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E-3. Gauss® Law

Teaching Notes

THE MAIN POINT

1. Develop an intuitive understanding of electric flux.

2. Become convinced, through a study of examples, that the net flux outward through a surface
reflects the net charge enclosed.

3. Learn toapply Gauss® Law as a computational tool in highly symmetric situations.

SAMPLE LESSON PLAN

Discussion Question 1........ 30 minutesin groups.
Discussion Question 2........ 10 minutes in groups.
Problem 1.....c.cccocoviiinns 30 minutes in groups, 20 minutes GSI-led discussion & boardwork.
Problem 2........cocovviiinns 20 minutesin groups, 10 minutes GSl-led discussion & boardwork.

GENERAL TEACHING SUGGESTIONS

The flux concept. Prior to understanding Gauss® Law, ! e = gena/"0, Students must understand what
flux is. Teaching the flux concept is our important first job. Bear in mind that flux ideas will
reappear as the course progresses, in connection with Faraday® Law, inductance, and the
displacement current. If you short-change your students on thisidea now, it will hurt them later.

Quite apart from its role in electrostatics, flux is an important concept that appears in all branches
of physics and engineering. Fluid dynamics and the heat flow equation are obvious examples.
Remember that one of our main goals in 7B is to educate future engineers; naturally then,
understanding the flux of a vector field through a surface is an important part of our studentsO
education.

For some ideas on how to teach electric flux, you might want to check out Andrew Elby® book, The
Portable TA, Volume 2. See especially the answer to Question 34-2. Refer your studentsto this book
as well.

Always calculate flux directly from the integral definition. In teaching Physics 8B one semester, |
decided that my students would not have time to gain a real understanding of electric flux. | also
knew that they would not be tested on the flux concept per se. So | taught Gauss® Law primarily as
a tool for calculating fields, and | tended to write it on the board as CEA = Qenc/"0.O Of course, the
students had to be careful then about how tointerpret the EAOGterm.

For Physics 7B, the students will have to understand flux better than that. So | would recommend
that any time the students have to calculate the flux through a surface directly---as in part (e) of
Problem 1---then you make them start with the integral. Have them start out with
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" laber = $$ #Hda
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Then have them ask the questions:

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

Is the angle between E and da the same at all points of the surface? If not, maybe try another
surface. If so, then pull out that constant factor cos #.

And soon. It will take a long time for many students to catch on to flux integrals---but at least it
may help if you make them start the same way every time.

A computational tool? In 7B we spend a lot of time teaching our students how to calculate E-fields
using Gauss® Law. This is strange, given that On real lifeOGauss® Law is nearly useless in this
regard. Strange as it may be, however, you can bet that these kinds of problems will appear on the
studentsCxams. So you will have tofall in line and emphasize E-field calculationsin section.

Issues in teaching E-field calculations. Let® take stock of where your students are at this point.
They are only just beginning to internalize the field concept. They have never done a surface
integral, or if they have, then they generally didn® understand what they were doing. Now you®e
expecting them to use Gauss® Law as part of a sophisticated argument leading to the E-field
strength. This will be an uphill battle. Here are some issues to think about as you observe your
studentsin the classroom.

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

Organizing the calculation. |@ going to digress for just a second here, and share something | ®e

learned about the minds of beginning physics students. To a beginning student, all GormulasO
have the same character. For example, students often do not distinguish between an equation

and an expression. (This is because equations do not speak tothem in English yet.) More subtly,

they alsofail to distinguish between a derivation and the computationsthat contributetoit.

The first time this makes life difficult is in Physics 7A. There the students learn that F equals
ma. But then again, F also equals -kx, and it also equals Gmim2/r2. So many formulas for F! Of
course, we graduate students conceptualize dynamics problems in a very structured way; we
categorize things. We start with the fundamental relationship Fret=ma, then we go away and
use a diagram to help us compute Fnet, perhaps using specialized formulas like F=-kx, and so on.
Our students don®have these kinds of categories yet.

Likewise, think about the structure of an E-field calculation involving Gauss® Law. We start

with the fundamental relationship ! e = genci/"o. Then we go away and compute! e from the basic

definition " , = $$#da. Then we go somewhere else and compute Qgenct from the given
surface

distribution. Finally, we insert the results of these computations into the fundamental

relationship, and solvethe resulting equation for E.
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Fundamental relationships versus basic definitions, computations versus derivations, formulas
versus equations. This is all mixed together in the student® mind. We can help, though, by
carefully structuring and organizing our calculations at the board.

For example, you might start by writing Gauss® Law on the middle board. Then move to the
left-hand board to calculate the flux directly. Then move tothe right-hand board to calculate the
enclosed charge 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: GCalculating
the flux directly,Ofor example. And similarly for the right-hand board.)

