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INTRODUCTION  
 

 

Traditionally, the second semester of introductory physics is much more difficult than the first for the 

students.  Grades fall, confusion increases, and they will ask you for more help than before.  Most of this 

confusion is because the concepts covered in 1302 are more abstract than previous ones.  For example, 

this is the first time many students encounter the field concept.  This material builds on the knowledge of 

physics that students should have learned earlier.  Students’ weaknesses in their systematic problem 

solving, or comprehension of vectors, integrals, forces, and energy will become a major stumbling block.  

Furthermore, much of this material was not taught to students in high school; everything is brand new.  

The 1302 labs have been written with these concerns in mind.  The students will find problems designed 

to illustrate the necessity of connecting new ideas and techniques with ones learned previously.  

Examples from the book are actually done in lab so abstract concepts can become more concrete.  

Students will have opportunities to explore things that are unfamiliar. 

 

THE GOALS OF LAB 
 

The goal of the introductory physics labs at the University of Minnesota is to provide students with 

practice and coaching in using a logical, organized problem solving process to solve problems.  The goal 

of the labs is the same as the goal of the discussion section – to help students slowly abandon their novice 

problem-solving strategies (e.g., plug-and-chug or pattern matching) and adopt a more logical, organized 

problem-solving procedure that includes qualitative analysis of the problem.   

 

Since one reason that students cannot solve physics problems is that they have misconceptions about 

physics, a second goal is to confront some of those misconceptions in the laboratory.  The labs include 

problems that try to illuminate known misconceptions and help students connect their lab experience to 

reality – all problems begin with a context statement.  Now more than ever, the labs give the students a 

chance to learn physics in the real world.  Because your students are so unfamiliar with this material, they 

may find the labs more frustrating than usual.  This lack of familiarity coupled with misconceptions will 

often lead the students to conclude that the equipment "does not work," since it does not behave the way 

they think it should.  If you are prepared, this is the ideal teaching opportunity.  Your students will need 

you more than ever, and it is crucial that you are familiar with the equipment. 

 

The U of M problem-solving labs do not contain step-by-step instructions; students are generally told 

what to measure, but they must decide in groups how to make the measurements (guided qualitative 

exploration).  The students must also decide in their groups the details of the analysis.  At the conclusion 

of the lab session, students must determine if their own ideas (predictions) match their measurements. 

 

 

LAB SESSION STRUCTURE 
 

OPENING MOVES: 
 

Typically, the first 15-20 minutes of lab are spent preparing students for group work and focusing the lab 

session on what students should learn.  Your “opening moves” as a TA begin when you ask the members 

of each group to arrive at a consensus about one or two of the warm-up and prediction questions.  You 

should decide which warm-up questions to have students discuss and put on the board from your 

examination of the answers your students turned in before lab.  Make sure to give an explicit time limit 

for this group discussion; for most lab problems it should take no more than 5-10 minutes (however the 

discussion for more difficult problems may take longer.)   
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At the end of the group discussion time, have one representative from ach group put their group’s 

answers to the selected warm-up questions on the board.  Ask each group to give their reasons for their 

answers, and then conduct a class discussion comparing and contrasting their answers and reasons.  The 

discussion need not arrive at the correct answers to the questions.  In fact, more learning occurs in a lab 

session when there are unresolved disagreements.  Wait to resolve the disagreement in the closing 

discussion, after students have completed checking their solution. 

 

After the opening discussion, briefly discuss the measurements students will make to check their 

solutions.  It is often a good idea to ask students, “What are we trying to measure in this lab?” to get their 

mind focused on the target quantity or quantities.  This is also a good time to point out the pieces of 

equipment they will be using, or give particular instructions about the equipment.  This Instructor’s 

Guide also includes suggestions for what to discuss. For the students to get the most out of their lab 

experience: 

 

DO NOT LECTURE AT THE BEGINNING OF LAB! 

Reasons: 

 

1. There is already a lecture component of the course; lab is a time for students to apply the theories 

from their text and lecture.  Even though they are unsure of themselves and might think they 

would benefit from explanations of the material, more lecturing will not help - experience and 

coaching will.  Do not reduce the time the students need for hands-on learning activities.  If 

students have not yet attended a lecture on the material, you might need to give them helpful 

hints to get them started, but keep it short.  The lab experiences will serve as a good introduction 

to the material when it comes up in lecture.   

 

2. If you give the students the answers before they start, you are telling your students that you do 

not care about their ideas and that they should not care either.  Answer their questions only after 

they have made their best attempt to answer it themselves and within their groups.  Let them 

investigate their own ideas to find which are correct and which are misconceptions.  When they 

are cognitively engaged, they learn. 

 

3. Lecturing often places the listeners in a passive mode, but effective learning takes place in an 

active mode.  Students are in an active mode when they are doing or thinking about a specific 

problem.  Active modes are what the laboratory and discussion sections are designed to evoke. 

 

It is your responsibility to inform the professor for the course topics are not synchronized, as well as 

about any other issues involving the lab and lecture sequence.  If you notice this is the case, bring it up at 

your team meetings and respectfully request a slower pace until the lectures catch up, or discuss 

alternative methods to approaching the lab topics.  You should resist if the professor asks you to 

introduce a new topic in lab by giving students a lecture!  Another option would be to hold a problem 

solving session during lab to allow the lecture to “catch up”. 
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MIDDLE GAME: 
 

During the lab session, your role is one of observer, listener, and coach.  You should circulate around the 

room, observing what groups are doing, listening to what students are saying, and observing what the 

groups are writing in their lab journals.  Intervene when a group needs to be coached on an aspect of 

physics or the Exploration, Measurement, or Analysis procedure.   

 

It is your job as a TA to guide the lab groups and help them focus their questions.  Here's where you 

really earn your money, because it's up to you to decide when and how to help the student groups.  It is 

important that they attempt to work through the problem themselves.  However, if they struggle too 

much they will gain nothing from the lab except frustration and despair.   

 

With 10-20 minutes left of class, have a representative from each group put their group’s corrected 

answers to the warm-up questions on the board (if possible, below their original answers.) 

 

END GAME: 
 

A good end game helps students consolidate their ideas and explicitly summarizes the learning focus for 

the lab session.  Give students a few minutes to examine what other groups wrote on the board, and then 

lead a whole-class discussion of the results (how do their measurements and predictions compare?) and 

the objectives for the lab session.  Depending on time constraints, you may decide to discuss some of the 

answers to the warm-up and prediction questions.   

 

When you were an undergraduate, your laboratory instructor probably did not stop you to have a class 

discussion.  Doing this is one of the hardest things you will have to do as a TA.  You may be tempted to 

either let students keep working so that they can get as much done as possible, or let them go home early 

so they will like you better.  However, students do not learn from their laboratory experiences unless they 

are actively engaged in figuring out what they have learned. 

 

TEACHING TIPS 
 

1. Carefully tell the students what you expect of them in the laboratory and why these rules are 

necessary.  Be very strict in enforcing these rules during the first half of the semester.  It is easier 

to establish good habits in your students early in the semester than to try to establish them later.  

If you are strict and fair, your students will respect you for it.  If you do not consistently enforce 

your rules, some students will never believe anything you say.  If you have any questions about 

this concept, please talk about it to your mentor TAs. 

 

2. Always tell students explicitly that they should hand in answers to both the Predictions and 

Warm-up questions for the problem(s) that you assign before they come to lab.  The deadline for 

handing them in will be decided in your teaching team – it is usually 1or 2 days before the lab 

session.  Make sure the students understand that the Warm-up questions are there to help guide them 

through the analysis, as well as to help them solve the problem  

 

3. It is well known that students do not like to read instructions.  They will come to you and ask 

questions that are answered in the lab manual.  If this happens, first ask the student a question to 
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determine if they have read the manual.  If not, refer them back to the manual.  If they have, give 

them a straightforward answer. 

 

4. Tell the students what resources are available to them and encourage them to go to the tutor 

room 230 if they have any questions.  The student lab manual has plenty of information in the 

Appendices.  For example, there are sample lab reports (do not assign these problems for 

reports!) 

 

 

SAFETY 
 

Your students’ safety is your primary responsibility.  For example, if a group blows a 10A fuse they have 

done something potentially dangerous.  You must check what they are doing and inspect the circuits they 

have built before replacing the fuse. 

 

A first aid kit is available in room 135.   

 

EQUIPMENT 
 

The batteries run down quickly.  Make sure you check the batteries before your students enter the room.  

Students will grow despondent if they are stuck doing a lab with dead batteries.  The fastest way to check 

a battery is to see if it will light a bulb brightly.  Dispose of light bulbs that are burned out. 

 

Discharge all capacitors before students enter the room, as they can create a mild shock and spark.  To 

discharge a capacitor, use a wire with banana plugs to briefly connect both terminals of the capacitor 

(never grasp a wire by its metal end!) 

 

Check all of the DMMs before your students enter the room.  Spare DMMs are located in closet #8 

(across from room 233).  It is you responsibility to make sure that your students’ equipment works.  

Nothing is more frustrating for students than trying to start a lab with equipment that does not work. 

 

If there is any bad, broken, or erratic equipment send, send a report to labhelp@physics.umn.edu.    Be 

sure to include a complete description of the problem, and the room number.  If the problem isn’t fixed 

immediately, make a note on the blackboard to inform the next TA of the problem, and that a problem 

report form has already been submitted. 

 

Remove any broken equipment from the student lab stations to the  front lab table immediately: 

students are less respectful towards equipment that they don’t see working well. 

 

USING THIS INSTRUCTOR’S GUIDE 
 

This instructor’s guide is designed to help you help your students, make sure you: 

 

    

It is important to verbally warn students about potential dangers.  The lab manual and 

this guide provide warnings, which are marked with a symbol of a hand with one finger 

raised in warning, as seen to the left.  
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1. Don't rely on it too much.  It is only a guide, not a substitute, for preparation.  Make sure you 

prepare to teach the lab as if you didn't have this manual. 

2. Don't let students have access to it.  It's basically like having a solution manual for textbook 

problems.  It can short circuit the learning process. 

 

We are continually working to improve the instructor's guide.  To add any suggestions, you should write 

down notes and suggestions and give them to the lab coordinator.   You might want to use the TA Lab 

Evaluation form found at the end of the Instructor’s Guide.  You can also email the information to 

labhelp@physics.umn.edu.  

 

Information from previous laboratory instructors was used to construct this guide as well as modify this 

year’s student lab manuals.  Your input is greatly appreciated.  Include anything that you feel will be 

useful.  Your notes may include additional comments to be included in the Instructor's Guide, difficulties 

you or your students had with the problems or the apparatus, and suggestions for changes in the labs. 

 

At the start of each chapter in this guide is a flow chart that shows the connections between the different 

problems in that lab.  This chart is designed to help you plan your lessons.  The elements of the flow 

charts have the following definitions: 

 

 Bold ovals with stars are the problems that contain knowledge and techniques that are prerequisites 

to other problems.  It is strongly suggested students be required to do these problems. 

 The arrows on the connecting lines are directional symbols. 

 Dashed lines are optional paths. 

 The X across a connecting line implies that if a group has completed one of the problems, that group 

should skip the other problem.  

 Any one group can do any number of problems on the same level. 

 

You can expect your average groups to complete about 2 problems per week. 
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Laboratory 1:  Electric Fields and Forces 

 

The flow chart for the sequence of problems is shown below. 

 

Prob. # 1

Prob. # 2

Prob. # 3

Prob. # 4

Prob. # 5 Prob. # 6

 
 

You can d o the first flow chart tree for the first week and  the other tree for the next week depending on 

how your team wants to p roceed .  It is useful to d o Problem #3 before Problems #5 or #6.  You d o not 

need  to do Problem #3 to d o Problem #4. 

 

Many of the problems d one is this lab will be repeated  in Lab 5 with magnetic fields.  

 

 WARNING  

 

Your students will be working with electrical equipment that generates large voltages.  Improper use 

can cause painful burns.  To avoid  danger, make sure that they know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires 

are d isconnected  from or connected  to a power supply; they must never touch the conducting metal 

of any wire. 

Things your students should know by the end of this lab 

 Determine qualitatively where the electric field will be “strong” and “weak” in a charge 

distribution. 

 Be able to construct the electric field based on the geometry of charged objects. 

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

Things to check out before teaching the lab 

 Hook up the conductive paper set up to verify that it works. 

 Make sure you know how to connect the CRT safely (see manual appendix for detailed 

instructions). 

 Move the CRT around to see the effect of the earth's magnetic field. 

 Try deflecting the beam in the CRT by changing the electric field between the parallel plates. 

 Make sure all of the batteries are all right just before your lab.  That means testing that you can 

draw current from the battery. 

Things to Do the First Day  

 Divide students into groups and explain group roles 

 Show the students the introduction and different appendices in the lab manual.  

 

9



Lab 1 Problem #1:  Electric Field Vectors 

 

Problem 
Draw a vector electric field  map for a positive point charge, a negative point charge, and  an electric 

d ipole. 

 

Purpose 
 To show the students an example of a field  (in this case an electric field ).  To emphasize that a field  

has a magnitude and  d irection at every point in space. 

 To develop skills with the Electrostatics 3D  simulation needed  for the rest of the course. 

 

Equipment 
Electrostatics 3D  computer program  

 

Teaching tips 
1.  The lab instructions use the term map to describe either a measurement or a pred iction of the electric 

field  at selected  points in space.  For each point there can be only one electric field  vector .  

  

2.  Be sure that the students primarily (or exclusively) pay attention to the electric field  vector capabilities 

of Electrostatics 3D .  During the course of evaluating the electric field  vectors, students will be forced  

to confront field  lines.  Field  lines can be particularly confusing for students. The d ifferences between 

electric field  lines and  field  vectors should  be d iscussed  thoroughly. (What the students see in the 

textbook are field  lines. What we are emphasizing in this problem are field  vectors, though they need  

to know the d ifferences.) 

                                 

                                                                                          P  

                                                                                             

                                                                                       

             Field  line                                                  Field  vector      

 

Difficulties and Alternative Conceptions 
The field  concept is a d ifficult abstraction for most students.  It is d ifficult to envision that every point in 

space near a charge has a p roperty called  an electric field , which is affected  by that  charge.  Many student 

misconceptions come from their interpretation of pictures of field  lines.  Many think that something is 

coming out of a charge, which exerts a force on another charge by “grabbing” it or “pushing” it away. 

Many students will d raw pictures of electric field  lines from the textbook, especially for the case of the 

electric d ipole, without any knowledge of what these lines represent.  If they do this, ask them what these 

lines correspond  to, how d o they show the strength and  d irection of the field  at each point?  Remind  them 

that field  vectors (which were requested  in the question, and  which d o show the magnitude and  d irection 

of the field ) must be represented  by straight-line arrows.  

 

Another misconception is that the electric field  is n ot necessarily unique at a point.  For example, many 

students will represent the electric field  caused  by a point charge with several electric field  vectors, at the 

location of the charge, pointing out in all d irections. 

 

The field  idea that objects interact with space and  not with each other is a d ifficult one to understand .  

This is not a strict Newtonian view of the world .  For example, Newton’s 3rd  law, with which they had  so 

much trouble at the beginning of the course, no longer applies in a straightfo rward  manner. 

 

Some have d ifficulty in d rawing a vector at a certain point properly; instead  of beginning the vector from 

P (test charge) they end  the vector at the test charge. 
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                                        P                                                            P 

 

 

 

  Incorrect     Correct 

 

 

Prediction 
Make sure that field  vectors go from positive to negative.  Make sure no field  vectors originate from a point 

charge.  Remember there can only be one field  vector at each point in space.  The electric field  at a point 

charge is undefined . 

 

Warm-up Questions 
Below is a picture of a d ipole field  d rawn by Electrostatics 3D .  The field  lines were inserted  using the 

Manual E Lines option und er the Field menu.  When set to Manual E Lines, the cursor is represented  by a + 

on the screen denoting that point in space with a d ark green field  vector d isplayed  and  two light green 

vectors representing the partial field  from each respective charge.  You’ll notice that each of the light green 

vectors always goes toward s negative charges and  away from positive charges.   
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Lab 1 Problem #2:  The Electric Field from Two Point Charges 

Problem 
Find  the vector field  pattern produced  by the tips of two metal rods with opposite charges in contact with 

conductive paper. 

 

Purpose 
 To show students the electric field  is a plausible theory for describing the space around  electric 

charges in the real world .  Remember, exploration with the cond uctive paper (real world) is done to 

evaluate the correctness of the program Electrostatics 3D (theoretical construct).    

 To emphasize that the electric field  at a point in space caused  by a group  of charged  objects is the 

vector sum of the electric fields at that point from each charged  object.  

 

Equipment:  DMM, pin-tip  probe, banana cables, wood  block, brass rods, alligator clips, conductive 

paper, 6V battery, masking tape, grey supports for brass rods. 

 

 
 

NOTE: The photo shows a block resting on top of the rods, although this is not mentioned  in the lab 

manual. This is recommended  for consistency of data. It was found  that the numerical results are 

sensitive to the pressure with which the rod s push d own on the pa per, and  that if they are not weighed  

down the voltage values can vary by as much as 20% over time. It is also recommended  to place a few 

sheets of paper under the conductive paper. Also make sure that your students push the probes down 

firmly. 
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Teaching tips 
1. This problem has a dual purpose: to familiarize the students with the field  probe, and  to give 

experience using the “field” concept.  This charge configuration was selected  since it is in the 

textbook, so the student should  know what results to expect. 

2. If your students do not know how to measure potential d ifference or current, refer them to the lab 

manual equipment append ix. 

