Physics 7B Teaching Notes for M4 (rev. 3.0) Pagel
M-4. Ampere’s Law

Teaching Notes

THE MAIN POINT

1. Learn to evaluate simple line integrals of the magnetic field.

2. Become convinced, through a study of examples, that the line integral of B around a closed
curve reflects the amount of current encircled by the curve.

3. Apply Ampeére’s Law as a computational tool in highly symmetric situations.

SAMPLE LESSON PLAN

Discussion Questions 1,2...15 minutes in groups.

Discussion Question 3........ 20 minutes in groups.

Problem 3........ccoeevieennnnn. 20 minutes in groups, 15 minutes GSI-led discussion & boardwork.
Problem 4 ........ccoeeevieennnnnn. 15 minutes in groups, 10 minutes GSI-led discussion & boardwork.
Problem 2........ccccoevveenennn. If pressed for time, you can drop part (b).

GENERAL TEACHING SUGGESTIONS

Line integrals. Students are nominally familiar with line integrals, thanks to their study of the
electric potential. But this doesn’t mean that they’ll take to Ampére’s Law quickly. For one thing,
the vectorial aspects of line integrals play a larger conceptual role in Ampére’s Law problems than
they did in electric potential problems. And for another thing, line integrals in Ampere’s Law just
feel different, as far as the students are concerned. That may be irrational, but it’s the reality that
we as teachers are presented with.

As with flux calculations, I would recommend that any time the students have to calculate a line
integral directly---as in part (b) of Problem 3, for example---then you have them start the same way
every time, namely by reducing theintegral step by step. Have them start out with

#B "ds

path

= #B dscos$.

path

Then have them ask the questions:

Is the magnitude of B the same at all points of the path? If not, then maybe try another path. If
so, then pull out that constant value B.

Is the angle between B and ds the same at all points of the path? If not, maybe try another path.
If so, then pull out that constant factor cos ! .
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And so on.

Good news and bad news. First, the good news. For a number of reasons, B-field calculations using
Ampeére’s Law are an easier subject to teach, and to learn, than E-field calculations using Gauss’s
Law may have been. One reason is that the structure of an Ampére’s Law calculation is reminiscent
of a Gauss’s Law calculation, which means that the students are familiar with the style of reasoning
by now. Another reason is that Ampere’s Law geometries are usually easier to visualize, since they
are typically two-dimensional in essence, rather than three-dimensional. A third, important reason
is simply that there are fewer problem situations the students can reasonably be confronted with.
(Indeed, with the exception of a toroidal current distribution, just about all of them appear on this
worksheet.)

Now for the bad news. Typically the course really begins to accelerate right about now. Your
students will have to work hard outside of section if they want to keep up. As always, The Portable
TA, Volume 2 is a good resource. See especially Question 40-4.

Issuesin teaching B-field calculations. Some of these should be familiar from Gauss’s Law.

Sketching the field first. Impress upon your students the fact that they cannot possibly use
Ampeére’s Law coherently without a picture of the magnetic field in front of them. The first step
in any magnetic field calculation, whether it involves Ampere’s Law or not, is to understand
what the field looks like.

Organizing the calculation. It is a good idea to carefully structure our calculations at the board,
and to let the board organization reflect our conceptual organization. (See the remarks on this
subject under Organizing the Calculation, under Issues in teaching E-field calculations, in the
General Teaching Suggestions for Worksheet E-3 Gauss® Law.)

For example, you might start by writing Ampeére’s Law on the middle board. Then move to the
left-hand board to calculate the line integral of B directly. Then move to the right-hand board to
calculate the encircled current directly. Then return to the middle board with your results, and
finish the algebra. (When you move to the left-hand board, consider putting a title at the top:
“Integrating B around the Ampérian loop”. And likewise for the right-hand board.)

Choosing Ampérian loops properly. GSIs usually try to emphasize the importance of choosing
the right Amperian loop for a problem. This is certainly important. But it is just as important, if
not more important, to know how to recognize a loop that doesn® work. After all, pragmatically
speaking, you can’t always expect to draw the right loop on the first try; so you had better know
how to spot a faulty choice. More fundamentally speaking, you can’t really say that you
understand why any given idea is right, unless you can also explain why competing ideas are
wrong.

