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E-5. Electric Potential

Teaching Notes

THE MAIN POINT

1. Understand the connection between the electric potential and the potential energy of a point
charge sitting in an external potential, as summarized by Uo g = qVext and Why you = q(Vs - Vi).

2. Calculate potential differences by integrating the E-field over a chosen path.

SAMPLE LESSON PLAN

Mini-Lecture.......ccooeoeviinenne 10 minutes.

Discussion Question 3........ 20 minutesin groups.

Problem5or 1.....c.ccccveee 20 minutesin groups, 10 minutes GSl-led discussion & boardwork.
Problem 7 or 6.....c...ccveee 20 minutesin groups, 10 minutes GSl-led discussion & boardwork.
Problem 4 ... 20 minutesin groups, 10 minutes GSl-led discussion & boardwork.

GENERAL TEACHING SUGGESTIONS

Damage control. For many 7B students, the meaning of the electric potential never really sinks in.
In my opinion, the reason is that we really need more time to cover thisrich topic. Alas, moretimeis
not forthcoming. Make it known to your students that they will have to do some extra potential
problems on their own, perhaps more extra problems than they have been doing up to now. Elby®
book The Portable TA, Volume 2, is an excellent resource in this situation. For those who don® have
this book, there will be plenty of worksheet problems left after section is done.

Plan of attack. There are two skills listed under The Main Point of this worksheet. | can®help but
notice how apparently different these skills are---how different they must seem to beginning
students, that is. We GSIs can easily draw connections between the various facets of the electric
potential; however, be aware that this kind of mature understanding will not be emerging in your
students during the next week.

People have different ideas as to which facet of electric potential makes for the best Qead-in,Othe
best Gngle of first approach.O As for myself, | believe that the best way to teach electric potential in
the short time we have available is to make contact with the studentsOgenerally excellent
understanding of work and energy conservation. This is why the Sample Lesson Plan above focuses
on Discussion Question 2, with its intuitive gravitational analogy, and Problems 1, 5, 6, and 7, each
of which involves a dynamics problem. After setting up several problems of the familiar form K1 +
Ui = K2 + Uz, where U is now found from the rule Uot q = qVext, Students will have a feel for the
meaning of potential. Once the meaning of V starts to sink in, it is safe to explore further the
connections between E and V. (Problems 4, 6, and 7 involve integrating E to find V.)

In keeping with this approach, the Sample Mini-Lecture below, which is already rather long,
postpones discussion of the precise relationship between E and V. This will have to emerge as the
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students work through the problems. When the students reach Problem 7 or 6 (see the Sample
Lesson Plan above), you will probably have to give everyone a brief (1 minute or so!) spiel leading to

2 2
V,"V, =" $E #ds. Suggested starting point: simply appealtoU,"U, =" $F #ds from 7A.

1 1

By the way, students generally QikeOthe relation Uofq = qVext, NOt only because it relates the electric
potential to something they already understand, but also because it ®ooks likeOFon q = (Eext. This
resemblance goes a long way towards making both relations feel natural. Don® let it escape your
studentsOnotice.

For other ideas on how to explain electric potential, you might want to check out Chapter 35 of The
Portable TA, Volume 2. See especially Answer 35-2, and part (c) of Answer 35-1.

The ghost of Coulomb’s Law. Naturally | frown on any use of the formula U = gig2/4! "or. Always use
Uong = CIVext.

Potential energy of a system of charges. There are no problems on this worksheet involving the
potential energy of a system of charges: Usys=$ q; q]/4 "#,r. | have tried teaching this topicin

pairs i ,j
the past, but eventually | decided to drop it. Speaking for myself, | found it quite impossible, in the
ten minutes | had at my disposal, to meaningfully distinguish between the potential energy of a
system of point charges and the potential energy of a single charge sitting in the potential field
created by an external system of point charges. Even among those students who do understand the
distinction, many become confused by the similarities between the formulas that arise in the two
types of problem.