3.  In mapping the electric field  between the tips of the two rod s, the students are asked  to use the field  

probe connected  to the DMM set to volts.  At this point, the students wil l not have been introduced  to 

the ideas of voltage or potential.  DO NOT attempt to explain these concepts to them, since this is 

likely to be confusing, and  is not necessary in order to do the lab.  Just tell your students that the 

DMM read ing shows the maximum value when the probe is aligned  parallel to the electric field , and  

that this read ing is proportional to the electric field  at each point. The numerical values do not give a 

3
1

r  result.  This is not the field  in free space.  This is why we do not ask the student to quantitatively 

pred ict the results.  The emphasis of this lab is the field concept  and  its qualitat ive behavior. 

4. Batteries should  be used  for this exercise.   Make sure you check out all of the batteries before the 

beginning of class.  If too many batteries are dead , the Sorensen power supplies are OK.  Any 

voltage higher than 16V is NOT OK.  Remember that power supplies are potentially dangerous 

pieces of electrical equipment.  If you use them be sure you  instruct your students in the ir safe use.  

Remember you are always responsible for your students’ safety .  Put the bad  batteries on the front 

table and  mark them as BAD with masking tape.   

5. As mentioned  above, have your students put a few sheets of paper under the conductive paper and  

weigh down the rods with a block to ensure a good  consistent contact.  Make sure they push the 

probe down firmly. 

6. If students are registering read ings with large fluctuations, have them switch DMMs.  If the 

fluctuations are small, have them decide on a consistent way to pick a value and  choose uncertainty 

limits. 

 

Difficulties and Alternative Conceptions of Students 
 Many student misconceptions come from their interpretation of pictures of field  lines.  Many think 

that something is coming out of a charge, w hich exerts a force on another charge by “grabbing” it or 

“pushing” it away. Many students will d raw pictures of electric field  lines from the textbook, 

especially for the case of the electric d ipole, without any knowledge of what these lines represent.  I f 

they d o this, ask them what these lines correspond  to, how d o they show the strength and  d irection 

of the field  at each point?  Remind  them that field  vectors (which were requested  in the question, and  

which do show the magnitude and  d irection of the fie ld ) must be represented  by straight-line arrows.  

 Another misconception is that the electric field  is not necessarily unique at a point.  For example, 

many students will represent the electric field  caused  by a point charge with several electric field  

vectors, at the location of the charge, pointing out in all d irections. 

 The idea that objects d o not interact d irectly with each other but rather through an intermediate agent 

(the field ) is a d ifficult one to understand .  This is not a strict Newtonian view o f the world .  For 

example, the 3rd  law, with which they had  so much trouble at the beginning of the course, no longer 

applies in a straight forward  manner. 

 

Prediction 
Make sure that field  vectors go from positive to negative.  Make sure no field  vectors originate from a point 

charge.  Remember there can only be one field  vector at each point in space.  The electric field  at a point 

charge is undefined . 

 

Warm-up Questions 
Below is a picture of a d ipole field  d rawn by Electrostatics 3D .  The field  lines were inserted  using the 

Manual E Lines option und er the Field menu.  When set to Manual E Lines, the cursor is represented  by a + 
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on the screen denoting that point in space with a d ark green field  vector d isplayed  and  two light green 

vectors representing the partial field  from each respective charge.  You’ll notice that each of the light green 

vectors always goes toward s negative charges and  away from positive charges.   

 
 
Data 
Below is a copy of some raw data taken using the teaching tips.  The numbers are in mV.  As can be seen, 

the data d isplay the appropriate symmetries to within roughly 10%.  The arrows below aren’t true vectors, 

the magnitude isn’t representative of the strength recorded . 
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Lab 1 Problem #3:  Gravitational Force on the Electron 

Problem 
Calcu late how far an electron falls during its flight within a CRT as a function of the angle of incline of 

the CRT from the horizontal. 

 

Purpose 
 To remind  the students that they can determine an electron’s motion using the familiar concepts of 

forces and  kinematics.   

 To show the students that the gravitational acceleration has a very small effect when the electron is 

moving very fast.   

 To show students that a new force (the magnetic force) can be d iscovered  using basic physics.  This 

unknown force can add  some interest and  specu lation while preparing students for the magnetic 

field , which will be introd uced  later.  There is no need  to mention that  this new force is a magnetic 

force, just that this is something new that is outside of what they have learned  so far.  

 

Equipment:  CRT, CRT power supply, meter stick, 18V/ 5amp power supply or 6V battery, banana 

cables, sheathed  banana cables for the high voltage connections. 

 
 

 WARNING  

 

Your students w ill be working with electrical equipment that generates large voltages.  Improper use 

can cause painful burns.  To avoid  danger, make sure that they know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires 

are d isconnected  from or connected  to a power supply; they must never touch  the conducting metal of 

any wire. 
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Teaching tips 

1. The deflection in the tube from the gravitational field  of the Earth is on the order of 10-13 mm.  This 

obviously is not observable, but have your students move the CRTs anyway.  We want the students 

to recognize that the electric force (and  magnetic force) is much greater than the gravitational force.  

This is hard  for some students to really believe since the gravitational force is the main force they deal 

with in everyday life.  When they see a deflection due to the magnetic field  of the Earth, they may not 

believe their calculation or may decide that the apparatus “does not work.”  Such re sponses are 

“unscientific,” and  prevent intellectual growth.  Stud ents w ill need  your help wrestling with both 

these issues. 

2. Make sure you do not let students come away with the misconception that the gravitational 

deflection is small due to the small mass of the electron.  Remind  them that a large mass and  a small 

mass when dropped  hit the ground  at the same time.  Have them consider how fast the electron is 

moving and  what d istance it travels in this time. 

3. The pertinent d imensions of the CRT are in the manual Equipment appendix. 

4. The retractable banana leads are to be used  ONLY for the connections between the Cathode, Anode 

and  the power supply.  DO NOT use them with the DMM's, the Heater, or the x-y deflections.  The 

retractable banana lead s are there for SAFETY REASONS to prevent someone from getting zapped  

by the +/ - 250 V and  +/ - 125 V supplies!  

5. If a student does not get the green d ot on the CRT screen, check that the heater is working (you 'll see 

a dull orange glow).  If the heater is working the accelerating  field  may be backwards (actually 

stopping the electrons.)  Try switching the anode and  cathode potentials around .   Often the CRT 

bulbs become loose, slight pressure on the bu lb to push it back into the socket can fix the problem.   If 

the heater is out, p lease send  a report to LabHelp @physics.umn.edu  immediately. 

6. When the tube is moved  from a horizontal position (maximum deflection) to vertical (zero deflection) 

the beam spot w ill visibly move perpendicular to the expected  deflection.  This is due to the Earth's 

magnetic field .  It is this d iscrepant event that we want the students to observe.  Do not lecture on 

the Earth's magnetic field before class or there will be no point in doing this lab .  Save any 

comments until the end  of lab.  Here we simply want to raise the ques tion of an "unknown" force and  

its property.  For now let your students have the fun of thinking about what it could  be.  They should 

be able to determine, w ith your help, that the “unknown” force does not have the properties of the 

gravitational force. At the end  of the lab, lead  a d iscussion to get their ideas but don’t steal their 

opportunity to really apply physics and  make a d iscovery on their own by telling them the answer.  

You should  return to this observation later in the course when we are investigating magnetic fields. 

7. Remember that Minneapolis is not at the equator, so the earth’s magnetic field  has a large vertical 

component.  The net field  is not restricted  to the horizontal north - south d irection. 

8. The CENCO CRT power supply high-voltage terminals can really give a nasty shock, and  even burn 

you.  We have had  a few students injured .  It could  kill a student w ith an undetected  heart condition.  

Tell your students to: NEVER CHANGE CONNECTIONS UNLESS THE POWER SUPPLY IS 

TURNED OFF and  NEVER USE MORE THAN ONE HAND WHEN CHANGING 

CONNECTIONS. 

9. Make sure they obey the cautions in the lab manual.  Go over this in your introduction .  You are 

responsible for your students’ safety. 

10. Here are some fund amental constants pertinent to this lab. 

me = 9.11 x 10–31 kg ,   qe = −1.60 x 10-19 C ,   1eV = 1.6022 x 10-19 J . 

11. A 500eV electron has a speed  of 1.32 x 107 m/ s (about 4.4% the speed  of light). 

 

Difficulties and Alternative Conceptions 
Students have d ifficulty believing that the gravitational force is so much smaller than the electromagnetic 

force. 
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Faced  with a d iscrepancy between pred iction and  experiment, students are most likely to think there is 

something wrong with the equipment, they made a mistake in the calculation, or the physics they are 

using doesn’t really apply.  Sometimes there are d ifficulties, which need  to be checked , but your students 

also need  to gain confidence that they know what they are d oing, that they can determine when 

something new and  unexpected  is happening.  This is such an opportu nity. 

 

Prediction 

cos
4

2

acce

tote

Vq

gDm
y   = 2.6 x 10-16 m  (calcu lated  with V

acc
 
 
= 500V), 

where D
tot

 = 9.6 cm, the d istance from the accelerating plates to the screen, m
e
 is the mass of the electron, 

q
e
 is the charge of the electron, Vacc  = 500 V, the accelerating voltage, and    is the angle the CRT makes 

with the horizontal. 

 

Note:  The case of a general angle of inclination, , as given above, is slightly complicated , as some 

approximations need  to be made, namely, that the gravitationa l deflection in the accelerating plates is 

negligible compared  to the deflection outside of it. 

 

Warm-up Questions 
Make sure your students put in the numbers and  calculate a value for the deflection due to gravity.  Few 

will pred ict how absurd ly small this d istance really is.   

 

Data 
The data appended  below shows the d isplacement of the electron beam as a function of the angle to the 

horizontal.  The CRT was facing south at the time. 

 

Angle cos(theta) x-displacement

0 1.000 0

15 0.966 0.1

30 0.866 0.2

45 0.707 0.3

60 0.500 0.6

75 0.259 0.8

90 0.000 1.2

As can be seen, the displacement clearly does not have the same 

form as that for gravity, which has cosine theta dependence.                       
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Lab 1 Problem #4:  Deflection of an Electron Beam by an Electric Field 

Problem: 
Find  the deflection of an electron beam in a CRT as a function of an electr ic field  oriented  perpendicular 

to the initial velocity extending for a portion of the electrons’ path.  

 

Purpose: 
To have students recognize that we are giving them a projectile motion problem where the force involved  

is created  by an electric field  instead  of the gravitational field .  

 

Equipment:  CRT, CRT power supply, meter stick, 18V/ 5amp power supply or 6V battery, banana 

cables and  sheathed  banana cables.  Note: the 0-5 volt DC on the CRT supply should be avoided, the signal can 

be noisy.   

 
 

 WARNING  

 

Your students w ill be working with electrical equipment that generates large voltages.  Improper 

use can cause painful burns.  To avoid  d anger, make sure that they know the safe way to operate 

the equipment: the power must be turned  OFF and  they must wait at least one minute before any 

wires are d isconnected  from or connected  to a power supply; they must never touch the conducting 

metal of any wire. 

 

Teaching tips  

1. If the students haven't been introduced  to potentials yet, don’t bring it up.  Do not lecture about 

potentials. 
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2. The students must keep their CRT pointing in the same d irection for all measurements.  The earth’s 

magnetic field  will d isplace the beam d ifferently for d ifferent orientations.  

3. If you look at a CRT that’s been broken open, the deflection p lates do not have a uniform separation 

distance, i.e. they are BENT.  This was taken into account by find ing the effective length of the plates 

based  on the plate separation.   Your students d o not have to account for this bend .  The necessary 

measurements are in the manual Equipment appendix. 

4. Be sure to warn your students of the danger when connecting the high voltage l eads. 

5.  Explain the relative d isplacements to your students if they find  the electron beams are not located  at 

the origin of the coord inates without applying any deflection potential.   

6.    Ask your students to look up the parameters of CRT in the manual Equipment appendix. 

 

Difficulties and Alternative Conceptions 
Many of the misconceptions about projectile motion will reoccur.  Some stud ents still do not really 

believe in the independence of perpendicu lar components of motion or in the vector nature of forces .  

Many students do not believe that there is an electrostatic force on the electron only in the region of 

electric field .  Some students will not have a parabolic trajectory in the region of constant force and  

straight line motion in the region where there is no force.  This is an excellent problem to determine what 

parts of mechanics you must work on with each student.  

 

Prediction  

Deflection is expected  to change linearly with the applied  electric field . 

 

Warm-up Questions 
The total deflection is gained  in two regions of the CRT.  First, the deflection is caused  by the electric field  

between the p lates; the rest of the deflection occurs after the electrons leave the p lates and  continue along 

a straight line path until they hit the screen. 

The final result for the deflection is shown next. 

 

  ,2
2 accVLDLEDeflectionTotal 

 
 

where E is the applied  electric field , Vacc is the accelerating potential, L is the length of each plate, and  D 

is the d istance from the p lates to the screen.  Remember that the app lied  electric field  is found  from 

,SVE x where V
x
 is the potential across the deflection p lates, and  S is the separation of the deflection 

plates.  It’s interesting to note that the result is independent of the mass and  charge of the electron.  In the 

lab summary you might conduct a d iscussion on why that might be reasonable.  
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Data 
All d istances are given in centimeters. 

 

 
voltage deflection

0.00 0.000

0.50 0.050

1.00 0.112

1.50 0.158

2.00 0.224

2.50 0.269

3.00 0.316

3.50 0.381

4.00 0.474

4.50 0.522

5.00 0.585

D = 7.4 cm

L = 2 cm

S = 0.3 cm

V = 250 cm

From App D:

Deflection as a function of Voltage

y = 0.1156x - 0.0094
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Lab 1 Problem #5:  Deflection of an Electron Beam and Velocity 

Problem: 
Find  the deflection of an electron beam in a CRT as a function of the initial velocity of the electrons, given 

an electric field  oriented  perpendicular to the initial velocity extending for a portion of the electrons’ path. 

 

Purpose: 
To show the students how the deflection of the beam is affected  by the initial velocity of the electron.  

 

Equipment:  CRT, CRT power supply, meter stick, 18V/ 5amp power supply or 6V battery, banana 

cables, sheathed  banana cables.  Note: the 0-5 volt DC on the CRT supply should  be avoided , the signal 

can be noisy.   

 
 

 

WARNING 

Your students will be working with electrical equipment that generates large voltages.  Improper use 

can cause painful burns.  To avoid  d anger, make sure that they know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires are 

d isconnected  from or connected  to a power supply; they must never touch the conducting metal of any 

wire. 

 

Teaching Tips 
1.  An analogy, which might be useful in your summary d iscussion, is to consid er three people aiming 

projectiles at the same target.  One fires a bullet, the other shoots an arrow, the third  throws a baseball.  If 

all aim straight for the target, which one will be furthest from the mark? 
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2.  This is the problem where students have been hurt changing the high -voltage connections.  Make sure 

you warn your students of the danger. 

3.  The following are for your reference values (make your students figure these out themselves!). 

 

 

 

 

 

4.  The 500eV electron has  = 1.001, so relativity isn’t a factor here.  

5.  You  can refer your stud ents back to Lab 1 Problem #4.  Ask them why there isn't a deflection from the 

gravitational force.  This p roblem should  help  them realize how the deflection over a fixed  d istance 

depends both on the magnitude of the app lied  force and  the speed  of the object.  

 

Major Alternative Conceptions  

Many of the misconceptions about projectile motion will reoccur.  Some stud ents still do not really 

believe in the independence of perpendicu lar components of motion or in the vector nature of forces.  

Many students do not believe that there is a force on the electron only in the region of electric field .  Some 

students will not have a parabolic trajectory in the region of constant force and  straight-line motion in the 

region where there is no force.  This is an excellent problem to determine what parts of mechanics you  

must work on with each student. 

 

Prediction 
Deflection is inversely proportional to accelerating voltage, and  hence increases as the initial velocity 

decreases. 

 

Warm-up Questions 
The total deflection is gained  in two regions of the CRT.  First, the deflection is caused  by the electric field  

between the p lates; the rest of the deflection occurs after the electrons leave the p lates and  continue along 

a straight line path until they hit the screen. 

The final result for the deflection is shown next. 

  ,2
2 accVLDLEDeflectionTotal   

where E is the applied  electric field , Vacc is the accelerating potential, L is the length of each plate, and  D 

is the d istance from the p lates to the screen.  Remember that the app lied  electric field  is found  from 

,SVE x where V
x
 is the potential across the deflection p lates, and  S is the separation of the deflection 

plates.  It’s interesting to note that the result is independent of the mass and  charge of the electron.  In the 

lab summary you might conduct a d iscussion on why that might be reasonable.  

 

  

A 250eV electron has a speed  of 9.37 x 10
6
 m/ s [ = 0.0312] 

A 375eV electron has a speed  of 1.15 x 10
7
 m/ s [ = 0.0383] 

A 500eV electron has a speed  of 1.33 x 10
7
 m/ s [ = 0.0443] 
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Data 
voltage V^-1 displacement D = 7.4 cm

250 0.0040 0.63 L = 2 cm

375 0.0027 0.40 S = 0.3 cm

500 0.0020 0.28 V = 5.58 cm

This is a linearized plot of the displacement as a function of accelereating potential

Displacement vs. Acc. V^-1 y = 175.84x - 0.0696

R
2
 = 0.9996

0.00
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c
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Laboratory 2:  Electric Fields and Electric Potentials 

 

 

The flow chart for the sequence of problems in this lab is shown below. 