Superposition problems. In a problem that calls for the method of superposition (such as
Question 40-4 of Elby’s The Portable TA, Volume 2, recommended above), students will
sometimes try to apply Ampeére’s Law to the net current distribution. One problem here is that
such students are failing to visualize the net magnetic field (which is usually pretty complicated-
looking). As always, encourage them to sketch the field first. Bear in mind also that these
problems require a huge amount of parsing on the part of the students. It will take them a while
to get the hang of it, although their earlier practice with Gauss’s Law should help. An added
difficulty for many students will be the need to think “functionally”---first deriving a functional
expression for B(r), say, and later specializing this to r = R/2.
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Mathematical sophistication. The line integrals considered in 7B never require an actual
integration. They all boil down to " ds. And this, I tell the students, means “Add up all the

little pieces of length.” They then realize that ' ds is none other than the length of the loop-

section in question.
By contrast, however, the students will sometimes have to integrate over continuous current

distributions in order to find the total current encircled by an Ampeérian loop. (See Problem 2.)
This will take some practice, so stick to the constant-j problems at first.

SAMPLE MINI-LECTURE AND BOARD SUMMARY

It should not be necessary for you to lecture much at the start of section. State Ampeére’s Law briefly
as you write it at the board. Include a diagram showing the various terms. Mention that we will use
Ampeére’s Law to calculate B-fields in much the same way that we used Gauss’s Law to calculate E-
fields.

Next, draw attention to the differences between Ampere’s Law and Gauss’s Law. The most
important of these is that the integral in Ampére’s Law is a line integral over a path, not a flux
integral over a surface.

In practical terms: To use Gauss’s Law, you chose an imaginary closed surface; to use Ampére’s Law,
you choose an imaginary closed loop.

Emphasize that Ampere’s Law is true for any closed loop, but it’s only useful when the loop is simple

enough. Emphasize also that the loops we’re talking about are not loops of current or anything;
they’re just imaginary paths in space.

REMARKS ON THE DISCUSSION QUESTIONS AND PROBLEMS

Discussion Question 1

This is your first chance to instill in your students the standard procedure for reducing the B-
field line integral step by step. (See under Lineintegrals in the General Teaching Suggestions
above.)

Discussion Question 2

The path for the line integral is slightly more complicated here than it was in Discussion
Question 1. Whereas Discussion Question 1 had computational goals, the object here is simply
for students to be able to quickly identify positive and negative contributions to the line integral.
This should make them better at quickly evaluating their own loop choices in Ampére’s Law B-
field calculations.
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Discussion Question 3

The field sketch is not exactly trivial here. After people have taken a stab at this in part (a), you
might want to draw your own figure on the board. This will give them a good drawing to use for
parts (b) and (c).

In part (b.ii), the value of gﬁB-ds is —Hoi, which is to be arrived at quickly using Ampére’s Law.

circular
path

Many of the students will probably write +oi, which will give you a chance to discuss the sign
convention for iencircled. People forget that you must put arrows on your Amperian loop, so that it
has a direction, or a “sense”---this direction is entirely up to you. Once your Ampérian loop has a
direction, you can tell what the sign of iencircea should be, based on a right-hand rule. (This issue
will return in part (c.ii), where one of the currents gets a + sign and the other gets a - sign.)

Part (c.iii) is asking for a symmetry argument. However, don’t forget to mention that the value

of @B"ds would still magically turn out to be zero regardless of whether the loop were
loop

symmetrically situated with respect to the wires. Draw a crazy loop on the board; point out that

evaluating @B"ds directly would be nearly impossible; but note that the value of this line

crazy
loop

integral must nevertheless turn out to be zero, because that’s what Ampére’s Law says it is.

