on the axis? How far from the axis can you

move the Hall probe without introducing additional uncertainty to your measurement? Write down a
measurement plan.
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PROBLEM #5: DETERMINING THE MAGNETIC FIELD OF A COIL

MEASUREMENT

Based on your exploration, choose a scale for your graph of magnetic field strength against position
that will include all of the points you will measure.

Use the Hall probe to measure the magnitude and direction of the magnetic field as a function of
position along the axis of the coil. Measure the field on both sides of the coil. Be sure your Hall probe is
calibrated and has the correct orientation to accurately measure the magnetic field. Make sure you take
at least two measurements for averaging.

Use the Hall probe to complete the field map for the coil.

Use the DMM to measure the current in the coil. Try measuring the field along the axis at several
different currents.

Don't forget to measure the diameter of the coil and record the number of turns. What considerations
need to be made when measuring the diameter?

ANALYSIS

Graph the measured magnetic field of the coil along its axis as a function of position and compare with
your prediction.

CONCLUSION

Does the graph of magnetic field strength as a function of distance agree with your prediction? Is this
true everywhere? Why or why not?
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PROBLEM #6
MEASURING THE MAGNETIC FIELD
OF TWO PARALLEL COILS

You have a part time job working in a laboratory developing large liquid crystal displays that could be
used for very thin TV screens and computer monitors. The alignment of the liquid crystals is very
sensitive to magnetic fields. It is important that the material sample be in a fairly uniform magnetic field
for some crystal alignment tests. The laboratory has two nearly identical large coils of wire mounted so
that the distance between them equals their radii. You have been asked to determine the magnetic field
between them to see if it is suitable for the test. You decide to make a graph of the field strength along
the axis of the coils.

EQUIPMENT

Connect two large coils to a power
supply so that each coil has the
same current. Each coil has 150
turns.

You will have a digital Multimeter
(DMM), a compass, a meter stick,
and a Hall probe. A computer is
used for data acquisition.

PREDICTION

Restate the problem. Express the results in the form of an equation and a graph.

WARM-UP QUESTIONS

Read: Fishbane Chapter 29 Section 4.

1. Draw a picture of the situation showing the direction of the current through each coil of wire.
Establish a single convenient coordinate system for both coils.

Label all of the relevant quantities.

2. Select a point along the axis of the two coils at which you will determine an equation for the
magnetic field. In the previous problem, you calculated the magnetic field of one coil as a function
of the position along its axis. To solve this problem, add the magnetic field from each coil at the
selected point along the axis. Remember to pay attention to the geometry of your drawing. The
origin of your coordinate system for this problem cannot be at the center of both coils at once. Also
remember that the magnetic field is a vector.
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PROBLEM #6: MEASURING THE MAGNETIC FIELD OF TWO PARALLEL COILS

3. Use your equation to graph the magnetic field strength as a function of position from the common
origin along the central axis of the coils. Describe the qualitative behavior of the magnetic field
between the two coils. What about the region outside the coils?

EXPLORATION

WARNING: You will be working with a power supply that can generate 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. NEVER GRASP A WIRE BY ITS METAL ENDS!

Connect the large coils to the power supply with the current flowing in opposite directions in the two coils,
using the adjustable voltage. With the compass, explore the magnetic field produced. Be sure to look
both between the coils and outside the coils.

Now connect the large coils to the power supply with the current flowing in the same direction in each coil,
using the adjustable voltage. With the compass, explore the magnetic field produced. Be sure to look
both between the coils and outside the coils.

Based on your observations, should the currents be in the same direction or in opposite directions to
give the most uniform magnetic field between the coils?

Connect the Hall probe according to the directions in Appendices D and E. For the current
configuration that gives the most uniform magnetic field between the coils, explore the strength of the
magnetic field along the axis between the coils. Follow the axis through the coils. Is the field stronger
between or outside the coils? Where is the field strongest between the coils? The weakest?

See how the field varies when you are between the two coils but move off the axis. How far from the axis
of the coils can you measure the field? Is it the same on both sides of the coils? Decide whether to set the
amplifier to high or low sensitivity.

When using the Hall probe program, consider where the zero position should be to simplify
comparison with your prediction. Write down a measurement plan.

MEASUREMENT

Based on your exploration, choose a scale for your graph of magnetic field strength against position
that will include all of the points you will measure.

With the Hall probe, measure the magnitude of the magnetic field along the axis of the coils. Measure
the field on both sides of the coils. What are the units of your measured magnetic fields? Do they match

those in your prediction equations?