Prob. #1

Prob. #3

Prob. #2

Prob. #4

 

Teaching Tips 
 The Electrostatics 3D program gives students the actual predicted value for an electric field at given 

vector positions.  Students will need to record data provided by the program into tables of field, 

potential and position data.  For some problems, it might also be helpful to use a protractor to record 

angles of the vectors being analyzed.   

Things your students should be able to do by the end of this lab  

 Calculate the electric field and electric potential at points near a single point charge. 

 Use the principle of superposition to calculate the electric field and electric potential at points near 

multiple point charges. 

 Add vectors to calculate the above. 

 Use integration to calculate the electric field and electric potential near a uniform line of charge. 

 Understand the relationship between electric field and electric potential. 
 

Things to check out before teaching the lab  

 Make sure that you understand how to use the Electrostatics 3D program to construct simple charge 

configurations and measure the electric potential and electric field at various points around the 

charge configuration. 
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Lab 2 Problem #1: The Electric Field from Multiple Point Charges 

Problem 
Find  the electric field  at the corner of the square made of charged  point objects. 

 

Purpose 
 To give students practice quantitatively calculating the electric field  due to increasingly complex 

charge configurations. 

 To emphasize that the electric field  at a point in space caused  by a group  of charged  objects is the 

vector sum of the electric fields at that point due to each charged  object.  

 

Teaching Tips 
1. Students should  focus on the electric field  vector capabilities of Electrostatics 3D. 

2. Make sure that your students pick appropriate charge magnitudes and  d istances for these problems.   

If the resulting electric field  vector is too short it may be d ifficult to measure (angles) accurately.   

3. To get accurate measurements students should  pay attention to the position data d isplayed  along the 

bottom of the workspace. 

Difficulties and Alternative Conceptions  

 Many students will still not understand  what electric field  vectors are and  why physicists are so 

interested  in them. 

 The idea of superposition is also a d ifficult one.  Make sure that when your students solve these 

problems they have appropriately d rawn vectors at the point where they are calculating the electric 

field .  It can also be helpfu l to have the students bu ild  up the charg e configuration one charge at a 

time and  watch how the electric field  changes. 

 Many students do not und erstand  the meaning of charge density.  This will be an important concep t 

for the rest of the semester so it is helpful if they learn it now.  Problem #4 should  help them with this 

by treating closely spaced  d iscrete charges as a uniform line of charge.  The d ifference between these 

might be a useful part of a closing d iscussion. 

 

Prediction 

 

The d irection of the electric field , E, at the fourth 

corner of the square is, as shown in the d iagram, 

d irected  towards the corner of the square where 

the positive charge is located .  The magnitude of 

the electric field  at this point is: 

 











6

1
2

2d

qk
E e
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Sample Simulation  
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Lab 2 Problem #2: The Electric Field from a Line of Charge 

 

Problem: Find  the electric field  due to a continuous charged  d istribution. 
 

Purpose 
 To give students practice quantitatively calculating the electric field  due to increasingly complex 

charge configurations. 

 To emphasize that the electric field  at a point in space caused  by a group  of charged  objects is the 

vector sum of the electric fields at that point due to each charged  object.  

 

Teaching Tips 
1. Students should  only use the electric field  vector capabilities of Electrostatics 3D. 

2. Make sure that your students pick appropriate charge magnitudes and  d istances for these problems.  

The students are asked  to create a line of charge out of ind ividual charges AND out of a uniform line 

of charge with a known charge density.    

 

Difficulties and Alternative Conceptions 
 Many students will still not understand  what electric field  vectors are and  why physicists are so 

interested  in them. 

 The idea of superposition is also a d ifficult one.  Make sure that when your students solve these 

problems they have appropriately d rawn vectors at the point where they are calculating the electric 

field .  It can also be helpful to have the students place an electric field  vector at a point on the screen 

and  then build  up the charge configuration one charge at a time and  watch how th e electric field  

changes.  Students will need  to continually place the cursor in the same region to evaluate this 

progression. 

 Many students do not und erstand  the meaning of charge density.  This will be an important concep t 

for the rest of the semester so it is helpful if they learn it now.  Problem #4 should  help them with this 

by treating closely spaced  d iscrete charges as a uniform line of charge.  The d ifference between these 

might be a useful part of a closing d iscussion. 

 

Prediction 
Make sure that your students d o not think that the line of charge is infinitely long.  A pred iction of an 

infinitely long line of charge gives a slightly larger value for the electric field  than the measured  value for 

the finite line of charge.   

 

 

The magnitudes of the electric fields at the two 

d ifferent points are given by: 
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1-For any integration, stud ents can use http:/ / integrals.wolfram.com  

2- In this problem, one has to evaluate the following integral.  

.
3 r

dx
I  

In order to do that, we define tanyx  ,  so that 



2cos

d
ydx  .  Then 
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Sample Simulation Data:   
(each field  vector is 1cm above a 3cm long line of charge with a density of  3 µC/ cm ) 
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Lab 2 Problem #3: The Electric Potential from Multiple Point Charges 

 

Problem 
Find  the electric potential at the corner of a square made of charged  point objects. 

 

Purpose 
 To give students practice quantitatively calculating the electric potential d ue to increasingly complex 

charge configurations. 

 To emphasize that the electric potential at a point in space caused  by a group of charged  objects is the 

sum of the electric potentials at that point due to each charged  object.  

 

Teaching Tips 
1. The students should  focus on the electric potential capabilities of Electrostatics 3D. 

2. Make sure that your students pick appropriate charge magnitudes and  d istances for these problems.  

3. When talking about electric potential it is often useful to make an analogy between electric potential 

energy and  gravitational potential energy. 

 

Difficulties and Alternative Conceptions 
 The idea of electric potential is similar to the idea of electric field  in that every point in space has 

this quality called  electric potential even when there is no physical object there. 

 There are several d ifferences between the electric field  and  electric potential that students often 

don’t understand .  One is that the electric field  is a vector while the electric potential is a scalar.  

Many students w ill try to find  components of the electric potential and  add  these together to find 

the total potential.  The other is that the electric field  can be measured  at only one point in space 

whereas the electric potential is really an electric potential d ifference between two points in 

space.  Be sure to reinforce this idea of potential d ifference by asking students to tell you where 

the second  (reference) point is that corresponds to their measured  (or calcu lated) potential 

d ifference. 

 

Predictions 

 

 

 

 

The electric potential at the fourth corner of 

the square is given by: 

 

 212
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Sample Simulation 
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Lab 2 Problem # 4: The Electric Potential from a line of Charge 

 

Problem 
Find  the electric potential for a continuous charge d istribution. 

 

Purpose 
 To give students practice quantitatively calculating the electric potential d ue to increasingly complex 

charge configurations. 

 To emphasize that the electric potential at a point in space caused  by a group of charged  objects is the 

sum of the electric potentials at that point due to each charged  object.  

 

Teaching Tips 
1. The students should  focus on the electric potential capabilities of Electrostatics 3D. 

2. Make sure that your students pick appropriate charge magnitudes and  d istances for these problems.  

3. When talking about electric potential it is often useful to make an ana logy between electric potential 

energy and  gravitational potential energy. 

 

Difficulties and Alternative Conceptions 
 The idea of electric potential is similar to the idea of electric field  in that every point in space has 

this quality called  electric potential even when there is no physical object there.  

 There are several d ifferences between the electric field  and  electric potential that  students often 

don’t understand .  One is that the electric field  is a vector while the electric potential is a scalar.  

Many students w ill try to find  components of the electric potential and  add  these together to find 

the total potential.  The other is that the electric field  can be measured  at only one point in space 

whereas the electric potential is really an electric potential d ifference between two points in 

space.  Be sure to reinforce this idea of potential d ifference by asking students to tell you where 

the second  (reference) point is that corresponds to their measured  (or calcu lated) potential 

d ifference. 

 

Predictions 
Make sure that your students do not think that the line of charge is infinitely long.  A pred iction of an 

infinitely long line of charge gives a slightly larger value for the electric potential than the measured  value 

for the finite line of charge.  

 

 

 

The electric potentials at the two d ifferent 

points are given by: 
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1-For any integration, stud ent can use http:/ / integrals.wolfram.com  

2-In this problem, one has to evaluate the following integral.  
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 In order to do that, we define tanax  ,  so that 
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The result takes a compact form if we introduce a d imensionless parameter. 
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3-Alternatively, one can look at the derivative of  22ln)( axxxf   to determine the integrand  and  

evaluate the integral. 
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Sample  Simulation Data: 
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Laboratory 3:  Electric Energy and Capacitors 

 

 

The flow chart for the sequence of problems is shown below. 

 

 
 

 WARNING 

 

A charged  capacitor can d ischarge quickly producing a painful spark.  Make sure your students know 

the safe way to handle capacitors: they must never handle the capacitors by electrical leads or by metal 

ends of connected wires; they must discharge a capacitor as soon as they are finished using it. 

 

Things your students should know by the end of this lab 

 How to calculate the energy stored  in a capacitor or group of capacitors.  

 The time that is takes a capacitor to fu lly charge or d ischarge is d irectly proportional to its 

capacitance (this is the idea of the capacitive time constant, RC, which students learn from their text.) 

 

Things to check out before teaching the lab  
 Check that all capacitors are d ischarged  prior to the beginning of lab.  

 Check that all batteries still work, i.e. produce 6 V and  a reasonable current.  
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Lab 3 Problem #1:  Electrical and Mechanical Energy 

Problem: Find  the d istance a weight is pulled  against gravity by a motor powered  by a capacitor as 

a function of the capacitance.    
 

Purpose: To show students that capacitors store energy and  that this stored  energy can be used  to 

do mechanical work. 
 

Equipment:   9v electric motor, set of capacitors, 18volt power supply, string, rod , rod  to rod  clamp, 

table clamp, three-prong clamp and  mass hanger  

 
 

 WARNING 

 

A charged  capacitor can d ischarge quickly producing a painful spark .  Make sure your students 

know the safe way to hand le capacitors: they must never handle the capacitors by electrical 

leads or by metal ends of connected wires ; they must discharge a capacitor as soon 

as they are finished using it. 
 

Teaching Tips 
1. Make sure students observe the correct polarity when connecting a capacitor to a battery:  + to + and   

− to −, or the capacitors will be damaged  (the real capacitance may depart from the listed  value).  

2. The capacitance is written on the side of the capacitors.  All values are in microfarads.  You may need  

to point these numbers out to students, as they are d ifficult to find  on some capacitors.  

3. For safety reasons, be sure that all of the capacitors are d ischarged  before your students enter the lab. 
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4. The energy efficiency of this energy transfer is about 5% — about 5% of the energy stored  in the 

capacitor is transferred  into mechanical work to pull the weight.  This is relatively constant over the 

range of capacitances used  in the lab. 

5. The weight must be chosen so that the d istance it lifts is neither too small nor too large for each setup . 

6. A good  problem for the students to solve is the effective efficiency of the motor, as stated  in the 

conclusion section. 

7. The aim of this lab is to emphasize the conversion of electrical energy to mechanical energy, NOT 

“the efficiency”, though we know since friction exists in the motor we also need  to d iscuss the 

concept of efficiency. We should  remind  them this problem is another form of conservation of energy 

d iscussion. 

 

Difficulties and Alternative Conceptions 
 Capacitors are a mystery to most students.  Many students also have d ifficu lty with the concept of 

conservation of energy (remember that whether energy appears to be conserved  or not depends on 

how you define your system). 

 

Prediction 

The amount of energy in a charged  capacitor is ½CV
2
.  So, if the energy efficiency is relatively constant (as 

in this situation), the amount of work a charged  capacitor can do is proportional to the capacitance.  

 

Defining the system as the capacitor, motor and  weight, the only external force acting to d o any work is 

the constant gravity, so the work d one is proportional to the d istance the weight travels. 

 

Data 
The appended  data w as taken using the stated  weights and  capacitors.  Having observed  the d istance 

traveled , the efficiency of the motor was calculated  using the equation found  in the pred iction section.  

An average was calculated  for each mass-capacitance pair. 

 

mass capacitance voltage distance traveled calc efficiency
(kg) (Farads) (V) (m) 0.275

0.2255 0.28 6.3 0.284 0.031 g: 9.8

0.2255 0.28 6.3 0.251 0.027

0.2255 0.28 6.3 0.251 0.027

0.2255 0.28 6.3 0.263 0.029

0.2255 0.28 6.3 0.264 0.029

Avg = 0.029

0.1755 0.10 6.3 0.113 0.027

0.1255 0.10 6.3 0.229 0.039

0.1255 0.10 6.3 0.265 0.045

0.1255 0.10 6.3 0.238 0.041

0.1255 0.10 6.3 0.252 0.043

Avg = 0.039

coefficient of friction:

  
Discussion Question 
It may be useful to have a d iscussion about the types of energy that one needs to keep track of in this 

situation and  how these types of energy change during the experiment.  
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Lab 3 Problem #2:  Simple Circuits with Capacitors 

 

Problem:   Describe qualitatively the brightness as a function of time of a light bulb in series with a 

battery and  an initially uncharged  capacitor.  
 

Purpose 
 To show students that capacitors store energy and  that this stored  energy can be used  to do electrical 

work. 

 To show students that the rate at which energy is stored  in a charging capacitor decreases with time.  

 

Equipment: capacitors, banana cables, light bu lb, battery, stopwatch , alligator clips 

 
 

 WARNING 

 

A charged  capacitor can d ischarge quickly producing a painful spark.  Make sure your students know 

the safe way to handle capacitors: they must never handle the capacitors by electrical leads or by metal 

ends of connected wires; they must discharge a capacitor as soon as they are finished using it. 

 

Teaching Tips 
1. For safety reasons, be sure that all the capacitors are d ischarged  before your students enter the lab 

room. 

2. Remember the bulbs are not exactly ohmic, so do not expect an exact exponential decay. 

3. This problem emphasizes qualitative understand ing, not numerical wizardry.  Lead  a d iscussion on 

the concepts of conservation of energy before moving on to the next problems.  
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4. The capacitance is written on the side of the capacitors.  They are large enough that the voltage decay 

is observable over time. 

5. Some students may not have seen a circuit d iagram like the one shown in the p roblem.  They may 

need  help translating the d iagram into a real circuit. 

 

Difficulties and Alternative Conceptions 
 Capacitors are a mystery to most students.  Most students expect the bulb to become increasingly 

brighter. 

 

Prediction 
One should  see the bulb grow d immer over time. 

 

Discussion Question 
Can you light the bulb with only a charged capacitor and no battery? 
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Lab 3 Problem #3:  Capacitance 

 

Problem: Determine how long a light bulb remains lit depends on the capacitance of the capacitor 

in a series circuit consisting of a battery, a bulb, and  an initially uncharged  capacitor.  
 

Purpose: To help the students see how capacitance affects the time it takes for a capacitor to fully 

charge or d ischarge. 
 

Equipment:  capacitors, banana cables, light bulb, battery, stopwatch , alligator clips 

 
 

 WARNING 

 

A charged  capacitor can d ischarge quickly producing a painful spark.  Make sure your students know 

the safe way to handle capacitors: they must never handle the capacitors by electrical leads or by metal 

ends of connected wires; they must discharge a capacitor as soon as they are finished using it. 

 

Teaching tips 
This problem is somewhat similar to Problem #1 in that d ifferent capacitances are used  to do work – the 

type of work, however, is d ifferent.  It might be helpful to lead  a d iscussion about the similarities and  

d ifferences between these two situations. 

 

Difficulties and Alternative Conceptions of Students 
Many students will not immediately see that the rate at which work is being d one by the capacitor is 

proportional to the brightness of the light bulb.   
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Prediction 
The time for a bu lb to completely turn off will increase with increasing capacitance.  The time will 

actually be proportional to the capacitance, however students will not likely learn about the RC time 

constant until later.  Here, they should  be encouraged  to think about it in terms of conservation of energy. 

 

Discussion Question 

It might be helpfu l to make a graph of the energy stored  in a capacitor as a function of time for d ifferent 

capacitances as well as the potential d ifference across each capacitor as a function of time.  Have students 

find  and  explain the d ifferences between the graphs, as well as the similarities.  
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Lab 3 Problem #4:  Circuits with Two Capacitors 

 

Problem: Determine which configuration of two capacitors, series or parallel, stores the most 

energy when connected  to a battery by measuring the duration a light bulb remains lit after 

completing the circu it. 
 

Purpose 
 To help students calculate the energy stored  in a collection of capacitors. 

 To give students experience determining the relative charges on each capacitor plate in a collection of 

capacitors. 

 To give students experience determining the relative potential d ifferences across each capacito r in a 

collection of capacitors.  

 

Equipment:  capacitors, light bu lb, battery, stopwatch, banana cables, alligator clips  

 
       

 

 WARNING 

 

A charged  capacitor can d ischarge quickly prod ucing a painful spark .  Make sure your students know 

the safe way to handle capacitors: they must never handle the capacitors by electrical leads or 

by metal ends of connected wires ; they must discharge a capacitor as soon as they are 

finished using it. 
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Difficulties and Alternative Conceptions of Students  
With this set of circu its, many students will answer incorrectly because they have over generalized  from 

their experiences from the previous problems.  This means the students are probably “pattern matching” 

instead  of reasoning from an appropriate model.  In circuit III, many students will reason that the bulb 

will not light because it is not really connected  to the battery (open circuit).  

 

When doing the warm-up questions many students w ill not know why the charge on each capacitor plate 

with capacitors in series has the same magnitude (refer to the d iscussion in the students’ text.)  

 

Prediction 

Circuit I: 
2

1
2

1
CVE   . 

Circuit II:   2

2
2

1
VCCE   . 

Circuit III: 













CC

C
CVE 2

3
2

1
 . 