SAMPLE MINI-LECTURE AND BOARD SUMMARY

Let@think for a minute about the electric field. What isit, and what is it good for?
The electric field E

What isit?
What isit good for?

What isthe electric field?

The E-field is a vector attached to every point in space.
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It®@ created by a charged object.
What is the electricfield good for?

Onceyou know the E-field created by an object, you can find the force on any point
charge that happensto be around.

Fon q-= CIEobject

So the electric field is created by a charged object; it® a vector attached to every point in space; and
you useit to find the force on a point charge near the object.

Now we®e going to have a new kind of field, related very closely to the electric field. They had to
give it a new name, so they called it the electric potential. The @lectricOpart is because the electric
potential is related to the electric field, and the (dotentialOpart is because the electric potential is
related to potential energy, as we will see.

So:

The electric potential V.

What isit?
What isit good for?

What isthe electric potential, V?
The electric potential isa number attached to every point in space.

(Not a vector. Easy, huh? No components.)

y=s
V=3
=7 V=7
W=o0
V=20 :_
ittt V=3
l..":S ++ 5 4+t ;-..":2':'
.l"'.|"=}r V=7
V=3
"
V=3

Likethe electricfield, the electric potential is created by a charged object.
What is the electric potential V good for?

Once you know the electric potential V created by an object, you can find the potential
energy of any point charge that happensto be around.
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Uof q= CIVobject

So the electric potential is created by a charged object; it® a number attached to every point in space;
and you use it tofind the potential energy of a point charge near the object.

Sothisis thefirst thing to know about the electric potential: Uofq = qVext. Electric fields tell you the
force on a point charge; the electric potential tells you the potential energy of a point charge.

Earlier | said that the electric potential V was closely related to the electric field E. Maybe you can
begin to see why they are related, from what |®e said so far. (Think about the relationship between
force and potential energy.) Wed get into the specifics of this relationship as we work through the
worksheet. In the meantime, | summarize the key formulas on the right here, including the
formula for the potential V created by a point charge Q:

Uotgq = CIVext
V cre ated by Q = Q/4! "or.

This looks like the expression for the electric field of a point charge, but try not to let that confuse
you! Note that the denominator isr, not r2.

REMARKS ON THE DISCUSSION QUESTIONS AND PROBLEMS

Discussion Question 1

This question works best after the students have been doing electric potential for a while. Now
is not the time to be dealing with delicate sign issues, so | would not start with it. (See the
Sample Lesson Plan above.) Probably the students should save it for their exam studying.

Discussion Question 2

When you work through a problem like this, you will eventually come up with an expression like
W = Q#V, or something like that. Thisis a fairly convenient relation, so you might want to draw
your studentsCattention toit afterwards. | like to use the form Whoy you = Q (Vs - Vi).

It might help your students to see the big picture if you ask them why we had to do work to move
the point charge. If they answer, ecause we went from a low potential to a high potential ,Osay
that® fine, but press them for a force / field answer. Remind them of the analogy with
gravitational potential: You have to do work to increase the gravitational potential energy of a
baseball, and the reason is that gravitational potential energy is just another way of accounting
for gravitational forces.

Likewise, the electric field in our problem certainly exerts a force on the particle. Soin order to
move the particle from the initial point to the final point, we must exert our own force, equal and
opposite to the electric force. Exerting this force over the distance involved means doing work.
That® how our such-and-such Joule expenditure came about.
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To us GSls, the field and the potential are practically interchangeable. But remember, to the
students, potential is some new thing. They may not even realize that, in addition to an electric
potential, thereis an electric field running around here.

Discussion Question 3

This question touches on some of the rich mathematics involved in the electric potential: path
independence of the work in a conservative force field, and orthogonality of the equipotentials to
thefield lines. (Ask about path independence as a follow-up to part (a).)

However, apart from introducing these mathematical ideas, make it a point to develop your
studentsCphysical intuitions about potential. The analogy between the equipotentials and the
contours on a topographic map is especially helpful. Have your students stare at the GnapOuntil
they can see that there are two GnountainsOand one @rater.O Then sketch on the board a 3-D
view of the topography.