Use the DMM to measure the current in the two coils. As a check, repeat these measurements with the
other current configuration.
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PROBLEM #6: MEASURING THE MAGNETIC FIELD OF TWO PARALLEL COILS

ANALYSIS

Graph the measured magnetic field of the coil along its axis as a function of position and compare to
your prediction.

CONCLUSION

For two large, parallel coils, how does the magnetic field on the axis vary with distance along the axis?
Did your measurements agree with your predictions? If not, explain? Describe the limitations on the
accuracy of your measurements and analysis.

Does this two-coil configuration meet the requirement of giving a fairly uniform field? Over how large a

region is the field constant to within 20%? This very useful configuration of two coils (distance between
coils equals radius) is called a Helmholtz coil.
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PROBLEM #7: MAGNETS AND MOVING CHARGE

PROBLEM #7:
MAGNETS AND MOVING CHARGE

You are leading a technical team at a company that is redesigning the cathode ray tubes (CRT’s) 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 need
to know the qualitative effect of bringing a bar magnet up to a CRT. In the laboratory you qualitatively
determine how the direction and size of the electron deflection is related to the magnetic field direction,
the magnetic field strength, and the velocity of the electron. You also determine how the deflection is
affected by how close the magnet is held to the CRT.

EQUIPMENT

For this problem you will need a cathode ray tube (CRT) and accessories, a bar magnet, a meter stick,
and a compass. Review the information from Laboratory | and Appendix D regarding the design of the
CRT and the proper way to use it.

PREDICTION

Restate the problem. What are you trying to predict? Make sure to describe the qualitative effects of each
variable mentioned in the problem. Use a diagram like the one below to help make your prediction.

screen

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 at least one minute before any wires are disconnected from
or connected to the power supply. Never grasp a wire by its metal ends.

Connect the CRT according to the directions in Appendix D and your lab journal from Lab I. 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.
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PROBLEM #7: MAGNETS AND MOVING CHARGE

Determine which pole on your bar magnet is the north magnetic pole. Make a qualitative field map of
your magnet to make sure it is a simple dipole. If it is not, ask your instructor to replace it. 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 which direction did the
beam spot deflect?

Put the bar magnet perpendicular to the screen of the
CRT, do you see a deflection? Try this with both poles E
of the magnet. Record your results. Were they what

you had 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 much
as possible. Calculate the increase in speed. How does the deflection change? Try this with both poles
of the magnet. Record your results. Were your results what you had 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 by adding more magnets. How does the deflection
change? Try this with both poles of the magnet. Record your results. Were your results what you had
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.
Arrange it to observe the minimum effect. By measuring the electron deflection, what would you say is
the relative strength of the magnet and the Earth’s magnetic field in the lab? Remember to take account
of the distance that the electron travels through each magnetic field. What is the effect of the Earth’s
magnetic field on the CRT beam relative to the Earth’s gravitational field? How did this affect your
results from Lab 1, Problem #5?

Devise your own exploration of the effect of a magnetic field on electrons using the CRT and 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 relating 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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PROBLEM #38
MAGNETIC FORCE ON A MOVING CHARGE

You are working with a team to design a better electron microscope. To precisely control the beam of
electrons, your research team decides to try a magnetic field. For your study of electron control you
decide to use a Cathode Ray Tube (CRT) with a magnetic field perpendicular to its axis. From your
work with Helmholtz coils in Problem #5, you know that the magnetic field between these parallel coils
is fairly uniform, so you decide to use them for your test. Before you can evaluate the sensitivity of the
electron microscope design, you need to determine how the magnitude of a constant magnetic field
affects the position of the beam spot.

EQUIPMENT

You will be using the cathode ray tube (CRT) described in Appendix D. The magnetic field will be
provided by connecting the Helmholtz coils to the power supply and placing the CRT between the coils.
You will also have a digital multimeter (DMM), a compass, a meter stick, and a Hall probe connected to
a computer data acquisition system.

PREDICTION

Restate the problem. What are you trying to calculate? What variable(s) can you control in the lab?
What variables will be fixed for you? Express results in the form of an equation and a graph.

WARM-UP QUESTIONS

Read: Fishbane Chapter 28 Sections 2 and 3.

1. Draw a picture of the CRT in the Helmholtz coils. Since you will not be using electric
fields, do not include the deflection plates in your sketch. Be sure you have all the other
components in your sketch. Draw a coordinate axis on this sketch and show the magnetic
field direction and the region occupied by the magnetic field. Draw the electron trajectory
through all regions of the CRT together with its velocity and acceleration. Draw the
electron trajectory if there were no magnetic field. The difference between where these two
trajectories hit the CRT screen is the deflection.