The capacitor in Circuit I has capacitance C, while the other capacitor, used  in Circuits II and  III, has 

capacitance C  .  The battery has voltage V , and  the total energy stored  in each of the circuits is denoted  

E
1
, E

2
, and  E

3
. 

 

It follows from the above formulas that 213 EEE  . 

 

Discussion Question 
How does bulb B have a current through it if it is not connected  to the battery?  Why d oes each capacitor 

in Circuit III have the same charge stored  on it? 
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Laboratory 4:  Electric Circuits 
 

The flow chart for the sequence of problems is shown below. 

 

 

 

Problem #3 should  be assigned  to those who short circuit their circuits. 

 

Teaching Tips 

 Circuits provide the most immediate and  practical application of electricity.  However, it is d ifficult 

for students to connect circuit behavior to simple calculations based  on electric forces or electric 

fields.  The two fundamental concepts that are most useful in the understand ing of circuits are 

conservation of charge and  conservation of energy. 

  Remember that light bulbs are just hot w ires and  are almost ohmic.  Their resistance does depend  

somewhat on their temperature.  Light bulbs give the students immediate visual feedback for their 

pred ictions.  Since students have serious misconception s about circu its, which an algorithmic 

approach tends to hide, many of the problems in this lab are qualitative.  Coach your students to 

think about what is happening in terms of energy (voltage is just energy per unit charge) and  current 

instead  of applying formulae.  There are two quantitative resistor problems to practice the 

mathematical representation of these concepts (Kirchoff’s rules are just another version of 

conservation of energy and  conservation of current). 

 It is not unusual for students to finish these labs (and  indeed  all of E&M) and  still not know how to 

use a DMM as an ammeter or a voltmeter in a circuit.  This means they d o not really understand  the 

concept of current and  potential d ifference.  Make sure your students do not have this d iff iculty by 

always having them explain the behavior of the currents and  potential d ifferences in a circuit.  

 Be sure to check the batteries before you let your stud ents into the class.  They get d rained  quickly, 

especially when students short-circu it them.  Use a light bulb to check the batteries, if the bulb lights 

brightly, it's okay.  Make sure your students unplug the batteries when they are not using them! 

 It is common for students to blow fuses in the DMM’s, particularly the 200mA setting, w hen they are 

hooked  up to larger currents. If a DMM is bad , please d rop it in the box labeled  BAD DMMs in closet 

8 on the second  floor (across from room 233).  Replacements are located  in closet 8, in the GOOD 

DMMs box. 

  

 

Prob. #2 

* Prob. #1 * 

Prob. #8 

Prob. #10 Prob. #9 

Prob. #11 

Prob. #3 

* Prob. #4 * 

Prob. #5 

Prob. #6 
 

Prob. #7 
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 WARNING 

 

A charged  capacitor can d ischarge quickly producing a painful spark.  Make sure your students know 

the safe way to handle capacitors: they must  never handle the capacitors by electrical leads or by metal 

ends of connected wires; they must discharge a capacitor as soon as they are finished using it. 

 

Things your students should know by the end of this lab 

 The necessity of having a closed circuit for electric current to flow. 

 The behavior of current in a circuit with a capacitor. 

 The relationship between electric current, resistance and voltage in the circuit. 

 The relationship between the electric charge in a capacitor, the potential difference across that 

capacitor, and its capacitance. 

 Proper application of conservation of charge and conservation of energy (Kirchoff’s rules) to 

determine the current in a simple circuit. 

 How to measure the current through a circuit element with a Digital Multimeter (DMM). 

 How to measure the voltage between two points in a circuit with a DMM. 

 How to measure the resistance of a circuit element, both with a DMM and by using Ohm’s law. 

 The role of a battery as a constant voltage provider (not a constant current source) in a circuit. 

 

Things to check out before teaching the lab 

 See how the non-ohmic light bulbs affect the results of the circuits by trying out some of the circuits. 

 Set up the circuits in Problem #11.  Determine under what conditions some of the bulbs are barely lit, 

which might mislead your students. 

 Check out the timing of the capacitor problems.  Make sure the effects are neither too fast nor too 

slow for your students to appreciate. 
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Lab 4 Problem #1: Simple Circuits  
 

Problem 
Connect two bulbs across a battery to exhibit the same brightness as a single bu lb connected  to the 

battery. 

 

Purpose 
To help students understand  the qualitative aspects of the circuit as examples of conservation of charge 

and  conservation of energy.  These are “classic” problems and  have proven to be effective.  With your 

active coaching students w ill overcome their many serious misconceptions about circuits.  

 

Equipment: 6V battery, banana cables, light bulbs, alligator clips  

 
**Equipment Note:  To find  identical bulbs, check that the bead  on the filament is the same color (clear or 

white).  All bulbs should  be #41 

 

Teaching Tips 

1. Students who have already had  circuits may get through these problems very qu ickly and  still have 

serious misconceptions.  Make sure they exp lain their results w ithout resorting to equations.  Some 

students might take two hours to do the two problems and  need  help  formulating their ideas in an 

organized  way.  Be prepared  for both and  everything in between. 

2. Do not use the DMM’s for these problems.  The DMM’s tend  to confuse the students and  allow the 

students to hide misconceptions by using numbers  

3. These problems run d own the batteries quickly.   It should  be possible to wean the students from the 

batteries to the power supplies after the first couple of problems – some regard  the power supply as a 

45



“black box” and  may not immediately understand  that it’s similar to a battery.  Do not let a group use 

a power supply until you  are convinced  they understand  that a battery is a constant potential 

d ifference and  not a constant current source. 

4. REMEMBER that light bu lbs are NOT quite ohmic.  Quantitat ive analysis is not the purpose of the 

first two labs.  They can practice with the math later. 

5. To the students who finish qu ickly, we suggest assigning Problem #9, or the Check Your 

Understand ing Problems #1 and  #2. 

 

Difficulties and Alternative Conceptions 
The point of most of these problems is to challenge the misconception that current is somehow “used  up” 

by circuit elements like a light bulb.  Get students to think about conservation principles to explain what 

they see: conservation of charge (current) and  conservation of energy (potential d ifference).   

 

Prediction 

Rankings of bulbs by brightness  A = D=E > B = C. 
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Lab 4 Problem #2: More Complex Circuits 
 

 

Problem 
Connect three bulbs so that the all have the same brightness. 
 

Purpose 
To help students understand the qualitative aspects of the circuit as examples of conservation of charge 
and conservation of energy.  These are “classic” problems and have proven to be effective.  With your 
active coaching students will overcome their many serious misconceptions about circuits.  
 

Equipment: 6V battery, banana cables, light bulbs, alligator clips  *Equipment Note:  To find identical 
bulbs, check that the bead under the filament is the same color 

 
Teaching Tips 

1. Students who have already had circuits may get through these problems very quickly and still have 
serious misconceptions.  Make sure they explain their results without resorting to equations.  Some 
students might take two hours to do the two problems and need help formulating their ideas in an 
organized way.  Be prepared for both and everything in between. 

2. Do not use the DMM’s for these problems.  The DMM’s tend to confuse the students and allow the 
students to hide misconceptions by using numbers 

3. These problems run down the batteries quickly.   It should be possible to wean the students from the 
batteries to the power supplies after the first couple of problems – some regard the power supply as a 
“black box” and may not immediately understand that it’s similar to a battery.  Do not let a group use 
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a power supply until you are convinced they understand that a battery is a constant potential 
difference and not a constant current source. 

4. REMEMBER that light bulbs are NOT quite ohmic.  Quantitative analysis is not the purpose of the 
first two labs.  They can practice with the math later. 

5. To the students who finish quickly, we suggest assigning Problem #9, or the Check Your 
Understanding Problems #1 and #2. 

 

Difficulties and Alternative Conceptions 
The point of most of these problems is to challenge the misconception that current is somehow “used up” 
by circuit elements like a light bulb.  Get students to think about conservation principles to explain what 
they see: conservation of charge (current) and conservation of energy (potential difference).   
 

Prediction 
Rankings of bulbs by brightness  A = D = L = M = N > B = C > H = J = K 
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Lab 4 Problem #3:  Short Circuits 
 

 

Problem: To demonstrate the consequences of shorting out elements of a circuit. 
 

Purpose: To formally introduce the students to the idea of a short circuit as a reasonable and  

potentially d amaging consequence of Ohm’s law. 
 

Equipment:  6V battery, banana cables, light bulbs, alligator clips, DMM  

 
**Equipment Note:  To find  identical bulbs, check that the bead  on the filament is the same color (clear or 

white). 

 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 circu it that are at d ifferent potentials, like the terminals of a battery or 

power supply.  Short circuits can destroy equipment and injure people!  Any short circuits suggested  in 

this manual have been tested , and  determined  not to significantly damage the equipment.  Tell your 

students that they must always avoid shorting out elements in other circuits!  

 

Teaching tips 
1. This problem is primarily meant for those students who consistently set up a short circu it and  d on't 

understand  the problem.  Explain to them that a  short circuit is what happens any time a very low -

resistance path (like a wire, or other piece of meta l) is provided  between points in a circuit that are at 

d ifferent potentials, like the terminals of a battery or power supply. 

2. Explain to your students that  short circuits d amage equipment by causing currents that are larger 

than those the circuit is designed  for.  These currents can cause excessive heat, which can d amage 

nearby circuit elements or measuring devices. 
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3. Finally, tell the students that any short circuits suggested  in this manual have been tested  and  

determined  not to significantly d amage the equ ipment. 

 

Difficulties and Alternative Conceptions 

Most students have heard  the phrase “the current takes the path of least resistance”, but really d on’t 

know what that means.  Many believe that the amount of current through a part of the circuit is always 

the same and  is not influenced  by other connections in the circu it.  Others believe that the current always 

splits in half when it encounters a branching point in a circu it.  You will be surprised  at the number of 

students who have incorrect pred ictions.  The good  news is that they tend  to figure this problem out quite 

quickly and  correctly once they actually see the results. 

 

Prediction 
Circuit I 

Bulb A should  turn off when a wire is attached  across it. 

Circuit II 

Bulb B should  turn off.  Bulb C should  brighten. 

Circuit III 

Bulbs D and  E should  turn off when a wire is connected  across E. 

 

Discussion Questions  
What are the d angers of a short circuit?  Why may the current in a household  circuit increase 

d ramatically if a short circu it is introduced? 
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Lab 4 Problem #4 Charging Capacitors (Part A) 
 

 

Problem 
In an RC-circu it, study how the current changes with time. 
 

Purpose 

 To demonstrate to students the quantitative behavior of RC-circuits 

 To provide practice in applying Ohm’s Law, as well as laws of conservation of charge and  energy, to 

circuits that have capacitors in add ition to resistors. 

 To introduce students to an exponential decay in RC-circuits (the rate of decrease of a quantity - 

charging current - is proportional to the quantity itself). 

 

Equipment:  capacitor, resistor, 6V battery, banana cables, DMM, stopwatch, alligator clip  

 
 

 WARNING 

 

A charged  capacitor can d ischarge quickly producing a painful spark.  Make sure your students know 

the safe way to handle capacitors: they must  never handle the capacitors by electrical leads or by metal 

ends of connected wires; they must discharge a capacitor as soon as they are finished using it. 

 

Teaching tips 
1. Problems 4-7 are all very similar, and  it is not intended  that the students should  complete all four 

of them.  Problem #4 is similar to Lab 3 Problem #2 and  #4, but solved  in a rigorous, quantitative 

manner.  I would  assign Problem #4 to all groups, and  Problem #5 to those need ing the extra 

practice.   
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2. These problems are intended  to show the students how each quantity in the circuit changes with 

time.  For example, the current in the circuit, the voltage across the resistor/ bulb/ capaci tor, the 

charge stored  on the capacitor.  From their knowledge of Lab 3, the students will know that the 

current in the circuit changes with time, and  the charge on the capacitor increases, but how 

exactly d o they change? 

3. For safety reasons, be sure that all of the capacitors are d ischarged  before your students enter the 

lab room. 

4. The students should  use reasonably high values of resistance and  capacitance in their circuits so 

that the current changes slowly for accurate data to be taken. 

5. Many students use the phrase “exponential decay” for all non -linear decays they encounter.  This 

problem illustrates one example of a true exponential decay.  It may be useful to d iscuss the 

important characteristics of exp onential decays, and  how they arise.  What are the characteristics 

of an exponential decay graph that set it aside from other decays? 

 

 WARNING 

 

Your students will be working with power supplies that generate large voltages.  Improper use can 

cause painful burns.  To avoid  danger, make sure that the students know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires are 

d isconnected  from or connected  to the power supply; they must never touch the conducting metal of 

any wire. A charged  capacitor can d ischarge quickly producing a painful spark.  Make sure your 

students know the safe way to handle capacitors: they must  never handle the capacitors by electrical 

leads or by metal ends of connected wires; they must discharge a capacitor as soon as they are 

finished using it. 

 

Prediction 
The current in the circu it depends on time as 

, 

where V is the voltage of the battery, R is the resistance of the resistor, C is the capacitance of the 

capacitor, and  t is the time since the switch was closed . 

 

Sample Data 
time run4

0

3 0.053

5 0.039

10 0.021

15 0.010

20 0.005

25 0.003

30 0.001

Voltage 6

Initial Current 0.0830

R(effective) 64

Capacitance 0.1

76 0.0098

1/RC 0.1383

 R(effective) was found using the initial current extrapolated from the graph.

The time constant 1/RC for the circuit was calculated using R(effective).

RC circuit analysis
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Lab 4 Problem #5 Circuits with Two Capacitors 
 

Problem 
Study how the rate of change of the current depends on the capacitance. 
 

Purpose 

 To demonstrate to students the quantitative behavior of RC-circuits 

 To provide practice in applying Ohm’s Law, as well as laws of conservation of charge and energy, to 
circuits that have capacitors in addition to resistors. 

 To introduce students to an exponential decay since it occurs in RC-circuits (the rate of decrease of a 
quantity - charging current - is proportional to the quantity itself). 

 

Equipment:  capacitor, resistor, 6V battery, banana cables, DMM, stopwatch, alligator clip 

 
 

 WARNING 

 

A charged capacitor can discharge quickly producing a painful spark.  Make sure your students know 
the safe way to handle capacitors: they must never handle the capacitors by electrical leads or by metal 

ends of connected wires; they must discharge a capacitor as soon as they are finished using it. 

 

Teaching tips 
1. Problems 4-7 are all very similar, and it is not intended that the students should complete all four 

of them.  Problem #5 is similar to Lab 3, Problem #2 and #4, but solved in a rigorous, quantitative 
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manner.  I would assign Problem #5 to those needing the extra practice after finishing problem 
#4.   

2. These problems each are intended to show the students how each quantity in the circuit changes 
with time.  For example, the current in the circuit, the voltage across the resistor/bulb/capacitor, 
the charge stored on the capacitor.  From their knowledge of Lab 3, the students will know that 
the current in the circuit changes with time, and the charge on the capacitor increases, but how 
exactly do they change? 

3. For safety reasons, be sure that all of the capacitors are discharged before your students enter the 
lab room. 

4. Remember the bulbs are not exactly ohmic, so for Problem #5 make sure the students use 
resistors for data talking and light bulbs only for exploration. 

5. The students should use reasonably high values of resistance and capacitance in their circuits so 
that the current changes slowly for accurate data to be taken. 

6. Many students use the phrase “exponential decay” for all non-linear decays they encounter.  This 
problem illustrates one example of a true exponential decay.  It may be useful to discuss the 
important characteristics of exponential decays, and how they arise.  What are the characteristics 
of an exponential decay graph that set it aside from other decays? 
 

 WARNING 

 

Your students will be working with power supplies that generate large voltages.  Improper use can 
cause painful burns.  To avoid danger, make sure that the students know the safe way to operate the 
equipment: the power must be turned OFF and they must wait at least one minute before any wires are 
disconnected from or connected to the power supply; they must never touch the conducting metal of 
any wire. A charged capacitor can discharge quickly producing a painful spark.  Make sure your 
students know the safe way to handle capacitors: they must never handle the capacitors by electrical 

leads or by metal ends of connected wires; they must discharge a capacitor as soon as they are 
finished using it. 

 
Prediction 
Circuit IX has one resistor, Circuit X has two parallel resistors, and Circuit XI has two resistors in series.  

A sketch comparing the three  tI  graphs is shown below. 

 

Circuit IX:   

Circuit X:    

Circuit XI:   
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Lab 4 Problem #6  Charging Capacitors (Part B) 
 

 

Problem 
Study the time it takes for the current to fall to half of its initial value. 
 

Purpose 

 To demonstrate to students the quantitative behavior of RC-circuits 

 To provide practice in applying Ohm’s Law, as well as laws of conservation of charge and energy, to 
circuits that have capacitors in addition to resistors. 

 To introduce students to an exponential decay since it occurs in RC-circuits (the rate of decrease of a 
quantity - charging current - is proportional to the quantity itself). 

 

Equipment:  capacitor, resistor, 6V battery, banana cables, DMM, stopwatch, alligator clip 

 
 

 WARNING 

 

A charged capacitor can discharge quickly producing a painful spark.  Make sure your students know 
the safe way to handle capacitors: they must never handle the capacitors by electrical leads or by metal 

ends of connected wires; they must discharge a capacitor as soon as they are finished using it. 

 

Teaching tips 
1. Problems 4-7 are all very similar, and it is not intended that the students should complete all four 

of them.  Problem #6 and #7 follow on from Problem #4, and each show a particularly interesting 
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property of exponential decays.  It may be a good idea to assign Problem #6 and #7 to different 
groups, and then have a discussion of the results at the end. 