Part (c) gives you an opportunity to mention that field lines are always perpendicular to
equipotentials. Thisis one way to explain why it takes no work to move from B to C. When you
move from B to C along the equipotential (your choice if you wish), you are always cutting
perpendicular to the field. This means that the field does no work on the charge. Consequently,
you don®have to do any work either.

Probably the students will have forgotten that a force does no work when it is perpendicular to
the path. Remind them of this with some examples. For example, it® easier to move sideways
across an ocean current than it is to go against the flow. (Remember that if you®e ever caught in
ariptide.)

When you work through a problem like this, you will eventually come up with an expression like
W = Q#V, or something like that. Thisis a fairly convenient relation, so you might want to draw
your studentsCattention toit afterwards. | like to use the form Whoy you = Q (Vs - Vi).

It might help your students to see the big picture if you ask them why we had to do work to move
the point charge. If they answer, ®ecause we went from a low potential to a high potential ,Osay
that® fine, but press them for a force / field answer. Remind them of the analogy with
gravitational potential: You have to do work to increase the gravitational potential energy of a
baseball, and the reason is that gravitational potential energy is just another way of accounting
for gravitational forces.

Likewise, the electric field in our problem certainly exerts a force on the particle. Soin order to
move the particle from the initial point to the final point, we must exert our own force, equal and
opposite to the electric force. Exerting this force over the distance involved means doing work.
That® how our such-and-such Joule expenditure came about.

To us GSls, the field and the potential are practically interchangeable. But remember, to the
students, potential is some new thing. They may not even realize that, in addition to an electric
potential, thereis an electric field running around here.

For part (e), which asks the students to draw field lines, here are some things you want to hear
in your studentsGxplanations:

Q@ drawing the field lines perpendicular to the equipotentials.O
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O'here must be a negative charge in the middle of the crater, because a positive test charge
would want to fall intoit.O

('he charges have to be here in the circles, where the field becomes intense, and | @& making
the lines begin and end on the charges.O

Discussion Question 4

This question works best after the students have been doing electric potential for a while. (See
the Sample Lesson Plan above.) Probably the students should save it for their exam studying,
when it may help them to see the relationships between the electric potential and the rules for
conductors.

Students may be inclined to give overly mathematical answers to this question. It would be far
better if they could call on the intuitions they gained in answering Discussion Question 3. One
moral of that question is that the electric field is strong where the potential varies quickly from
place to place, and the electric field is weak where the potential varies slowly from place to place.
Hey, that means that the electricfield is zero where the potential doesn’t vary at all from place to
place.

This argument is informal, but it shows the kind of physical understanding we®e looking for. It
would be a happy day if your students could give an explanation like this. So | would not hound
them with derivatives and so on. If people are getting it, you can offer to summarize their
intuitions by means of the formulas Ex = -$V/$x, Ey = -$V/$y, Ez = -$V/$z.

Problem 1

Problem 1 is similar to Problem 5. So if you do Problem 1 in section, don®bother doing Problem
5 also. (Seethe Sample Lesson Plan above.)

In setting up any problem of this kind, mirror the approach we took with electric fields, where we
wrote Fon q = qEext. That is, use Uot q = qVext, rather than U = qugz/4! "or. (See the General
Teaching Suggestions above, under Plan of attack.) Admittedly, it may be easier to do this
problem with U = qiq2/4! "or, but for situations like those in Problems 5 - 7 this approach will
prove unwieldy.

It may help to solidify the (scalar) field concept if you use GictiveOlanguage in describing this
problem: (rhe stationary proton produces the external potential. The moving proton feels it.O

Organize your work carefully when you present this problem at the board, and make sure to ask
for the studentsQnput.