2. What path does an electron follow while traveling through a constant magnetic field? The
magnetic force is always perpendicular to the electron’s velocity. Are there any forces other
than the magnetic force that need to be considered?

3. Determine the velocity of the electrons as they leave the electron gun in the CRT. (See your
notes from Lab 1, Problem #5 or the Method Questions from that problem.)

4. Determine the position, direction, and velocity of an electron entering the region of constant
magnetic field. Determine the position, direction, and velocity of an electron as it leaves the
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PROBLEM #8: MAGNETIC FORCE ON A MOVING CHARGE

region of constant magnetic field. What type of curve is the electron’s trajectory in that
region?

5. Determine the path of the electron as it travels after it leaves the magnetic field region until
it strikes the screen. Use geometry to determine how far from the center the electron strikes
the screen.

EXPLORATION

Review your notes from your exploration in Problem #7.

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. Never touch the conducting metal of any wire.

Check to see that the connections from the power supply to the high voltage accelerating plates and the
filament heater of the CRT are correct, then turn the power supply on. You should have between 250 and
500 volts 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.

Devise a measuring scheme to record the position of the beam spot. Record your zero deflection
position and do not move the CRT once you have started taking measurements.

Review the magnetic field map from the Helmholtz Coils. How will you orient the CRT with respect to
the coils? Would the deflection be the same if the magnetic field were reversed? Try it. How will you
determine the length of the CRT within the magnetic field? Is the field uniform throughout the flight of
the electrons? Write down a measurement plan.

MEASUREMENT

Measure the position of the beam spot as you change the magnetic field. Make at least two
measurements for averaging. Measure the magnetic field between the Helmholtz coils, using the Hall
probe.

ANALYSIS

Graph your measurements of the deflection of the electron beam for the different values of the magnetic
field at a fixed electron speed and compare to your prediction.

Repeat for deflection as a function of electron speed for a fixed magnetic field.
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CONCLUSION

How does the deflection of the electron beam depend on the magnetic field? Did your data agree with
your prediction? If not, why? What are the limitations on the accuracy of your measurements and

analysis?

How does the deflection of the electron beam depend on the electron speed? Did your data agree with
your prediction? If not, why? What are the limitations on the accuracy of your measurements and

analysis?

Is controlling the deflection of an electron beam easier with a magnetic field or an electric field? Write
down what you mean by easier.
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|ZI CHECK YOUR UNDERSTANDING

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 ‘ N l S

Figure | N ﬂ N

Figure I

N

Figure Il S

2. You and your friends are watching an old Godzilla movie. In one 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 the joke.

3. For acathode ray tube (CRT) with the same electron gun as you used in lab, assume that the distance from
the center of the Vy plate to the fluorescent screen is 10 cm, Ve iS 500V and Vi = 6V. The CRT is then
placed between the large parallel coils (also used in this lab) which have a current of 1 ampere flowing
through them. Assume that the CRT isoriented in the large parallel coils such that the electric field between
the Vy plates and the magnetic field are in the same direction. What isthe displacement of the electron beam
on the screen? Thisisadifficult problem!!
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LABORATORY VI
ELECTRICITY FROM MAGNETISM

In the previous problems you explored the magnetic field and its effect on moving charges. You also saw how
electric currents could create magnetic fields. This lab will carry that investigation one step further, determining
how changing magnetic fields can give rise to electric currents. This is the effect that allows the generation of

electricity, which powers the world.

The problems in this laboratory will explore different aspects of changing the magnetic flux through a coil of
wire to produce an electric current. You will investigate the current produced in a coil of wire by moving the
coil, moving the magnet causing the magnetic field, changing the area of the coil perpendicular to the magnetic

field, and changing the magnetic field.

OBJECTIVES:

After successfully completing this laboratory, you should be able to:
< Explain what conditions are necessary for a magnetic field to produce an electric current.
= Determine the direction of a current induced by a magnetic field.
= Use the concept of magnetic flux to determine the electric effects of a changing magnetic field.

= Use Faraday's law to determine the magnitude of a potential difference across a wire produced by a
change of magnetic flux.

PREPARATION:
Read Fishbane: Chapter 30, sections 1,2.

Before coming to lab you should be able to:
< Use a DMM to measure current, potential difference, and resistance.
= Sketch the magnetic fields from permanent magnets and current carrying coils of wire.
= Use vector addition to combine magnetic fields from several sources.

= Use the righthand rule to determine the direction of the magnetic fields from circuit loops and
wires.