2. These problems each are intended to show the students how each quantity in the circuit changes 
with time.  For example, the current in the circuit, the voltage across the resistor/bulb/capacitor, 
the charge stored on the capacitor.  From their knowledge of Lab 3, the students will know that 
the current in the circuit changes with time, and the charge on the capacitor increases, but how 
exactly do they change? 

3. For safety reasons, be sure that all of the capacitors are discharged before your students enter the 
lab room. 

4. The students should use reasonably high values of resistance and capacitance in their circuits so 
that the current changes sufficiently slowly for accurate data to be taken. 

5. Many students use the phrase “exponential decay” for all non-linear decays they encounter.  This 
problem illustrates one example of a true exponential decay.  It may be useful to discuss the 
important characteristics of exponential decays, and how they arise.  What are the characteristics 
of an exponential decay graph that set it aside from other decays? 
 

 WARNING 

 

Your students will be working with power supplies that generate large voltages.  Improper use can 
cause painful burns.  To avoid danger, make sure that the students know the safe way to operate the 
equipment: the power must be turned OFF and they must wait at least one minute before any wires are 
disconnected from or connected to the power supply; they must never touch the conducting metal of 
any wire. A charged capacitor can discharge quickly producing a painful spark.  Make sure your 
students know the safe way to handle capacitors: they must never handle the capacitors by electrical 

leads or by metal ends of connected wires; they must discharge a capacitor as soon as they are 
finished using it. 

 
Prediction 
The time it takes the current to fall to half of its initially measured value is independent of the instant the 
initial measurement is taken. 
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Lab 4 Problem #7  Charging Capacitors (Part C) 

 

Problem 
Observe quantitatively how the time it takes for the current to fall to half of its initial value depends on 
the resistance in an RC-circuit. 
 

Purpose 

 To demonstrate to students the quantitative behavior of RC-circuits 

 To provide practice in applying Ohm’s Law, as well as laws of conservation of charge and energy, to 
circuits that have capacitors in addition to resistors. 

 To introduce students to an exponential decay since it occurs in RC-circuits (the rate of decrease of a 
quantity - charging current - is proportional to the quantity itself). 

 

Equipment:  capacitor, resistor, 6V battery, banana cables, DMM, stopwatch, alligator clip 

 

 WARNING 

 

A charged capacitor can discharge quickly producing a painful spark.  Make sure your students know 
the safe way to handle capacitors: they must never handle the capacitors by electrical leads or by metal 

ends of connected wires; they must discharge a capacitor as soon as they are finished using it. 

 

Teaching tips 
1. Problems 4-7 are all very similar, and it is not intended that the students should complete all four 

of them.  Problem #7 follows on from Problem #4, and shows why it is that the time taken for a 
bulb in the circuit to dim is directly proportional to both the capacitance of the capacitor and the 
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resistance of the bulb.  This gives a quantitative answer to Lab 3, Problem #3, which the students 
could only make an educated guess at before.  It may be a good idea to assign Problem #6 and #7 
to different groups, and then have a discussion of the results at the end. 

2. These problems each are intended to show the students how each quantity in the circuit changes 
with time.  For example, the current in the circuit, the voltage across the resistor/bulb/capacitor, 
the charge stored on the capacitor.  From their knowledge of Lab 3, the students will know that 
the current in the circuit changes with time, and the charge on the capacitor increases, but how 
exactly do they change? 

3. For safety reasons, be sure that all of the capacitors are discharged before your students enter the 
lab room. 

4. The students should use reasonably high values of resistance and capacitance in their circuits so 
that the current changes sufficiently slowly for accurate data to be taken. 

5. Many students use the phrase “exponential decay” for all non-linear decays they encounter.  This 
problem illustrates one example of a true exponential decay.  It may be useful to discuss the 
important characteristics of exponential decays, and how they arise.  What are the characteristics 
of an exponential decay graph that set it aside from other decays? 
 

 WARNING 

 

Your students will be working with power supplies that generate large voltages.  Improper use can 
cause painful burns.  To avoid danger, make sure that the students know the safe way to operate the 
equipment: the power must be turned OFF and they must wait at least one minute before any wires are 
disconnected from or connected to the power supply; they must never touch the conducting metal of 
any wire. A charged capacitor can discharge quickly producing a painful spark.  Make sure your 
students know the safe way to handle capacitors: they must never handle the capacitors by electrical 

leads or by metal ends of connected wires; they must discharge a capacitor as soon as they are 
finished using it. 

 
Prediction 
The time it takes the current to fall to half its initial value is 

.2lnRCt   

Thus, it is directly proportional to both the resistance of the resistor and the capacitance of the capacitor.  
The data below shows the calculated “half-life” of the current for two different resistor–capacitor pairs at 
different current levels. 
 

 

resistance = 64 resistance = 64

capacitance = 0.28 capacitance = 0.1

calculated t = 12.4 calculated t = 4.4

current 1/2 time current 1/2 time

80 mA to 40 mA 14.4 70 mA to 35 mA 4.7

80 mA to 40 mA 14.3 70 mA to 35 mA 4.9

60 mA to 30 mA 14.8 50 mA to 25 mA 4.96

average: 14.5 average: 4.85
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Lab 4 Problem #8:  Resistors and Light Bulbs 

Problem: How well can a light bulb substitute for a resistor in a circuit? 
 

Purpose: To show students explicitly that Ohm's law is a special case and  is even a usefu l 

approximation for a light bulb. 
 

Equipment:  18V/ 5A power supply, resistor, banana cables, DMM, light bulb  

 
 

 WARNING 

 

Your students will be working with power supplies that generate large voltages.  Improper use can 

cause painful burns .  To avoid  d anger, make sure the students know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires are 

d isconnected  from or connected  to the power supply; they must never touch the conducting metal of 

any wire. 

 

Teaching Tips 
This is a nice transition from Problems #1 and  #2 to Problems #9 and  #10. 

1. This problem provides a bit of practice with Ohm’s law . 

2. The students need  to design their own circu it for this problem.  They also 

must use some graphical analysis techniques – getting the resistance of the 

resistor from the slope of the current vs. voltage graph, for instance.  These 

are both places your students might get hung up. 

 

 

V 

I 

slope =  
1 
R 
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3. The light bulb d oesn’t respond  linearly.  The resistor should .  As a bulb lights up, the filament gets 

hot and  the resistance goes up about a factor of 10 (from 4 to 40, at least for the bulbs we tested).  

You might try using this change to measure the temperature of the filament, via a simple 

generalization of the Tipler equation 26-9 (page 791), accord ing to which resistivity changes with 

temperature as 

. 

4. It is good  idea to d iscuss the fact that resistors are only ohmic within a reasonable range (the students 

should  NOT try to confirm this). 

5. It is not possible to connect the batteries to get d ata from 0V to 12V in 1.5V increments; you should  

use the power supplies w ith ad justable voltages to get a smooth  range of points. 

 

Difficulties and Alternative Conceptions 
Many students will over generalize and  believe that every conductor obeys Ohm's Law.  This problem 

d isproves that concept, yet shows that Ohm's law is a useful approximation with  limits.   

 

Prediction 

 
Warm-up Questions 
See the graphs on the previous page to see how slope is related  to resistance. 

 

As the temperature increases, so will the resistance.  Therefore, the current levels off at high voltages.  

  000 TT 
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Data 
Below is some sample d ata for a large resistor, small resistor, and  a light bu lb.  The quadratic term is not 

insignificant at voltage levels typical of a battery.  However, for most experiments the students will do it 

can be treated  as linear. 

 

Lightbulb

Code: Code:

DMM: R = 28.1 DMM: R = 64.2 DMM: R = 28.7

Current Voltage R(calc) Current Voltage R(calc) Current Voltage R(calc)

0.216 5.98 27.7 0.032 2.11 65.9 0.156 7.00 44.9

0.175 4.87 27.8 0.050 3.22 64.4 0.15 6.54 43.6

0.100 2.81 28.1 0.100 6.36 63.6 0.143 6.00 42.0

0.075 2.11 28.1 0.075 4.8 64.0 0.125 4.71 37.7

0.105 3.50 33.3

0.081 2.19 27.0

0.075 1.90 25.3

0.06 1.27 21.2

Ave 1/R: 0.035795 0.015508 0.023794

Resistor small Resistor large

R = 22 +/-5% R = 68 +/-10%

Slope = 1 / R

y = 0.0364x - 0.0022

R
2
 = 1

y = 0.016x - 0.0016

R
2
 = 1

y = -0.001x
2
 + 0.0244x + 0.0315

R
2
 = 0.9998

0.000

0.050

0.100

0.150

0.200

0.250

0 1 2 3 4 5 6 7 8
voltage (V)

c
u

rr
e
n

t 
(A

)

Resistor small

Resistor large

Lightbulb

Linear (Resistor small)

Linear (Resistor large)

Poly. (Lightbulb)
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Lab 4 Problem #9: Quantitative Circuit Analysis (Parts A) 
 

Problem 
What is the current through each resistor in the circuit? 

 

Purpose 
To give students practice using Ohm's law together w ith conservation of charge and  energy (Kirchhoff's 

rules).  To give students practice using DMM’s to measure currents, voltages and  resistance correctly.  

 

Equipment 
6V batteries, alligator clips, banana cables, resistors, light bulbs, DMM 

 
 

 WARNING 

 

Your students will be working with power supplies that generate large voltages.  Improper use can 

cause painful burns .  To avoid  d anger, make sure the students know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires are 

d isconnected  from or connected  to the power supply; they must never touch the conducting metal of 

any wire. 

 

Teaching tips 
1. This problem should  reinforce the concept that “the voltage at point A” is meaningless.  They should  

measure the potential d ifference between two points. 

2. Repeated  measurements of current and  potential d ifference reinforce the relationship between these 

two quantities. 
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3. If, when read ing current on the DMM's, you d o not get a read ing and  the light bulb (in the circuit) 

does not light up, the fuse in the DMM has probably blown.  If a fuse in the DMM is blown please 

deliver the DMM to closet 8 on the second  floor and  p lace them in the box labeled  “Bad” DMMs.  Do 

not try to fix them yourself.  Replacements are also located  in closet 8, in the “Good” DMMs box. 

4. Problems 9 & 10 seem especially likely to bring out the “take data and  run” approach in students – 

probably because students don’t understand  Kirchoff’s rules and  the pred ictions are algebraically 

messy.  Make sure, however, that your students understand  the d ata they are taking and  compare the 

data with their pred ictions.  Also make sure that students can loo k at their d ata and  see if it makes 

sense (i.e. the sum of the currents into and  out of an intersection equals zero and  the sum of the 

potential rises and  drops around  a closed  loop equals zero) – many cannot. 

 

 WARNING  

 

Your students will be working with power supplies that generate large voltages.  Improper use can 

cause painful burns .  To avoid  danger, make sure that the students know the safe way to operate the 

equipment: they must never use higher voltage settings on the power supplies. 

 

Difficulties and Alternative Conceptions 
Many students confuse the concepts of current and  potential d ifference and  how to measure each.  They 

don't understand  that current is measured  through  a point in the circuit and  potential d ifference is 

measured  across two points of interest in the circuit.  All possible circuit misconceptions will resurface in 

these problems. 

 

Many students are also very confused  about the signs of the current and  poten tial d ifference.  Be sure to 

ask each group to explain how they determined  their signs. 

 

Many students will also be confused  about the d ifference between potential d ifference and  energy.  Many 

will add  up the energy output from each resistor and , using con servation of energy, will set this equal to 

the sum of the voltages of the batteries (believing this to equal the total energy input).  

 

Predictions 
Problem #9 
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Lab 4 Problem #10:  Quantitative Circuit Analysis (Parts B) 
 

Problem 
What is the current through each resistor in the circuit? 

 

Purpose 
To give students practice using Ohm's law together w ith conservation of charge and  energy (Kirchhoff's 

rules).  To give students practice using DMM’s to measure currents, voltages and  resistance correctly.  

 

Equipment 
18V/ 5A power supply, 6V batteries, alligator clips, banana cables, resistors  

 
 

 WARNING 

 

Your students will be working with power supplies that generate large voltages.  Improper use can 

cause painful burns .  To avoid  d anger, make sure the students know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires are 

d isconnected  from or connected  to the power supply; they must never touch the conducting metal of 

any wire. 

 

Teaching tips 
1. This problem should  reinforce the concept that “the voltage at point A” is meaningless.  They should  

measure the potential d ifference between two points. 

2. Repeated  measurements of current and  potential d ifference reinforce the relationship between these 

two quantities. 
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3. If, when read ing current on the DMM's, you d o not get a read ing and  the light bulb (in the circuit) 

does not light up, the fuse in the DMM has probably blown.  If a fuse in the DMM is blown please 

deliver the DMM to closet 8 on the second  floor and  p lace them in the box labeled  “Bad” DMMs.  Do 

not try to fix them yourself.  Replacements are also located  in closet 8, in the “Good” DMMs box. 

4. These problems seem especially likely to bring out the “take data and  run” approach in students – 

probably because stud ents don’t understand  Kirchoff’s rules and  the pred ictions are algebraically 

messy.  Make sure, however, that your students understand  the d ata they are taking and  compare the 

data with their pred ictions.  Also make sure that students can look at their d at a and  see if it makes 

sense (i.e. the sum of the currents into and  out of an intersection equals zero and  the sum of the 

potential rises and  drops around  a closed  loop equals zero) – many cannot. 

5. Notice, in Problem #10, if the voltages of all three batteries are identical, all the currents vanish, no 

matter what resistors you use!  If the voltages are d ifferent, but very close in value, the currents are 

extremely small, so that measuring them with any degree of accuracy is almost impossible.  For this 

reason, it is a good  idea to use a power supply in place of one or two of the batteries.  Just ensure that 

the voltages on the central strip  are NOT used . 

 WARNING  

 

Your students will be working with power supplies that generate large voltages .  Improper use 

can cause painful burns .  To avoid  danger, make sure that the students know the safe way to 

operate the equ ipment: they must  never use higher voltage settings on the power supplies. 

 

Difficulties and Alternative Conceptions 
Many students confuse the concepts of current and  potential d ifference and  how to measure each.  They 

don't understand  that current is measured  through  a point in the circuit and  potential d ifference is 

measured  across two points of interest in the circuit .  All possible circuit misconceptions will resurface in 

these problems. 

 

Many students are also very confused  about the signs of the current and  potential d ifference.  Be sure to 

ask each group to explain how they determined  their signs. 

 

Many students will also be confused  about the d ifference between potential d ifference and  energy.  Many 

will add  up the energy output from each resistor and , using conservation of energy, will set this equal to 

the sum of the voltages of the batteries (believing this to equal the total energy input). 

 

Prediction 
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Lab 4 Problem #11:  Qualitative Circuit Analysis 
 
 

 

 

Problem 
How will the brightness of the bulbs compare in the three circuits.  

 

Purpose 
To apply the ideas of conservation of current, conservation of energy, and  Ohm’s Law d irectly without 

hid ing incorrect concepts behind  mathematics. 

 

Equipment:  6V battery, banana cables, light bulbs, alligator clips  

 
 

Teaching tips 
1. This problem helps connect the mathematics of Kirchhoff’s ru les to the basic physics of the way that 

circuits behave.  If the lecturer has not covered  Kichhoff’s ru les, this problem  is useful to surface 

many of the remaining circuit misconceptions.  Reasoning this problem through qualitatively is much 

more d ifficult than using the mathematics of Kirchoff’s rules. 

2. Do not let your students d o their pred ictions only by solving equations .  This p roblem is meant to 

build  their confidence and  intuition by qualitatively using the rules of circu it analysis.  

3. Remember that light bulbs are not ohmic, so any calculations are only an approximation to the real 

situations.  This shows up when compar ing bulb A between Circuit XIV and  Circuit XV.  Since BCDE 

in Circuit XV are less hot than C in Circuit XIV, the effective resistance of BCDE does not equal C.  

4. Some of the situations lead  to d imly lit bulbs.  Remind  students that the bulb brightness can on ly help  

you determine the relative currents between the two p laces (i.e. which one is larger), not the 

magnitude of either.  DMM’s are available if accurate current measurements are needed .  
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Difficulties and Alternative Conceptions 

Many students still believe that a battery is a constant current source instead  of provid ing a constant 

potential d ifference.  Some students still believe that current always d ivides in equal parts at a junction.  

 

Prediction 
The currents through each bulb of each circuit are listed  below, along with the relative brightness of each 

bulb.  V  is the voltage of the battery, R is the resistance of each light bulb  as  we assume all the bulbs to 

be identical. 

 

Circuit XIV 

The currents through bulbs should  be 

,  ,  . 

Ranking bu lbs by their brightness, one should  get  B > A = C > D = E . 

 

Circuit XV 

The currents through bulbs should  be 

,  . 

Ranking bu lbs by their brightness, one should  get  A > B = C = D = E . 

 

Circuit XVI 

The currents through bulbs should  be 

, ,  . 

Ranking bulbs by their brightness, one should get A > B = C > D = E  

 

Ranking the circuits by the brightness of bulb A, one expects   

XVI > XIV = XV . 

 

Discussion Question 
What does a battery keep constant, current or voltage?  Students should  see that with more light b u lbs, 

the circuit would  draw more current if they were in parallel and  less current if they were in series.  With a 

larger current, the rate at which energy transferred  from the battery is larger, and  the battery is d rained  

faster. 
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Laboratory 5:  Magnetic Fields and Forces 
 

The flow chart for this lab is shown below. 