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

When helping your students to evaluate Gaussian surfaces, you will be concerned primarily with
the usual two issues: constancy of | E| over the surface, and constancy of cos # on the surface.
However, sometimes more subtle issues arise. During my second semester of teaching 7B
Intensive Discussion Sections, | noticed that some students, when asked to find the electric field
at a certain point, would draw Gaussian surfaces that did not touch that point. It wasn® that
they were first finding a functional form for E, and planning then to specialize it to the point in
question. (How nice that would be!) It was that they simply didn®realize that the EOthat you
pull out of the integral is the value of E on the surface you®e integrating over. 1t® something to
watch out for, as you walk around checking on people during section.

Superposition problems. In a problem that calls for the method of superposition, such as
Problem 6, students will sometimes try to apply Gauss® Law directly to the net charge
distribution. One problem here is that such students are failing to visualize the net electric 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. An added difficulty for many students
will be the need to think QunctionallyQ--first deriving a functional expression for E(r), say, and
later specializing this to r = R/2. Drawing separate diagrams for the various phases of the
calculation is a good idea here.

Mathematical sophistication. Do not introduce any curvilinear coordinate systems for evaluating
surface integrals. In fact, for the purposes of this worksheet, do not even perform any real
surface integration! Our job is hard enough right now without that.

All of the surface integrals for this worksheet boil down to ffda. And this, | tell the students,

means QAdd up all the little pieces of area.O They then realize that da is none other than the

area of the surface-portion in question. (Later in the course, when we come to inductance, there
will be problems which require an honest to goodness surface integration.)

Note that the students generally will have to integrate continuous charge distributions in order
to find the total charge enclosed by a Gaussian surface. (See Problem 5.) This will take some
practice, so stick to the constant-$ problems at first. (See the Sample Lesson Plan above.)
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Terminology. When it comes to visualizing charge distributions and Gaussian surfaces, some
students have more trouble than others. It may help if you use a clear and consistent
terminology here. Technically speaking, a sphere is a two-dimensional object, whereas a ball is
three-dimensional. If we just say GphereOfor everything, then we®e not being clear.

If | mean somethinglike... Then | try to say...
amarble vallOor Galid ballO
the skin of a balloon Q@hin spherical shellO

a peach with no pit Qhick spherical shellO
adrinking straw Q@hin cylindrical shellO
aroll of paper towels Qhick cylindrical shellO
aDuraflame’ log Golid cylinder®

The character of Gauss® Law. Gauss® Law is unlike any of the laws of physics your students have
encountered up to now. For one thing, it is a pretty convoluted statement. And for another thing,
the students aren® used to laws that allow them (or require them) to make arbitrary choices. 1t®
also difficult in that we spend as much time telling them Gauss® Law is true for any surface as we
do telling them that the surface they®e using is wrong! | like to say, Gauss® Law is true for any
surface, but it® only useful when the surface and the field are simple enough.O

SAMPLE MINI-LECTURE AND BOARD SUMMARY

It should not be necessary for you to lecture more than a minute or two at the start of section. Write
out Gauss® Law, with all the terms labeled (mention that GluxOmeans Glow(. Say a word or two
about what flux means, and summarize the meaning of Gauss® Law in one sentence: something
like, O'he net electric flux outward through an imaginary closed surface reflects the amount of
electric charge contained within the surface.0 Emphasize that Gauss® Law is true for any surface,
but that it® only useful for calculating electric fields when the surface and the field are simple
enough. Emphasize also that the surfaces we®e talking about here are imaginary surfaces, and not
physical objects.

REMARKS ON THE DISCUSSION QUESTIONS AND PROBLEMS

Discussion Question 1

Parts (b), (c), and (d) all follow the same pattern. For each part, the students have to perform
three tasks:

First, sketch the electric field created by the pair of point charges.

Second, determine the net electric flux passing outward through the given surface. This
should be done quickly using the miracle of Gauss®Law, ! g = gena/"o.

Third, based on the field lines, try to understand why the flux came out to be the way it did.

In part (b.iii), just have them try to explain why the flux outward through the sphere turned out
to be positive. There are plenty of field lines coming in, and plenty of field lines going out. But
where the field lines are going out, the field is stronger.

Initially at least, | think it will best introduce basic flux notions if we deal with the net field in
thisway. That isto say, initially | would not recommend asking students to visualize the field as
the sum of two fields, one of which clearly has positive flux, the other of which clearly has zero
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flux, and hence the net positive flux. But you might pursue this in follow-up discussions with
students who are progressing quickly.

In part (c.iii), one way to understand why the flux comes out to be zero would be to notice that
there are just as many field lines coming in as there are going out. (And here the field strengths
are symmetric, unlike in the case of the sphere.)

In part (d.iii), the flux comes out to be zero because each given field line coming into the surface

eventually goes out. (In truth this also explains part (c.iii), but it® probably OK if people give
distinct argumentsin the two cases.)