E, =E;
K;+U, =K, +U;

After setting up the problem along these lines, have the studentstell you what all the terms are.
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Problem 2

This problem is not included in the Sample Lesson Plan above, even though it is the only
problem on the worksheet in which we determine E from the functional form of V. This omission
isunfortunate. However, integrating E tofind V is usually felt to be a more important skill, and
it is certainly one that takes longer to learn. So if your 7B course is following the usual
emphasis, then you probably won®want to spend section time on Problem 2.

Note that this is also the only problem on the worksheet in which the students calculate the
potential of a continuous charge distribution by direct integration of dV = dQ/4! "or. Thistopicis
sometimes emphasized in 7B, but because time is pressing, you may simply have to relegate this
topicto homework problems and office hours.

In any case, if you do decide to cover Problem 2 in section, you might want to use Problem 3 as
an introduction.

In part (b), if a student elects to find E by differentiating V(x), make sure to remind them that
they are only finding one component of E. Ask them what the y-component is. Of course, they
should be able to answer very easily; the real point of asking for Ey is that in doing so, you will
have reminded them that E is a vector.

Problem 3

This problem can be very quick, since the potential at the origin is just zero. It might have been
included in the Discussion Questions, but that would have given away the answer.

This problem might serve as a good introduction to the topic of calculating the potential of
continuous charge distributions by integrating dV = dQ/4!"or. It could then be followed by
Problem 2.

Problem 4

This problem tests some of the same skills that Problems 6 and 7 do, with rules of conductors
thrown in for good measure. This makes for a good problem, but since Problems 6 and 7 are
more focused and lay out the steps in more detail, | would recommend doing one of them first.
(See the Sample Lesson Plan above.) If you run out of time before getting to Problem 4, you
might mention that it ties together a lot of the recent material (Gauss® Law, conductors,
potential) and would make for good exam practice.

Part (a) uses the trick of drawing a Gaussian surface within the material of the thick shell.
Students should have seen this on Worksheet E-4 Conductors.

Before they can do any of part (b), students must realize that they have to determine the electric

field strength in all of the various regions. So there is a Gauss® Law sub-problem hiding
between parts (a) and (b).

Problem 5
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Problem 5 is similar to Problem 1. So if you do Problem 5 in section, don®bother doing Problem
1 also. (Seethe Sample Lesson Plan above.)

Thisis a problem where U = qiq2/4! "or isn® much help, and Uofq = qVex, is really the only way to
go. (Seethe General Teaching Suggestions above, under Plan of attack.)

It may help to solidify the (scalar) field concept if you use GictiveOlanguage in describing this
problem: (rhe charged annulus produces the external potential. The gold nucleus feels it.O

Organize your work carefully when you present this problem at the board, and make sure to ask
for the studentsOnput. Draw and label the INITIAL and FINAL situations, along the lines of
the diagram shown above under Problem 1.

Problem 6

This problem gives the students experience calculating the potential of a continuous charge
distribution from the potential of a point charge, rather than from an electric field. The potential
method is better for the annulus because we can ignore all of the vector mess that comes with
integrating over the field of a point charge. It never hurts to go through another detailed setup
for the integral for a charge distribution one more time, either.

Problem 7

Like Problem 8, this problem integrates the two main goals of the worksheet, by combining a V-
from-E calculation with an electrostatic energy conservation problem. | strongly recommend
doing one or the other of these in section (see the Sample Lesson Plan above).

Students find it confusing that for an infinite line charge, the usual choiceof V=0atr =! will
not work. | would not mention it unless someone asks. With any luck it won® come up, since
they are calculating directly a difference in potential by integratingfromr =D tor = 5D.

Problem 8
Like Problem 7, this problem integrates the two main goals of the worksheet, by combining a V-
from-E calculation with an electrostatic energy conservation problem. | strongly recommend
doing one or the other of these in section (see the Sample Lesson Plan above).

Problem 9
Another problem dealing with dipoles, this time dealing with the potential. If you want to do

this problem, but don® have much time, you should give the potential for the dipole, and have
them do part (c), which is another problem that calculates the electricfield given a potential.