 

Pr ob. # 1 Pr ob. # 2

*  Pr ob. # 3 *

*  Pr ob. # 6 *

Pr ob. # 7

Pr ob. # 8

Pr ob. # 5Pr ob. # 4

 
Teaching Tips 
1. You should  emphasize the d ifferences and  similarities between electric and  magnetic fields at the end  

of these problems.   

2. Lines of force are not usefu l for simple calculations and  lead  to student misconceptions; it is probably 

best to avoid  them as much as possible.  Just use the field  vector at a point in space.   

3. You will need  to ask a lot of questions when working with the  groups to make sure your students are 

really making appropriate connections between these new concepts and  fundamental physics.  

4. It is not necessary to do both Problems #4 and  #5, although you may want some students to do so.  

Which one you choose will dep end  on how much you want to emphasize the Biot -Savart law. 

 

 WARNING  

 

Your students will be working with electrical equipment that generates large voltages.  Improper use 

can cause painful burns.  To avoid  danger, make sure that they know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires 

are d isconnected  from or connected  to a power supply; they must never touch the conducting metal 

of any wire. 

 

Things your students should know by the end of this lab 
•  The d ifferences and  similarities between magnetic fields and  electric field s.  

•  The d ifference between an electric charge and  a magnetic pole. 

•  The pattern of magnetic fields near various sources such as permanent “bar” magnets, straight 

current-carrying wires, and  coils of wire. 

•  How to calculate the magnetic field  at a point in space caused  by a complex configuration of sources 

(at least two) given the field  of each source by using vector add ition. 

•  How to calcu late the magnetic force on a charged  particle moving in a uniform magnetic field  and  

describe its motion. 

•  How to measure a magnetic field  using a Hall probe. 

 

Things to check out before teaching the lab 
•  Make sure you know which d irection is North in the lab room.  Do not rely on compasses for this. 

•  The taconite plates are fun to p lay with.  Play with them to determine what suggestions to give 

students who are having d ifficulty getting clear patterns.  M ake sure you know how to explain how 
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this pattern tells you  about the magnetic field  at each point of space.  Do this without any reference to 

“lines of force.”  

•  Make sure you know how to hook up the Hall probe (see manual Equipment appendix) and  make 

measurements using the computer program.   

•  Make sure you know where to place the CRT in the magnetic field  to get good  results.  Try various 

configurations so that you can advise your students when they have d ifficulty.  

•  Just before your students enter class, test every Hall probe with permanent magnet.   

•  Just before your students enter class, re-magnetize permanent magnets.  Students can do amazing 

things, which change the pole structure.  Your students w ill really be confused  and  frustrated  if you  

do not make sure that all the magnets are really d ipoles before they start class.  After you  re -

magnetize the magnets, check that they are now d ipoles using the taconite plate.  Just for fun, look at 

the magnets using the taconite plates before you re-magnetize them. 

•  Just before your students enter class, make sure all of your compasses point North .  You can 

reverse the poles of the compass need le by bringing it into contact with a magnet.  That is how 

students reverse them in the first p lace. 
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Lab 5 Problem #1:  Permanent Magnets  

Problem: Sketch field -line d iagrams for various arrangements of two bar magnets. 
 

Purpose: To allow the students to become familiar with the magnetic fields of a bar magnet and  

how these fields combine by vector add ition.  Also to show that magnetic poles are d ifferent from 

electric charges. 
 

Equipment:  taconite plate, bar magnets, compass 

 
Teaching tips 
1. Check the magnets!!  They can become d ifferent from simple d ipoles when they are d ropped  or are 

in the field  of another magnet.  Remagnetize all the magnets in the lab.  Use a taconite plate to check 

the field  of every bar magnet.  If it is still not a d ipole, remagnetize it again.  Poor magnets are a large 

source of frustration to the students and  can reinforce many misconceptions.  It is necessary to 

remagnetize the magnets before each class period . 

2. This is a field -mapping problem and  it is very similar to the electric field  problems from the first lab.  

It might be helpful to explicitly say that the iron particles are like mini-compasses.  We don't want 

this to be a magical apparatus.   

3. Make sure your students explore the properties of a compass.  Have a short d iscussion after they 

have done so to make sure that every student knows that a compass is just a small d ipole magnet.  

Emphasize the concept of torque by making a free bod y d iagram of the compass need le in a magnetic 

field . 

4. Some of the configurations can be challenging.  Encourage your students to follow the guidelines in 

the warm-up questions to help them through the analysis.  Emphasize vector add ition of the field  

from every magnetic pole. 
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5. You may wish to consult a map to determine which way is north (North is basically pointing towards 

Morrill Hall).  Remember the north pole of a magnet is the north seeking pole.  That means the 

Earth’s magnetic north pole is at the south pole.  Also, remember that the earth’s magnetic field  has a 

large vertical component in Minneapolis.  This is not shown by flat compasses which only work 

when horizontal. 

6. Since the compasses only give d irection and  not magnitude of the magnetic field , there is not enough 

information to make a complete translation between compass data and  field  maps.  The students 

should  be able to make educated  guesses about the magnitude of the magnetic field  and  add  this 

information to the maps. 

7.  Be sure to warn your stud ents not to get any glycerin on their hands in the event of a leak of the 

taconite p lates.  If they d o, make sure they wash their hands immediately.  Glycerin is not d angerous, 

but it is a skin irritant.  The iron powder suspended  in the glycerin should  not be ingested .  If any 

plate leaks, send  a report to labhelp@physics.umn.edu  immed iately. 

8. The taconite does take a little time to align with the field , be pat ient.  To d istribute the taconite, tilt the 

plate back and  forth .  Once d istributed , keep the taconite plates flat on the  table. 

9. DO NOT leave the magnets stuck together .  This will d emagnetize and  destroy them over time.   

 

Difficulties and Alternative Conceptions of Students 
Your students w ill have many misconceptions about magnetic fields.  Many students believe that 

magnetic poles are just electric charges.  They may even label their poles ‘+’ and  ‘-‘.  Make sure they 

explore the properties of their m agnets enough to determine that they are not electrically charged .  Your 

questioning is crucial here.  Based  on pictures of lines of force, many students believe that these lines 

come out of magnets and  forces occur when these lines push on each other (rep el) or grab each other 

(attract).  They do not believe in the field  concept that the object (magnet) mod ifies the space around  it 

(field ); that a group of magnets each independently modify the space around  them so that the net effect 

(field ) is the vector sum at each point in space of the field  from each magnet; and  that the force on yet 

another magnet is due to the interaction of its poles with the field  (from the other magnets) at each of its 

poles.  Most of your students probably do not separate the magn et causing the field  from the magnet on 

which a force is exerted . 

 

Prediction 
We think the most interesting configuration is Figure III.  There is a region where the field  from each 

magnet is exactly opposite to the field  from the other magnet.  It is inte resting to move the compass 

(shown as a circle) perpend icularly away from the center of the two magnets and  watch what happens.  

 

 
Figure III. 
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Lab 5 Problem #2:  Current-Carrying Wire 
 

Problem 
Sketch the map of the magnetic field  near a current carrying wire when the wire is (a) stretched  straight, 

and  (b) formed into a loop. 

 

Purpose 
To show students that a magnetic field  that deflects the compass in Problem #1 can be created  by a 

current carrying wire.  To allow the students to "see" that the field  map curls around  the wire and  does 

not point back to any source.  Make sure they understand  that the magnetic field  at any point is still 

pointing in a straight line.  The field  vectors do not curve.  This is another instance where field  lines can 

be confusing. 

 

Equipment:  18V/ 5A power supply, banana cable, meter stick, compass, Hall probe  

 
 

Teaching tips 
1. This lab shows that the field  from a current-carrying wire exists and  it introduces the right-hand  rule 

for magnetic fields.  Figure 29-2 in the text shows the results for field  around  a current -carrying wire.  

The Magnetism 3D simulation allows another way of visualizing the field  due to the current carrying 

wire. 

2. To witness the magnetic field  near a current-carrying wire, the wire should  be vertical and  the 

compass need le must be horizontal.  A second  possible configuration is with the wire lying acros s the 

compass.  Many students w ill want the compass to point toward  the wire.  

3. Make sure that only the batteries or the Sorensen power supplies are used!  The Pasco CRT power 

supplies should  not be used  because the excessive current causes them to break d own.  
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4. For small currents, the earth's field  is larger than the current's field  when the compass is just a few cm 

from the wire.  If a group does not observe a compass deflection , have them d iscuss how they think 

the field  varies with d istance from the wire and  where the biggest effect would  be observed .  Then 

have them try it where the effect is largest.  If there is still no deflection, try using a battery, though 

only keep it connected  for very short periods of time. 

1. When using the Hallprobe, make sure that your students use Channel 1 of Sensor DAQ . Connection 

to any other channels d oes not give the correct signal. 

2. Be sure that the probe setting is set to the maximum value in agreement with the software prompt 

before calibration.  

 WARNING 

 

Your students will be working with electrical equipment that generates large voltages.  Improper use 

can cause painful burns.  To avoid  d anger, make sure that they know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires are 

d isconnected  from or connected  to a power supply; they must never touch the conducting metal of any 

wire. 

 

Difficulties and Alternative Conceptions 
Based  on their confusion, probably caused  by seeing field  lines in  books, many students believe that 

magnetic field s go from one source to another source.  This is not a field  theory with a field  vector 

defined  at a point in space.  Even students beginning to develop a concept of field  can overgeneralize 

from magnets and  think that field  vectors must point to physical objects. This is also fed  by their belief 

that electric charges and  magnetic poles are the same. 

 

Prediction 
Make sure your students’ p red ictions are magnetic field  maps and  not lines of force.  
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Lab 5 Problem #3:  Measuring the Magnetic Field of Permanent Magnets 

Problem 
Determine how the magnetic field  strength depends on d istance from the center of a bar magnet along a 

line perpendicular to the magnet and  along the axis of the magnet. Use a model in which the poles of the 

magnet are treated  as monopoles obeying a Coulomb-type law. 

 

Purpose 
 To learn how to use the Hall probe to measure magnetic fields. 

 To quantify the magnetic field  of a bar magnet and  to show the similarity of that field  to an electric 

dipole’s electric field . 

 

Equipment:  bar magnet, Hall probe, sensorDAQ interface, meter stick, compass 

 
   

Teaching tips 
1. This is mainly an introduction to the Hall probe.  If you haven’t used  one before, take the time to see 

how the computer d ata acquisition program works with the Hall probe.  Make sure you try 

calibrating one yourself.   The d irections are in  student manual append ix.  The program does all the 

converting from voltage into magnetic field  strength. 

2. Make sure that your students use Channel 1 of Sensor DAQ. 

3. Where you calibrate and  use the Hall probe is very impor tant.  The computers put out enough of a 

magnetic field  to affect the students results AS DO THE POWER SUPPLIES!!  It is a good  idea to put 

the power supply on the floor (or as far away from where the students are taking their data as 

possible).  Also, watch to see where your students calibrate the probe.  They should  do it in the region 

in which they plan to take their data, but they seem to end  up just hold ing it above their heads .  That 

is not good  enough, as the background  fields are d ifferent in d ifferent parts of the room. 
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4. Make sure you understand  the Hall effect.  Students can be vicious if you cannot explain it simply 

and  d irectly if they ask.  It is easy to understand  and  a good  application of the basic physics of the 

interaction of the magnetic field  with electric charges.  The Hall effect is not the purpose of this lab, so 

don’t try to explain it to students unless they ask and  are interested .  

5. Chances are slim that the Hall effect w ill be covered  in the students’ lecture.  Re fer any of the 

boisterous ones (and  yourself) to Tipler, section 28-4 (page 872).  Do not lecture on the Hall effect! 

 For most students it is enough that the Hall probes can measure magnetic field .  

6. You may wish to have your students test the 1/ r 3 behavior of their data (for ‘large’ d istances from 

the poles). 

 

Difficulties and Alternative Conception 

By now many students have overgeneralized  that everything falls off as 1/ r 2.  This behavior is more 

complex but can be understood  from limiting cases.  Near a pole the field  is like that from a monopole 

(1/ r2).  The farther you are from one pole, the larger the fraction of the field  is due to the other pole.  

After showing that magnetic poles are not electric charges, this problem shows that the d ipole b ehavior of 

electric charges and  magnetic poles is the same. 

 

Prediction 
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The magnetic field  at points along the two axes of  the 

magnet are given by: 
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where k is a constant analogous to Coulomb’s constant 

for magnetism rather than electricity. The d istance 

between the poles d is not necessarily the length of the 

magnet. The approximate position of the poles can be 

determined  by examining the field  pattern produced  by 

iron filings. 

 

 The graph below shows the magnetic field  parallel to the bar magnet.  It was done under the High 

Sensitivity setting.  The line shows the pred icted  1/ r 3 behavior.  The best pred iction is based  on a 

calculation of the electric field  from an electric d ipole. 
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Lab 5 Problem #4: Magnetic Field of One Coil 
 

If Biot-Savart calcu lations will not be emphasized  on tests, then it is probably best to d o Problem #4 

instead  of Problem #5. 

 

Problem 
Make a qualitative sketch of the magnetic field  around  a current-carrying coil of wire and  compare to that 

of a bar magnet. 

 

Purpose 
 To show that electric currents can cause sizable magnetic fields. 

 To explore the magnetic field  of a current carrying coil(s) qualitatively. 

 To show that a single coil has the magnetic field  of a d ipole. 

 

Equipment:  Pasco large coil and  base, wood  blocks, banana cables, Hall Probe, SensorDAQ interface, 

meter stick 18V/ 5A power supply 

 
 

Teaching tips 
1. The data should  show a field  similar to that produced  by a magnetic d ipole.  

2. The computer program measures magnetic fields in gauss (G).  Point this out to students since they 

will undoubted ly have pred ictions in tesla (T).  They can look up the conversion in their text. (1T = 

10
4
 G). 

3. Make sure the students don’t try to simulate too many Loops per centimete r, Magnetism 3D stops 

d isplaying field  lines frequently for solenoid  configurations over 25 loops per centimeter.   
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Difficulties and Alternative Conceptions of Students 
Many students will still confuse the magnetic field  with lines of force (or field  lines) they see in books.  

This will probably lead  some of them to try to use Ampere’s Law to determine the magnetic field  for a 

coil.  Ampere’s Law can be useful as a qualitative tool here but your students w ill need  to be reminded  

that the magnetic field  at any point in space near the coil is the vector sum of the magnetic field  caused  by 

every current element in that coil. 

 

Predictions  (below is the pred iction for problem #5, problem #4 doesn’t have a quantitative 

pred iction) 
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where I is the current in the coil, R is the rad ius of the coil, x is the d istance along the axis of the coil, and  

N  is the number of turns of wire (the Helmholtz coils have 200 turns). 

 

Data 
pos bar ring adj ring

0.0 29.7 18.2 29.7

0.5 29.0 18.1 29.2

1.0 27.1 18.0 27.8

1.5 24.4 17.7 25.6

2.0 21.3 17.4 23.1

2.5 18.3 17.0 20.4

3.0 15.5 16.5 17.8

3.5 13.1 16.0 15.4

4.0 11.1 15.4 13.2

4.5 9.4 14.8 11.3

5.0 8.1 14.2 9.7

5.5 7.0 13.5 8.3

6.0 6.1 12.8 7.2

6.5 5.4 12.2 6.2

7.0 4.8 11.5 5.4

7.5 4.3 10.9 4.8

8.0 3.9 10.3 4.2

8.5 3.6 9.7 3.7

9.0 3.3 9.1 3.3

9.5 3.1 8.6 3.0

10.0 2.9 8.1 2.7

A comparison of the behavior of the magnetic 

fields of a bar magnet and current-carrying coil 

shows marked similarities; both act as a dipole.
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Lab 5 Problem #5: Determining the Magnetic Field of a Coil 
 

In Problem #5 the pred iction should  be based  on a calculation using the Biot -Savart Law; if Biot-Savart 

calculations will not be emphasized  on tests, then it is probably best to do Problem #4 instead  of Problem 

#5. 

 

Problem  
Determine how the magnitude of the magnetic field  of a current-carrying coil of wire depends on the 

position along the central axis, the rad ius of the coil, the number of turns of the coil, and  the current 

through the coil. 

 

Purpose 
 To show that electric currents can cause sizable magn etic fields. 

 To explore the magnetic field  of a current carrying coil(s) quantitatively.  

 To show that a single coil has the magnetic field  of a d ipole. 

 To practice using the Biot-Savart Law. 

 

Equipment:  Pasco large coil and  base, wood  blocks, banana cables, Hall Probe, SensorDAQ interface, 

meter stick 18V/ 5A power supply 

 
 

Teaching tips 
1. Correct pred ictions for Problem #5 are made using the Biot -Savart law.  If students use Ampere's law, 

they should  see a d ifference between their resu lts and  pred ictions.  After measurements are complete 

make sure they d iscuss why Ampere's law really does not apply. 
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2. The computer program measures magnetic fields in gau ss (G).  Point this out to students since they 

will undoubted ly have pred ictions in tesla (T).  They can look up the conversion in their text. (1T = 

10
4
 G). 

 

Difficulties and Alternative Conceptions of Students 
Many students will still confuse the magnetic field  with lines of force (or field  lines) they see in books.  

This will probably lead  some of them to try to use Ampere’s Law to determine the magnetic field  for a 

coil.  Ampere’s Law can be useful as a qualitative tool here but your students w ill need  t o be reminded  

that the magnetic field  at any point in space near the coil is the vector sum of the magnetic field  caused  by 

every current element in that coil. 