= Use a Hall probe to determine the strength of a magnetic field.

e Use the definition of magnetic flux.
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PROBLEM #1: MAGNETIC INDUCTION

EXPLORATORY PROBLEM #1
MAGNETIC INDUCTION

One of the great technical problems in modern society is how to generate enough electricity for our
growing demand. You work with a team investigating efficiency improvements for electric generators.
Before becoming involved with a lot of math and computer simulations, you decide to get a feel for the
problem by seeing how many different ways you can generate a potential difference with just a bar
magnet and a coil of wire, and how you can influence the size of that potential difference.

EQUIPMENT
You will have a small coil of wire and a bar S N
magnet. You will use the LabPro interface and

the Faraday Probe (Appendix D to convert the
potential difference into a digital signal suitable
for your computer data acquisition program (see
Appendix E) which records time varying potential
differences.

\

PREDICTION

Restate the problem. How many different ways can you use the magnetic field of the bar magnet to
induce a potential difference across the ends of a coil of wire? Draw a diagram of each procedure that,
you predict, will induce a potential difference across the ends of the coil. What do you think will
influence the size of the potential difference? Explain how you arrived at your predictions.

EXPLORATION

If necessary, disconnect the magnetic field probe from the LabPro interface. Plug the Faraday Probe into
the LabPro interface (Appendix D). Attach the clips to the two ends of the coil and start the
FaradayPROBE program (Appendix E).

Use the magnet and the coil to make sure that the apparatus is working properly and that you are
getting appropriate potential difference graphs on the screen.

From your predictions, how many different motions did members of your group think of to induce a
potential difference across the ends of the coil? List them in your journal. Test each method and record
the results. Did any method not produce a potential difference? For each method, what factors affect
the magnitude and sign of the induced potential difference? Make sure everyone gets a chance to
manipulate the magnet and coil and control the computer.
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PROBLEM #1: MAGNETIC INDUCTION

Can you discover any methods you didn't think of earlier? What is the largest potential difference you
can generate?

CONCLUSION

How do your results compare with your predictions? Explain any differences, using pictures or
qualitative graphs where they are helpful. State clearly the physics involved .

List the important characteristics for inducing a potential difference in the coil of wire. Explain how

they are related to the magnitude and sign of the induced potential difference. How do you get the
largest potential difference?
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PROBLEM #2: MAGNETIC FLUX

You are working on a project to build a more efficient generator. A web search reveals that most existing
generators use mechanical means such as steam, water, or airflow to rotate coils of wire in a constant
magnetic field. To design the generator, you need to calculate how the potential difference generated
depends on the orientation of the coil with respect to the magnetic field. A colleague suggests you use
the concept of magnetic flux, which involves both the magnetic field strength and the orientations of the
coil and magnetic field. You decide that you need to calculate the magnetic flux through the coil as a
function of the angle between the coil and the magnetic field. To help you qualitatively check your
calculation, you use a computer simulation program. You then quantitatively test your calculation by

PROBLEM #2

MAGNETIC FLUX

modeling the situation in the laboratory.

EQUIPMENT

You will use the computer Flux Simulation (see Appendix E).

Lab VI - 4

-
r Magnetic
B Fjeld
Dir ection
[Frame's
IAr ea
Vector
[Frame |

Eye's view of flux

passing thr ough frame

Picture of Flux Simulation Screen

To make the measurement, a magnetic field sensor
(Hall probe) is placed midway between two
Helmholtz coils as shown to the right. The sensor
can be rotated about a vertical axis and the angle of
rotation measured. The sensor measures the
amount of magnetic field perpendicular to the area
of the Hall effect chip (white dot).

The magnetic field application written in
LabVIEW& will be wused to analyze the
measurements obtained with the magnetic field
sensor (HallPROBE).

Sensor

T
©

.\Helmholzf
coils

Side Yiew



PROBLEM #2: MAGNETIC FLUX

WARNING: You will be working with equipment that generates 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 power supply.

PREDICTION

Calculate the magnetic flux through an area (the frame of the simulation or the Hall effect transducer
chip for the measurement) as a function of the angle that the area makes with the direction of the
magnetic field. Use this expression to graph the magnetic flux versus angle.

In the simulation program, under what conditions will the “eye see” the most intense blue color? The
most intense red color? Will there ever be no color, or white? As the Frame is slowly rotated, will the
transitions in intensity be sudden, or gradual? Is the change in intensity linear or something else?

WARM-UP QUESTIONS

1. Draw the coil of wire at an angle to a magnetic field.

2. Draw and label a vector that you can use to keep track of the direction of the coil. The most
co