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E-1. Coulomb® Law

Teaching Notes

THE MAIN POINT

1. Build intuition about electrostatics. (pposites attract,OForce falls off with distance,Oetc.)
2. Begin tousethe principle of superposition. (This will be a recurrent theme from now on.)
3. Re-acquaint students with vectorial reasoning and the mechanics of vector addition.

4. Reinforce techniques from Physics 7A (free-body force diagrams, etc.)

SAMPLE LESSON PLAN

Discussion Question 2........ 15 minutesin groups, 5 minutes GSl-led discussion & boardwork.
Problem 2........cocovviiinns 10 minutes in groups, 5 minutes GSl-led discussion & boardwork.
Problem 1.....c.cccocoviiinns 15 minutesin groups, 10 minutes GSl-led discussion & boardwork.
Problem 4 ... 20 minutesin groups, 10 minutes GSl-led discussion & boardwork.
Problem 5. 10 minutes in groups, 10 minutes GSl-led discussion & boardwork.

GENERAL TEACHING SUGGESTIONS

The perils of Coulomb’s Law. Several years ago, a 7B exam problem asked students to calculate the
force of attraction between two charged plates of area A with separation D and respective charges +Q
and -Q. When | graded this problem, | discovered that nearly 20% of the students gave the answer
as Q2/4neoD2.

This doesn® have to happen. Emphasize right from the beginning that Coulomb® Law is only
directly applicable to point charges. (See the Sample Mini-Lecture below.) And after the students
have completed Problem 4 (see Sample Lesson Plan above), draw their attention to the fact that the
force between the rod and the point charge does not turn out to be Qq/4neod2, or Qq/4meo(d+L/2)2, or
anything simple like that. For extended charged objects, you generally have to break them up into
point charges and integrate. (It isimportant to keep Gauss® Law under your hat for now.)

As discussed in the Electrostatics Overview, the real problem with Coulomb® Law is that it
undermines the studentsGability to learn the field concept. (And ultimately, the reason that one fifth
of the studentsin 7B could not calculate the force between two charged plates was that they had not
internalized the notion of an electricfield.)

However that may be, it is hard to imagine a pedagogical road through electrostatics that does not
start at Coulomb® Law. So evidently we are stuck with it---for one section anyhow.
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Problem-solving technique. In some of the problems, force diagrams are especially important. Don®
pass up the chance to emphasize good technique here. (For example, students will find it difficult to
get started on Problem 1 unlessthey draw a separate force diagram for, say, the left-hand charge.)

Vectors. You may be surprised by how rusty your students are at working with vectors. As you move
around from group to group, make sure everyone is getting back up to speed. Needless to say, you
cannot learn electrostatics without being able to think vectorially!

Calculus. Yes, your students have all had calculus. What this means is that if you give them a list
of 20 integrals, they will methodically evaluate them in perhaps 45 minutes. What this doesn’t mean
isthat they understand integration concretely as adding up little bits of stuff.

For that matter, even granting an instinctive understanding of integration, setting up integrals in
physics is a completely different skill from evaluating integrals in calculus---and a compound skill at
that. First you have to set up a coordinate system, and this in itself normally requires some arm-
twisting at the level of 7B. Then there is a knack to choosing a @enericOpiece of the charge
distribution to serve as dQ. Then there are some ratios to convert dQ into dx (or da or dv). And then
there is some geometry. How little this has to do with actually evaluating integrals! And yet that®
what your students think calculusis all about.

In the beginning, almost no one will be able to set up integrals properly, and this will be frustrating
for everybody (yourself included). As a result, you may be tempted to take the path of least
resistance, skipping most of the problems that require integration. Don@® Practice is the only
solution. Refer your students to Andrew Elby® excellent book, The Portable TA, Volume 2, which
includes plenty of electrostatics problems requiring integration.

By the way, | would also recommend that you yourself dip into Andy® book from time to time! The

solutions he provides are marvelously complete, and they will give you lots of ideas for how to
present difficult material.

SAMPLE MINI-LECTURE AND BOARD SUMMARY

It should not be necessary for you to lecture more than a few minutes at the start of section. Even if
not all of the students have attended a lecture on Coulomb® Law, it should be enough simply to
draw a picture of two point charges, label the drawing with terms from Coulomb® Law, and
write Coulomb’s Law next toit.

Emphasize right from the beginning that Coulomb® Law is only directly applicable to point
charges. For example, if you have a charged crowbar with charge Qi1 and a charged comb with
charge Q2 (draw a picture of this), then the force of one on the other will not be given by
Q1Q2/4meor2. (Supposing you did want to try using this formula---what value of @Owould you use?)

You can return to this point when you assign Problem 4 (see Sample Lesson Plan above).

REMARKS ON THE DISCUSSION QUESTIONS AND PROBLEMS

Discussion Question 1

Some students may point out that mass is always positive, whereas charges can be positive or
negative. This is a rather abstract point, so you may want to help your students zero in on its
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physical meaning (namely, gravitational forces are always attractive, whereas electrostatic
forces can be attractive or repulsive).

Discussion Question 2

This kind of setup often appears in 7B as a quantitative problem (see Problem 2). | am always
surprised by the number of people who get the answer wrong. Admittedly the algebra is tricky,
but when | graded such a problem on a midterm one summer, | observed that the algebra wasn®
the real problem. The real problem was that people weren® slowing down to think about the
situation before diving in with formulas.

Examining the three regions in turn is an excellent way to build intuition about the competing
factors of distance and charge in electrostatics. Doing the discussion question first and the
quantitative problem second also helps to enforce good problem-solving habits (Qhink first,
calculate secondQ. Draw your studentsCattention to this.