 

Predictions 
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where I is the current in the coil, R is the rad ius of the coil, x is the d istance along the axis of the coil, and  

N  is the number of turns of wire (the Helmholtz coils have 200 turns). 

 

Data 
pos measured B calculated B radius = 12.2 cm

0.0 18.2 N = 200 turns

0.5 18.2 I = 2.36 amps

1.0 18.0

1.5 17.7 17.8

2.0 17.4 17.5

2.5 17.0 17.1

3.0 16.5 16.7

3.5 16.0 16.2

4.0 15.4 15.6

4.5 14.8 15.1

5.0 14.2 14.4

5.5 13.5 13.8

6.0 12.8 13.2

6.5 12.2 12.5

7.0 11.5 11.9

7.5 10.9 11.3

8.0 10.3 10.7

8.5 9.7 10.1

9.0 9.1 9.5

9.5 8.6 9.0

10.0 8.1 8.4

11.0 7.1 7.5

12.0 6.3 6.6

13.0 5.6 5.8

14.0 5.0 5.2

15.0 4.4 4.6

16.0 3.9 4.1

17.0 3.5 3.6

18.0 3.2 3.2

19.0 2.8 2.9

20.0 2.6 2.6

21.0 2.3 2.3

22.0 2.1 2.1

23.0 1.9 1.9

24.0 1.8 1.7

25.0 1.6 1.5

As can be seen, the calculated B field is 

almost identical to the measured B field

for a current-carrying coil
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Lab 5 Problem #6:  Measuring Magnetic Field of Two Parallel Coils 
 

Problem  
Determine how the magnitude of the magnetic field  along the axis of two large identical parallel coils 

depends on d istance from the middle of the two coils. The coils are oriented  such that the d istance 

between them equals their rad ii. 

 

Purpose 
 To show that electric currents can cause sizable magnetic fields. 

 To explore the magnetic field  of a current carrying coil(s) quantitatively.  

 To show that the magnetic field  from two sources is just the vector sum of the magnetic field  from 

each source at each point in space. 

 To practice using the Biot-Savart Law. 

 

Equipment 
Pasco large coils and  base, wood  blocks, banana cables, Hall probe, SensorDAQ interface, meter stick, 

18V/ 5A power supply 

 
 

Teaching tips 
1. In problem 5.59 (page #243 in the Second  Edition) in D. J. Griffiths’s upper -level undergraduate E&M 

text, the idea is given that the coils’ separation is chosen so that both the first and  second  derivatives 

of the total field  are zero at the midpoint alon g the axis of the coils (see Problem 30-72).  The field  

changes very slowly between the coils and  is approximately constant in this region.  This 

arrangement is called  a Helmholtz coil.  Do not go into this with your students . 

2. Make your students really measure d istance along the axis of the Helmholtz coils. 

80



3. The computer program measures magnetic fields in gauss (G).  Point this out to students since they 

will undoubted ly have pred ictions in tesla (T).  They can look up the conversion in their text. (1T = 

10
4
 G). 

4.    Make sure that the currents inside the d ouble coils flow in the same d irection, otherwise the students 

will get very small values of magnetic field  around  the center.  

 

Difficulties and Alternative Conceptions of Students 
Many students will still confuse the magnetic field  with lines of force (or field  lines) they see in books.  

This will probably lead  some of them to try to use Ampere’s Law to determine the magnetic field  for a 

coil.  Ampere’s Law can be useful as a qualitative tool her e but your students w ill need  to be reminded  

that the magnetic field  at any point in space near the coil is the vector sum of the magnetic field  caused  by 

every current element in that coil. 

 

Predictions 
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where I is the current in both coils, R is the rad ius of each coil, x is the d istance along the axis of the 

Helmholtz coils from the point mid way between the coils, and  N  is the number of turns. 
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Data 
pos measured calculated

-16 25 25.5

-15 27 27.3

-14 29 28.8

-13 30 30.1

-12 31.1

-11 31.7

-10 32 32.1

-9 32.5 32.3

-8 32.5 32.4

-7 32 32.4

-6 32 32.4

-5 32.5 32.4

-4 32.5 32.3

-3 32.5 32.2

-2 32 31.9

-1 31.4

0 30.6

1 29.5

2 28 28.1

3 26.5 26.4

4 24 24.5

5 22 22.5

6 20 20.5

7 18 18.6

8 16 16.7

9 14 15.0

10 13.4

11 11.9

12 10 10.6 radius = 12.5 cm

13 9 9.5 separation = 12.5 cm

14 8 8.4 current = 3 amps

15 7 7.5 # coils = 200 turns

16 6 6.7

17 5.5 6.0

18 5 5.4

19 4 4.9

20 3.5 4.4

21 3.2 4.0

22 3 3.6

23 2.6 3.3

24 2.4 3.0

25 2.1 2.7

26 1.8 2.5

27 1.7 2.3

As can be seen, the calculated B field is almost

identical to the measured B field in this Helmholtz

coil arrangement.  However, the central dip is less

pronounced and the B field falls off slightly faster
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Lab 5 Problem #7:  Magnets and Moving Charge 

Problem 
Determine qualitatively how the deflection of an electron beam by a magnetic field  depends on the 

strength and  d irection of the field  and  on the speed  of the electrons.  

 

Purpose 
To introduce the force caused  by a magnetic field  on a charged  particle. 

 

Equipment:  CRT, CRT power supply, banana cables, bar magnet, meter stick, compass. 

 
 

 WARNING 

 

Your students will be working with electrical equipment that generates large voltages.  Improper use 

can cause painful burns.  To avoid  d anger, make sure that they know the safe way to operate the 

equipment: the power must be turned  OFF and  they must wait at least one minute before any wires are 

d isconnected  from or connected  to a power supply; they must never touch the conducting metal of any 

wire. 

 

Teaching Tips 
1. Many students find  the concept that the force on a charged  particle caused  by a magnetic field  is 

perpendicular to that field  very d ifficult to grasp.  This problem shows magnetic fields act d ifferently 

to electric fields.  Remember that electrons are negatively charged ! 

2. The last paragraph in the exploration asks the groups to think up their own question and  check it 

with you before they start.  They are asked  to check with you for safety reasons, but ask them why 

they chose the question they d id .  Try to make sure that th ey are not just copying what their neighbor 
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did  and  that they have made a guess about the answer.  Remember that a nu ll result can be 

interesting, especially if they expect something to happen. 

3. When these measurements are finished , it is good  to refer back  to Lab 1, Problem #4, when the 

electron was deflected  by the earth 's magnetic field  instead  of the gravitational field .  Ask the 

students which d irection the magnetic field  of the earth should  be pointing based  on those results.  

4. Students need  to practice with the right-hand  rule.  Make sure that they are actually using it.  

 

Difficulties and Alternative Conceptions of Students 
Many of your students believe that if one object exerts a force on another object, that force must point 

toward  (or away from) the object exerting the force.  Many of your students will still believe that 

magnetic poles are the same as electric charges.  There are also students who will confuse velocity and  

acceleration. 

 

Prediction 

Magnetic Force =


 Bvq , where q is the amount of a moving charge, 


v  is its velocity and  


B  is the 

magnetic field . 

 

Discussion Idea 
This is a good  opportunity to explain the path of a charged  particle in a cyclotron.  It’s a great right -hand  

rule exercise.  Some stud ents are learning about vectors in calculus class, so here’s your chance to 

integrate that knowledge into physics. 

 

Describe the path of the positively charged  particle in the situation shown below.  
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Lab 5 Problem #8:  Magnetic Force on a Moving Charge 
 

Problem 
Determine how the deflection of electrons in a cathode ray tube depends on the magnitude of a magnetic 

field  applied  perpend icular to the path of the beam. 

 

Purpose 
To determine quantitatively the force and  subsequent deflection of a charged  particle as it travels through 

a magnetic field . 

 

Equipment:  18V/ 5A power supply, Pasco large coils (Helmholz configuration) with base, wood  

blocks, bar magnet, Hall probe, SensorDAQ interface, CRT, compass, banana cables.  

 

 WARNING  

 

Your students will be working with electrical equipment that generates large voltages.  Improper use can 

cause painful burns.  To avoid  danger, make sure that they know the safe way to operate the equipment: 

the power must be turned  OFF and  they must wait at least one minute before any wires are d isconnected  

from or connected  to a power supply; they must never touch the conducting metal of any wire. 

 

Teaching tips 
1. The field  is along the axis of the coils; to get a good  deflection you need  to put the CRT in  

perpendicular to the axis.  There is some deflection if you pu t the CRT along the axis but not much.  

You might want to have your students explore this to d rive home the fact that the force is a vector 

and  it depends on the component of B perpend icular to the velocity. 
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2. For a 250-Volt electron in a 100 µT (1 gauss) field  (two times the earth’s field ), the rad ius of curvature 

is 0.53 meters. 

3. Be sure to warn your students about the power supplies.  Remind  them that they are not safe 

immed iately after turning the power supply off, either. 

4. This problem is similar to Problems #5 and  #6 in Lab 1; you can build  off these p roblems or use them 

for review. 

 

Difficulties and Alternative Conceptions of Students 
Many of your students believe that if one object exerts a force on another object, that force must point 

toward  (or away from) the object exerting the force.  Many of your students will still believe that 

magnetic poles are the same as electric charges.  There are also students who will confuse ve locity and  

acceleration.  All of the stand ard  motion misconceptions from projectile motion may arise.  Many 

students believe that the force on the electron is constant instead  of changing d irection as the electron 

changes its d irection.  This lead s to an incorrect pred iction, which unfortunately will agree with your 

students’ measurements.  Be alert to catch this. 

 

Prediction 
There are two ways to pred ict the deflection; only one is correct, but both will agree with the 

measurement.  The correct method  is to get the rad ius of the electron’s path and  deduce the deflection 

using geometry.  Thus, the problem can be solved  exactly and  one should  get  
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where e is the elementary charge, B is the magnetic field , L is the length of the CRT, m is the mass of 

electron, and  V  is the velocity of the electron. 

The incorrect method  assumes that the force on the electron is in the same d irection while it is in flight.  

Then you can treat the force on the electron similarly to the projectile motion (gra vitational or electric) 

case.  Students need  to und erstand  this “works” because it is simply a fair first order approximation as it 

yields .
2
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d    This solution assumes a parabolic path for the electron.  It is not such a bad  

approximation in this case but make sure your students know when they leave that it is an 

approximation.  Make sure they understand  how to do this problem correctly and  how it d iffe rs from the 

approximation (if they use it). 

Finally, let us mention that one can show that  .
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Data 
deflection (mm) field (G)

13.00 2.18 V = 250 V

18.58 2.74 L = 13.9 cm

21.48 2.94 Me = 9.11E-31 kg

9.85 1.80 Qe = 1.60E-19 C

7.62 1.55 v = 9377437 m/ s

2.06 0.90 y = [e*L^ 2/ (2*m*v)]*B = 18.12

Electron deflection by a Magnetic Field
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Linear fit of deflection (field (G)): y = 9.3624 x - 6.7991

 
Discussion Question 
Compare the motion of a charged  particle in uniform electric and  uniform magnetic fields.   Are the 

trajectories d ifferent?  Can they be of the same shape?  Discuss the role of the initial velocity d irection.  As 

a particular case, d iscuss the motion of a charged  particle, which is initially at rest in either field .  
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Laboratory 6: Electricity from Magnetism 

 

The flow chart for these labs is shown below. 

 

Prob. # 1

Prob. # 2

Prob. # 5 Prob. # 6

Prob. # 4

Prob. # 3

 
 

 

Teaching Tips 
 Most students have a great deal of d ifficulty with the very abstract concept of flux as the total 

amount of field  through an area.   The next big d ifficu lty that stu dents have is that the effect (change 

of electric potential) depends not on the size of the flux but on its change.  Be ready to confront 

misconceptions arising from these problem areas. 

 Calcu lus is still a foreign language to many of your students and  they are not confident in its use.  

Encourage your students to get help if necessary, bu t make sure they do the math.  

 The conceptual d ifficulties of the students are not helped  by the strange language associated  with 

this top ic.  We use words such as “induced ” or “electromotive force” or “emf” which are 

meaningless to students.  It is best to avoid  such words whenever possible.  This lab is designed  to 

help students connect the abstract concept of a changing magnetic flux to reality.   

 It is probably the end  of the semester when you d o this lab; d on’t let the students give up just 

because school is almost ou t.  Staying enthusiastic and  focused  will help.  

 

Things your students should know by the end of this lab 

 How to determine a magnetic flux. 

 The cond itions necessary for a magnetic field  to prod uce an electric current. 

 The d irection of a current induced  by a changing magnetic field . 

 How to use the concept of magnetic flux to determine the electric effects of a changing magnetic field .  

 How to use Faraday's law to determine the magnitud e of a potential d ifference across a wire from a 

changing magnetic flux. 

 

Things to do before teaching this lab 
 In order to help your stud ents if they d on’t notice an effect, determine how fast you must move the 

magnet through the coil to see a noticeable effect on the VoltageTimeLab screen.  How much 

deflection can you get if the magnet is moved  so that it does not go through the coil?  Try keeping the 

magnet steady and  moving the coil. 
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 Make sure that you can correctly pred ict the sign of the induced  potential d ifference as measured  by 

the VoltageTimeLab program.  This requires careful thought and  you won’t be able to help your 

students with their reasoning problems if you do not fully understand  it.  

 Be sure you know how to connect the function generator and  set its ad justments so that it ou tputs a 

sine with the appropriate frequency and  amplitude.  Check to see where the signal is clipped  by the 

amplifier in the hall probe (where the amplifier saturates because the signal is too larg e). 

 Determine how sensitive the flux is to the angle of the area of the coil to the magnetic field .  

 Don’t forget to re-magnetize the magnets just before your lab begins. 
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Lab 6 Exploratory Problem #1:  Magnetic Induction 

 

Problem 
Study d ifferent ways to use a bar magnet to generate a potential d ifference across two ends of a coil of 

wire. 

 

Purpose 

 To give students the experience of producing an electric potential d ifference by changing a magnetic 

flux and  also seeing that a constant magnetic flux gives no potential d ifference. 
 

Equipment:  bar magnet, d ifferential voltage probe, SensorDAQ interface, small coil.  Please note that 

the sensorDAQ has replaced  the LabPro interface for all lab problems. 

  

 
Teaching Tips 
1. This problem shows students that induction is a real effect.  Make sure that students realize that to 

get a potential d ifference in a wire there must be a current in that w ire.  Also make sure that they are 

thinking in terms of what is happening to the magnetic flux. 

2. Encourage open-ended  exploration.  The students need  to develop their own ideas of ways of 

producing potential d ifferences.  Because of the many student misconceptions that are possible, allow 

the students plenty of time to qualitatively test their own ideas about causing current with a magnetic 

field . Encourage your stud ents to try as many d ifferent configurations and  actions of the magnet and  

coil that they think might cause the ammeter to register.   

3. This problem also asks the students to confirm Lenz's law.  Practice this yourself before you  teach the 

lab so that you can help the students with the various signs involved .  
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4. When you assign this problem, you should  emphasize to your students that they should  try to think 

of as many ways of producing a magnetic field  in the coil as possible.  Otherwise it is likely that they 

will simply think of one or two ways, spend ing only a minute or two thinking about the problem.  

 

Difficulties and Alternative Conceptions 
Students seem to have strong ideas about  what should  happen when producing currents using magnetic 

fields; many of these strong ideas are misconceptions.  For example, many stud ents believe that it is the 

closeness of the magnetic field  to the coil that causes the current.  They are surprised  th at slowly moving 

a magnet toward  a coil (or even putting it in the coil) doesn’t produce a current.  If you let them push a 

magnet through the coil without having them stop the magnet when the pole is in the center of the coil, 

they might reinforce this misconception.  Some stud ents believe that moving the coil is d ifferent from 

moving the magnet.  This may be because of misconceptions caused  by an “active” interpretation of lines 

of force “pu lling” things toward  a magnet.  Some believe that the magnet must  go through the coil to 

produce an effect.  Even if they believe that the moving magnet or moving coil will produce an electric 

current, many students p red ict the exact opposite of what w ill happen.  Because of their many 

misconceptions, students find  the textbook’s explanation of Lenz’s law d ifficu lt to understand , so you  

may have to spend  time with each group making sure they have both read  and  understood  their textbook 

and  connect it to what they observe in lab. 

 

Prediction 
Remember that to induce a current, there must be a changing magnetic flux.  The sum of the magnetic 

field  through the area bounded  by the coil has to change.  It is probably more d ifficult to think or ways of 

moving the magnet w ithout producing a current – the only way I can think of is by rotating the magnet 

(or coil) about its axis. 
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Lab 6 Problem #2:  Magnetic Flux 
 

 

Problem 
Study how the magnetic flux passing through a coil depends on the angle between the coil and  the 

d irection of the magnetic field .  Calculate the magnetic flux as function of the angle. 

 

Purpose 
To compare a simple computer simulation (movie) to help students learn how magnetic flux through a 

coil in a magnetic field  depends on the orientation with respect to the field .  The students are to watch 

how the flux changes as the angle between the normal to the coil and  the magnetic field  varies.  

 

Equipment 
The “Flux Simulation” program should  be located  in the Physics folder on the desktop. 

 
 

 

92



 

 

Teaching Tips 
1. Previously we told  the students that the Hall probe measured  magnetic field .  Now we will tell them 

it really measures magnetic flux.  In a d iscussion you need  to make it clear why the probe really d oes 

measure the sum of the magnetic field  over its area which is perpendicu lar to the probe surface (flux) 

and  why this can be used  to determine the magnetic field  as long as the field  does not cha nge too 

much over the area of the probe. 