Discussion Question 2

In this question, you can introduce the trick of drawing a more convenient surface through which
to calculate the flux---in this case, a sphere. Having drawn the sphere, you might ask the
student, GHow much flux passes outward through this sphere?0 After the student has answered
based on Gauss® Law, you might ask, GDf that flux, how much passes through the plane?0

This question shows the usefulness of intuition in dealing with the flux concept. It is safe to say
that none of your students would be able to calculate! piane directly by integrating E da cos #.

Discussion Question 3

This question deals with the issue of using Gauss® Law to derive electric fields. Part (a) isolates
the task of totaling up the charge enclosed by the Gaussian surface. Part (b) is intended to
forestall the use of Gauss® Law in inappropriate situations.

Discussion Question 4

A common mistake that students make is the overapplication of Gauss® Law to electrostatic
problems. In particular, they apply it to situations where the symmetry of the problem is not
sufficient to use Gauss® Law to fully determine the electric field. This problem triesto drive this
point home.

Discussion Question 5

Gauss® Law is useful when we have symmetry. This problem lets students find the general form
of the electric field in the three cases where we have enough symmetry to fully determine the
electricfield.

Problem 1

This important problem steps the students through the drill of calculating E-fields using Gauss®
Law. After the students have solved the problem, draw their attention to its structure. Let them
know that they will have to reproduce this kind of reasoning Grom scratchO many times
throughout the semester. Also, when you discuss the problem at the board, organize and
structure your own calculation. (Seethe General Teaching Suggestions above, under Organizing
the calculation.)
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Board organization for Problem 1
Calculating ! directly ! E = Qenalo Calculating genc
! label =... ! 1aber*! tid+! bottom= Qencl/"0 (enci=%.
etc. etc. etc.

Don®forget to ask for the studentsGnput at all phases.

Problem 2

In this problem the students get the chance torun the E-field drill for themselves.

In some ways, the infinite sheet is not the best problem to get started on. For example, you@
have to make sure people aren®letting their imaginary surface touch the sheet itself.

As people are working through this problem, play devil® advocate with them. Draw a spherical
surface that encloses part of the charged sheet, and make the group explain what® wrong with
that choice.

When you discuss the problem at the board, organize and structure your own calculation. (See
the General Teaching Suggestions above, under Organizing the calculation.)

Board organization for Problem 2
Calculating ! directly I £ = Qenail"o Calculating genc
Dleft =... I iet+! right= Qencl/"o (enci=&A
etc. etc. etc.

As you work through the problem on the board, don®forget to ask for the studentsGnput at all
phases. Try a few QurongOsurfaces, and make someone explain why they don®work.

Problem 3

In this problem the students get the chance torun the E-field drill for themselves.

As people are working through this problem, play devil® advocate with them. Draw a spherical
surface that touches Point A, and make the group explain what@wrong with that choice.

When you discuss the problem at the board, organize and structure your own calculation. (See
the General Teaching Suggestions above, under Organizing the calculation.)

Board organization for part (b) of Problem 3

Calculating ! directly ! E = Qenall"o Calculating genc
! label =... ! 1aber*! tid+! bottom= Qenci/"0 qencl:$I R2L
etc. etc. etc.

As you work through the problem on the board, don®forget to ask for the studentsGnput at all
phases. Try a few QurongOsurfaces, and make someone explain why they don®work.
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Problem 4

In this problem the students get the chance to run the E-field drill for themselves. Make sure
they are sketching the E-field.

As people are working through this problem, play devil® advocate with them. Draw a cubical
surface that encloses the shell, and make the group explain what® wrong with that choice.

When you discuss the problem at the board, organize and structure your own calculation. (See
the General Teaching Suggestions above, under Organizing the calculation.)

Board organization for part (c) of Problem 4
Calculating ! directly ! E = Qenalo Calculating genc
1= etc. Jenc=$Venc
etc. etc.

As you work through the problem on the board, don®forget to ask for the studentsGnput at all
phases. Try a few QurongOsurfaces, and make someone explain why they don®work.

Problem 5

This is a difficult problem. Before tackling it with your students, you might want to read the
comments on Superposition problemsin the General Teaching Suggestions above.

You should probably not jump to this problem in your first section meeting. (See the Sample
Lesson Plan above.) You might want to suggest that it would make for good exam practice.

Problem 6

In this problem the students get the chance torun the E-field drill for themselves.

When you discuss the problem at the board, organize and structure your own calculation. (See
the General Teaching Suggestions above, under Organizing the calculation.)

Board organization for part (b) of Problem 3
Calculating ! directly ! E = Qenalo Calculating genc
! label =... ! 1aber*! tid+! bottom= Qenci/"0 (enci=&A
etc. etc. etc.

As you work through the problem on the board, don®forget to ask for the studentsGnput at all
phases. Try a few QurongOsurfaces, and make someone explain why they don®work. Also, this
problem continues to use symmetry: the electric field above the plate is the same magnitude and
opposite direction as the field below the plate.