Discussion Question 4

This question shows why fringing fields are necessary and gives the students more practice with
Ampere’s Law. If students are having trouble starting this problem, first ask what the line
integral would give for the shown path and the shown field (you might remind them that the B-
field is shown to be zero outside of the magnets). Then, Ampere’s Law has something very
definite to say about the enclosed current!

Problem 1

This standard problem is probably the easiest one on the worksheet. However, beware of doing
it first, because its simplicity will actually work against you as you try to teach the proper steps
for systematically reducing the integral in Ampére’s Law. Everything falls out too easily, and
there is no chance for a misstep. The solenoid provides a better illustration of the procedure,
which is why I recommend doing Problem 3 first. (See the Sample Lesson Plan above.)

The field sketch for the region inside the wire is one of the more important features of this
problem. Recognize that this picture is hard to come up with using first principles.

When you discuss this problem at the board, don’t just jump to all the right answers. Play devil’s
advocate with the students: draw a square loop, for example, and ask why it doesn’t work. You
might also draw a loop that doesn’t enclose any current, and see what people think about that.

Having chosen a good Ampérian loop, make sure to stay organized as you go on to present the
rest of the solution. (See the General Teaching Suggestions above, under Organizing the
calculation.) As usual, don’t forget to ask for the students’ input at all phases.
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Problem 2

This is the only problem on the worksheet with a non-uniform current distribution. For this
reason I would save it for last, after the basic Ampeére’s Law strategy has begun to sink in. (See
the Sample Lesson Plan above.) Another reason I would save it for last is that, like Problem 1, it
doesn’t provide a great illustration of the step-by-step reduction procedure for reducing the B-
field line integral. (See the remarks under Problem 1 above.)

If you are running out of time, think about dropping part (b). Part (c) still allows you to cover the
integration issue in computing iencirced, and for that matter the context is simpler in part (c),
because “all you’re doing is finding the total current flowing through the wire.” Students can
always go back and do part (b) on their own time, as exam practice.

You will probably have to provide students with the current element di =j dA = j(r) 2" r dr.

When you discuss this problem at the board, don’t just jump to all the right answers. Play devil’s
advocate with the students: draw a square loop, for example, and ask why it doesn’t work. You
might also draw a loop that doesn’t enclose any current, and see what people think about that.

Having chosen a good Ampérian loop, make sure to stay organized as you go on to present the
rest of the solution. (See the General Teaching Suggestions above, under Organizing the
calculation.) As usual, don’t forget to ask for the students’ input at all phases.

Problem 3

This problem lays out the standard Ampere’s Law strategy in detail, which makes it a good
starting point. (See the Sample Lesson Plan above.) Students can then apply the strategy
themselves on the more abbreviated problems.

Parts (a) through (c) show how to use the symmetry arguments to simplify the field, which will
greatly help when doing the line integrals. You may have to explain what ‘the most general
form’ is: It is just the most general B-field which has the symmetries we need. For instance, in

- I
this problem, the general field is B =B(r)z.

It is not always easy to convince oneself that the magnetic field vanishes outside of an ideal
solenoid. It is easier to see that the field will be zero if we are infinitely far away from the
solenoid. Using that, parts (d) through (h) show exactly why the field is zero anywhere outside
the infinite solenoid.

Pay close attention to your students’ reasoning in part (i). For example, the reason that
#B "ds vanishes is really twofold: over part of the segment, B is perpendicular to ds, so cos !

segment4

= 0; whereas, over the other part, B=0.

Problem 4

This problem gives the students an opportunity to apply the standard Ampére’s Law strategy
themselves, in a situation rich enough to be educational. (See the Sample Lesson Plan, as well
as the remarks under Problem 1 above.)
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When you discuss this problem at the board, don’t just jump to all the right answers. Play devil’s
advocate with the students: draw a circular loop, for example, and ask why it doesn’t work. You
might also draw a loop that doesn’t enclose any current, and see what people think about that.

Having chosen a good Ampérian loop, make sure to stay organized as you go on to present the
rest of the solution. (See the General Teaching Suggestions above, under Organizing the
calculation.) As usual, don’t forget to ask for the students’ input at all phases.