2. Students should  realize that the magnetic field  is not changing, even though the Hall Probe's read ing 

changes because it is d ifficult to hold  the probe stead y.  Check that the students keep the probe in the 

same location as it is rotated . 

3. In order to get the expected  cosine dependence, students must take their first data point (= 0) where 

the Hall Probe gives its maximum read ing.  In other words, the students must d ecide what the angle 

means with respect to the d irection of the magnetic field . 

4. In the calibration step of the Hall Probe, make sure that your students choose an angle quantity 

(degrees or rad ians) for their x-axis.  It is d ifficu lt to make precise rotations.  Increments of 30 degrees 

yield  a good  enough graph to determine the shape. 

 

Difficulties and Alternative Conceptions 
Many students believe that the flux is the magnitude of the magnetic field .  Again, it is best to avoid  the 

“field  line” or “line of force” idea in any explanations.  

 

Prediction 

 cosABFlux  Magnetic , where A is the area, B is the magnitude of the magnetic field , and   is the 

angle between the area vector and  the magnetic field . 

 

Students will have to measure the area of the Hall Probe themselves.  It can be assumed to be the area of 

the white circle.  Area = (0.35 cm)
2
 (3.14) = 0.38 cm

2
. 

 

Warm-up Questions 
By asking appropriate questions of each group, make sure that the students are making the connection 

between the objects in the simulation and  the objects in the lab. 
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Lab 6 Exploratory Problem #3:  The Sign of the Induced Potential  

 

Problem 
Study the sign of the induced  potential d ifference across the end s of t he coils  when the North or the 

South Pole is pushed  through the coil. 

 

Purpose 
 To give students an opportunity to get some experience in pred icting the sign of an electric potential 

d ifference caused  by a change in magnetic flux. 

 

Equipment:   

 
 

Teaching Tips 
1. This problem shows students that induction is a real effect.  Make sure that students realize that to 

get a potential d ifference in a wire there must be a current in that w ire.  Also make sure that they are 

thinking in terms of what is happening to the magnetic flux. 

2. This problem also asks the students to confirm Lenz's law.  Practice this yourself before you  teach the 

lab so that you can help the students with th e various signs involved . 

3. Students may push one end  of a magnet through the coil and  then pull it out quickly making it 

d ifficult to tell from the computer screen what part of the graph was caused  by what action.  If this is 

a problem ask them to just d o one action at a time so they can be sure that the measured  potential 

d ifference is due to a particular movement. 
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Difficulties and Alternative Conceptions 
Many students will still have many of the misconceptions mentioned  in Problem #1.  For example, many 

students believe that it is the closeness of the magnetic field  to the coil that produces the current.  They 

are surprised  that slowly moving a magnet toward  a coil (or even putting it in the center of the coil) does 

not produce a current.  If you just let them push a magnet through the coil w ithout having them stop the 

magnet when the pole is in the center of the coil, they might reinforce this misconceptio n.  Some students 

believe that moving the coil is d ifferent from moving the magnet.  This may be because of misconceptions 

caused  by an “active” interpretation of lines of force “pulling” things toward  a magnet.  Some believe 

that the magnet must go through the coil to produce an effect.  Even if they believe that the moving 

magnet or moving coil w ill produce an electric current, many students pred ict the exact opposite of what 

will happen.  Because of their many misconceptions, student’s find  the textbook’s explanation of Lenz’s 

law d ifficu lt to understand , so you may have to spend  some time with each group  making sure they have 

both read  and  understood  their textbook and  connect it to what they observe in lab.  

 

Prediction 
Make sure that students d raw good  pictures with their pred ictions.  The answer to the pred iction is 

meaningless unless you have a picture showing the arrangement. 
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Lab 6 Problem #4:  The Magnitude of the Induced Potential Difference 

 

Problem 
How d oes the magnitude of the ind uced  potential d ifference across a coil  depend  on the speed  of the 

magnet moving through the coil? 

 

Purpose 
To have students establish a quantitative relationship  between the magnitude of the prod uced  potential 

d ifference and  the rate of change of magnetic flux. 

 

Equipment:  track, cart, bar magnet, wood  blocks, d ifferential voltage probe, meter stick, end  stop, 

SensorDAQ interface, Pasco large coil. 

 
 

Teaching Tips 
1. More than one magnet can be put on the cart for a stronger magnetic field , make sure the magnets are 

freshly magnetized  and  if using multiple magnets, aligned  so they don’t cancel ou t . 

2. Make sure students understand  each region of their graph of potential d ifference versus time (a 

sample graph is shown below).  The change of magnetic flux is large when one end  of the magnet 

enters the loop, is small while the magnet is insid e the loop, and  is large again (in the opposite 

d irection) when the 2nd  end  of the magnet leaves the loop. 

3. Your students will have to stop the data acquisition to freeze the screen to see resu lts. 

4. It is important for the students to be consistent about which peak they measure on the potential 

d ifference vs. time graph.   They should  also be careful to make sure they get the desired  structure 

fully on the screen in order to accurately measure the peak height.  
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5. Once the students have taken the data, you might want to suggest they input it into an Excel 

spreadsheet to see how close their data comes to the correct one.  (They should  use t he power law  

trend-line feature). 

6. It is important to note that there is no easy way to pred ict the constant of proportionality between the 

induced  emf and  the cart’s starting d istance.  It would  be a very messy integration.  Rather than d o 

this, tell your students that the important thing is not the exact nature the constant of proportionality 

but the square root depend ence on d istance. 

 

Difficulties and Alternative Conceptions 
See the alternative conceptions from Problem #3. 

 

Prediction 
The induced  potential d ifference across the coil should  be proportional to the square root of the starting 

position of the cart. 

1
22 sin

A

dB
N g dA d

dx
 

 
  
 

 , 

where  is the induced  potential d ifference across the coil, N is the number of turns in the coil,  is the 

angle of inclination of the track, B is the magnetic field  of the bar magnet, A is the cross -sectional area of 

the coil, x is the cart’s position as measured  from the coil, and  d  is the cart’s starting position as measured  

from the coil.  To arrive at this expression, one needs to app ly the chain rule to Faraday’s Law, and  use 

conservation of energy to find  the cart’s velocity through the coil.  

 

Important  Note: 
In the exploration section, have the students check if they can read  the signal from the SensorDAQ 

interface.  Most of the time, they may notice that the data read out begins with the signal, with half cut off.  

You might suggest starting the cart down slope from the coil and  giving the cart a push up  the ramp so 

that it rolls through the coil.  If they then record  the position that it stops upslope, this is the “release 

point” in the manual.  The first pass through the coil is the first “trough -peak”; the second  pass through, 

which is the actual data, is the second  “trough -peak”.  The first pass is often necessary for triggering to 

d isplay the d ata (the second  pass).  Make sure the students at least consider the situation before you give 

them suggestions. 

 

Data 
 

 
 

1. Farad ay Probe results. 
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Distance Potential
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2. Graphed  results. 
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Lab 6 Problem #5: The Generator 

 

Problem 
What is the potential d ifference induced  in a coil of w ire spinning in  a uniform magnetic field ? 

 

Purpose 
To show the students that a potential d ifference can be produced  in a copper coil inside a constant 

magnetic field  by changing the orientation of that coil with respect to the magnetic field . 

 

Equipment:  ****make sure the pickup coil is never hooked up to a pow er supply , or bat tery .  

Doing so w ill likely  damage the coil!    

 
 

Teaching Tips  

 WARNING 

 

Your students will be working with electrical equipment that generates large voltages.  Improper use 

can cause painful burns .  To avoid  danger, make sure that the students know the safe way to operate 

the equipment: the power must be turned  OFF and  they mu st wait at least one minute before any wires 

are d isconnected  from or connected  to a power supply; they must never touch the conducting metal of 

any wire and  they must never use higher voltage settings on the power supplies to avoid  destroying 

motors. 

 

1. The motor should  limited  to under 9V when using the power supply.  Increasing the voltage 

increases the motor speed , but too high a voltage will burn out the motor.  A rubber belt connects the 

motor to the spinning coil. 
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2. The Helmholtz coils should  be connected  to a separate power supply.  Make sure your students make 

the connections so that the same amount of current goes through both coils in the same d irection.  

Ask them to check by qualitatively pred icting the d irection of the field  from each coil at  the midpoint 

between the two coils. 

3. You can use this problem to d rive home the idea that even if the field is constant, the flux through 

the loop may be changing. 

4. There are two vertical p ins at the edges of the spinning coil.  Attach the alligator clips to these in 

order to measure potential d ifference across the coil.  Your students can check that these pins are 

connected  together through a cond uctor by using their ohmmeter. 

5. Your students must decide on the area of the pick-up  coil.  This is not obvious since the wire has a 

non-negligible wid th.  The flux through the inner coils of wire is significantly d ifferent from the flux 

through the outer coils.  Just using the inner lengths of the coils or the outer lengths gives a 

significantly incorrect result.  The average between inner and  outer lengths works well enough.  Do 

not undermine your students’ opportunity to learn by telling them what to do here.  Making a correct 

decision goes to the very heart of understand ing flux.  After giving them time t o begin their 

measurements, make sure each group has recognized  the problem on their own and  has made a 

rational decision about how to handle it.  They might also recognize a necessary correction for the 

loop not really being a rectangle (rounded  corners).  Lots of active coaching in the groups is necessary 

here. 

6. With the LabVIEW program one can d irectly read  the frequency of the coil from the graph of the 

magnetic field  as a function of time. 

 

Difficulties and Alternative Conceptions 
Most of your students still have all of their misconceptions about fields, fluxes, and  d irections.  The 

students can clarify these concepts only if you make them explain what is happening and  why it is 

happening in this problem.  Trying to use an id ea of “cutting field  lines ” can lead  to further 

misconceptions especially in the case of a coil moving through a region of constant magnetic field  at a 

constant angle to that field . 

 

Prediction 

Definition of Flux:     .


 dAB  

Angular Speed  of coil:    .
t





  

Faraday’s Law:     .
dt

d
n


  

Potential Difference in the spinning coil:   ,sin tBAn    

where ε  is the induced  potential d ifference,  is the angular speed  of the small coil, B is the magnitude of 

the magnetic field , n is the number of turns of wire  (1500) in the small coil, and  A  is the area of the small 

coil. 

 

Warm-up Questions 
Make sure your students understand  the relationship between the angle the coil makes with the magne tic 

field  () and  the angular speed  of the coil.  This small point of geometry and  circular motion kinematics 

can be a big hang-up for some students. 
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Data (this data is collected with 3000 turn coils) 
period w potential amplitude from data pts from measurements

0.571 11.0 0.349 0.1745 NBA=.0155 N= 3000

0.306 20.5 0.64 0.32 B= 0.00113 "+/- .00001"

0.214 29.4 0.892 0.446 A= 0.00452 "+/- .000004"

0.172 36.5 1.148 0.574 NBA= 0.01534

0.127 49.5 1.554 0.777

0.339 18.5 0.583 0.2915

0.436 14.4 0.459 0.2295

0.267 23.5 0.706 0.353

1.244 5.05 0.166 0.083

0.921 6.82 0.219 0.1095

0.467 13.45 0.417 0.2085

0.436 14.41 0.459 0.2295

0.302 20.81 0.657 0.3285

0.243 25.86 0.805 0.4025

0.2 31.42 0.964 0.482

0.154 40.80 1.263 0.6315

With N=3000, the experimental data

and calculations match well

V=(NBA)*w
y = 0.0155x + 0.0025

R
2
 = 0.999
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Discussion Question 

This generator models the way we get our electricity.  You might d iscuss why sp inning the coil with an 

electric motor would  not be a useful way of generating electricity.  Ask the students what else might be 

used  to sp in the coil: hydropower, thermal energy (bu rning coal or oil), nuclear energy, etc.  Stress that (i) 

the fundamental idea of a generator is the use of magnetic field  to transform mechanical energy into 

electrical energy and  (ii) energy conservation still hold s: energy cannot be gained  by this proce ss! 
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Lab 6 Problem #6:  Time-Varying Magnetic Fields  

 

Problem 
Study how the induced  potential d ifference across the ends of the coils  depends on the angle between the 

time-varying magnetic fields and  the coil. 

 

Purpose 
To show the students that a potential d ifference can be induced  in a stationary copper coil by changing 

the magnitude of the magnetic field . 

 

Equipment:  :  ****make sure the pickup coil is never hooked up to a pow er supply , funct ion 

generator or bat tery .  Doing so w ill likely  damage the coil!    

 
 

Teaching Tips  

1. Many groups may not get this far, but if your students understand  the generator from Problem #5, 

this problem takes little time to make the measurements. 

2. The Helmholtz coils should  be connected  to a Function Generator .  Make sure your students make 

the connections so that the same amount of current goes through both coils in the same d irection.  

Ask them to check by qualitatively pred icting the d irection of the field  from each coil at the midpoint 

between the two coils. 

3. There are two vertical pins at the edges of the p ick-up coil.  Attach the alligator clips to these in order 

to measure potential d ifference across the coil.  Your students can check that these pins are connected  

together through a conductor by using their ohmmeter. 

4. Your students must decide on the area of the pick-up  coil.  This is not obvious since the wire has a 

non-negligible wid th.  The flux through the inner coils of wire is significantly d ifferent from the flux 
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through the outer coils.  Just using the inner lengths of the coils or the outer lengths giv es a 

significantly incorrect resu lt.  The average between inner and  ou ter lengths works well enough.  

Don’t undermine your students’ opportunity to learn by telling them what to do here.  Making a 

correct decision goes to the very heart of understand ing flux.  After giving them time to begin their 

measurements, make sure each group has recognized  the problem on their own and  has made a 

rational decision about how to handle it.  They might also recognize a necessary correction for the 

loop not really being a rectangle (rounded  corners).  Lots of active coaching in the groups is necessary 

here. 

5. By changing the coil to several d ifferent orientations and  observing the change of the magnitude of 

the oscillations on the computer screen, students can d irectly see how the magnitude of the potential 

d ifference across the coil changes with the coil orientation.  The students will have to use their lab 

journals to make a potential d ifference versus orientation angle graph.  

6. It is the oscillating magnetic field  that  produces the sinusoid al pattern you see on the oscilloscope.  

The cosine dependence in the d ot prod uct causes the sinusoid al (cosine) pattern in the graph of 

potential d ifference versus orientation angle that the students will d raw.  Make sure that your 

students understand  that although they look similar, they have completely d ifferent causes and  are 

unrelated . 

 

Difficulties and Alternative Conceptions 
Most of your students still have all of their misconceptions about fields, fluxes, and  d irections.  They will 

only address them in this problem if you make sure they explain what is happening and  why it is 

happening.  This problem addresses misconceptions based  on “cutting field  lines” since the p ick -up coil 

is stationary and  only the magnitude (not the shape) of the magnetic field  changes with time.   

 

Predictions and Warm-up Questions 

Faraday’s Law       
dt

d
n


  

Assume that magnetic field  changes with time as      tBtB sin0  

The magnetic flux through a coil at an angle θ       cossin0  tABt  

The induced  emf         coscos0  tAnB  

The maximum absolute value of emf     cos0max AnB  
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Data 
angle cosine voltage normalized V

0 1.000 11.37 1.000

10 0.985 11.091 0.975

20 0.940 10.455 0.920

30 0.866 9.642 0.848

40 0.766 8.547 0.752

50 0.643 7.205 0.634

60 0.500 5.51 0.485

70 0.342 3.709 0.326

80 0.174 1.784 0.157

90 0.000 0.26 0.023

100 0.174 2.172 0.191

110 0.342 4.238 0.373

120 0.500 5.951 0.523

130 0.643 7.523 0.662

140 0.766 9.042 0.795

150 0.866 9.96 0.876

160 0.940 10.667 0.938

170 0.985 11.196 0.985

180 1.000 11.267 0.991

The potential is clearly seen to be proportional to the cosine

 of the angle its normal makes with the magnetic field.

Cosine dependence of V
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TA Lab Evaluations 

Physics 1302 Lab _________ 

 

 

We strongly encourage you to report issues or problems with any aspect of the lab immediately after 

completing the lab; please email available information to labhelp@physics.umn.edu.  Please try and 

include topics included below when emailing an evaluation.  You may also print out and complete 

this form, then turn into the lab coordinator’s mailbox located in rm. 139 if desired. 

 

Instructors Pages: 
Did you find the instructors pages useful? (circle one)                                                       yes  /  no 

What additional information would you include in these pages? 

_____________________________________________________________________________________________

_____________________________________________________________________________________ 

 

 

Students: 
Did the students find these exercises: (circle one)               enlightening  /  boring  /  fun  /  other? 

Do you have additional comments regarding student learning and these labs? 

_____________________________________________________________________________________________

_____________________________________________________________________________ 

_____________________________________________________________________________________ 

 

 

TA:  
Given the choice, would you teach these exercises again? ( circle one)                      yes  /  no 

Why or why not? 

_____________________________________________________________________________________________

_____________________________________________________________________________ 

_____________________________________________________________________________________ 

 

 

Results: 
Did the students obtain sensible results from these exercises? ( circle one)                     yes  /  no 

What were the best / worst sets of results?  Why? 

_____________________________________________________________________________________________

_____________________________________________________________________________ 

_____________________________________________________________________________________ 

 

 

Lab Room: 
Was the room kept neat and clean by your class and other classes?                                 yes  /  no 

Was the equipment functioning properly?  Could you fix it?          yes  /  no 

Any other comments regarding the room and equipment? 

_____________________________________________________________________________________________

_____________________________________________________________________________ 

_____________________________________________________________________________________ 
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