Problem 1

As in Physics 7A, be on the lookout for students who misinterpret the &Oin the spring formula
@ = -kx.O It may help if people start by drawing two pictures: one showing the relaxed spring of
length L (with no charges attached), and one just below that showing the spring of length D with
the charges attached. Make surethey apply their physical intuition and realize that D is greater
than L! (For parts (a) and (b).)

Board organization for Problem 1

Starting on left board:
Pictures (spring relaxed, spring taut)
Force diagram for left-hand charge
Standard 7A approach (Fnet = ma) = Fspring - Fcoulomb = 0
Now moving to right board:
Fspring = kX (stock-formula version)
Fspring = ks(D-L)
Fcoutomb = Q1Q2/4meor? (stock-formula version)
Fcoutomb = QQ/4JIEOD2
Back to left board:
ks(D-L) - Q%/4neoD2 =0

Whenever you work a problem at the board, ask for the studentsGnput during all phases. For
example, after you®e written down Coulomb® Law in the stock-formula version, don® just start
plugging in relevant quantities from the diagram. Let the students take you there. Ask
something like, What do | put in for r? What does r mean?0

A technical aside: In part (c), the equation determining D is D3 - LD2 + (Q2%/4neoks) = 0. By
sketching this cubic, you can convince yourself that:

If Q2 < 16meoksL3/27 then there are two stable configurations.

If Q2 = 16meoksL3/27 then thereis one stable configuration, at D = 2L/3.

If Q2 > 16meoksL 3/27 then there are no stable configurations. The two charges collapse toward
each other, and the spring is not strong enough to stop them.
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By contrast, in parts (a) and (b) the system always has one stable configuration, as is intuitively
clear.

This is not really the kind of thing you should waste section time on, but it can®hurt to have all
the information at hand.

Problem 2

In Discussion Question 2, the students should have concluded that the only stable point lies to
the left of the two charges. In my opinion, the easiest way to find this point is to mark its
location at some random spot to the left of the charges, and then introduce a distance D between
the random spot and the charge g:. The distance D is the sought-after unknown, and since it isa
distance, we know it must be positive. (This will tell us which of the two roots to throw away
later on.)

After all is said and done, you can explain the significance of the negative root for D. This
solution refers to the location between the charges where the force from q: and the force from g2
have the same magnitude. Of course, the forces here both pull in the same direction, so we don®
have a stable point.

In setting up the algebra for this problem, | work with magnitudes only:
(zc)q ) (3C)q
I 2 - 2
%D 4o (D+al

2 3

DZ (D +a)2

At this point, some people cross-multiply, expand, and use the quadratic equation. | prefer to
2
(D+a)

rearrange as o =5, then take the square root of both sides.

Problem 3

In parts (a) - (c), the students determine that gravitational forces between atomic constituents
can normally be neglected. This approach will then be adopted for part (d), a standard uniform
circular motion problem.

The way introductory mechanics is sometimes taught, students come away with the impression
that circular motion problems are somehow qualitatively different from rectilinear motion
problems. Consequently, although they may understand F=ma very well in the rectilinear
context, they typically go formula hunting when faced with a circular motion problem. Naturally
this makes it difficult for them to solve any but the simplest problems.

By contrast, in our Department® Physics 7A course, every circular motion problem is treated as
Qust another F=ma problem.O That is, we take the same approach in circular motion problems
that we do in rectilinear motion problems: draw a force diagram, use the diagram to find Fnet,
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and set Fnet equal to ma. 1t@just that in uniform circular motion, the acceleration happens to be
a=vr.

Although Problem 3 is a very simple circular motion problem, going through each of the stepsin
this general process will presumably refresh the studentsOmemories better than an ad hoc
solution would.

Board organization for part (d) of Problem 3

Starting on left board:

Picture

Force diagram for electron

Standard 7A approach (Fnet = ma) = Fcoulomb = mv2/r
Now moving to right board:

Fcoutomb = Q1Q2/4meor2 (stock-formula version)

Fcoutomb = qpqe/4ﬂ:808.02
Back to left board:

gpQe/4meoac? = mv2/ao?

v=2gmtao/ T=2naof

Here we®e looking for the frequency f.

Problem 4

Some of the General Teaching Suggestions listed above are especially relevant to this problem:
see the Perils of Coulomb’s Law as well as the comments on Calculus.

Referring back to Andrew Elby® book The Portable TA, Volume 2, you might look in particular at
Andy@® standard strategy for setting up integrals over charge distributions---this strategy first
appearsin the solution to Question 33-3. Try to follow a strategy like this any time you work one
of these problems at the board---and, as always, draw your studentsCattention to what you®e
doing.

Problem 5

| would probably not do this problem before doing Problem 4. See the Sample Lesson Plan
above.

Some of the General Teaching Suggestions listed above are especially relevant to this problem:
see the Perils of Coulomb’s Law as well as the comments on Calculus.

Referring back to Andrew Elby® book The Portable TA, Volume 2, you might look in particular at
Andy@® standard strategy for setting up integrals over charge distributions---this strategy first
appearsin the solution to Question 33-3. Try to follow a strategy like this any time you work one
of these problems at the board---and, as always, draw your studentsCattention to what you®e
doing.

If you happen to run out of time before you get to this problem, draw your studentsCattention to
it, and ask them to look at it when they get home. Ask them to think about how Problem 5
differs from Problem 4, and how thisis reflected in the solution. You can all discussit briefly at
the start of your next section.
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Problem 6

The point of this problem is to give students experience working with the vectorial nature of
Coulomb® Law. Make surethat they know how tointegrate over a radial unit vector!



