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1 INTRODUCTION

Electromagnetic interactions play a central role in explaining the natural world and
they provide the foundations of most current technology. So, it is important for
people to have a basic understanding of electromagnetic phenomena for two main
reasons; firstly electricity and magnetism are seen as central topics in the
science/physics curriculum at any teaching level and secondly, which is central to
the arguments of this paper, the concepts and models involved in
Electromagnetism (E&M) are particularly problematic. The concepts are highly
abstract and their understanding is dependant on models.

Models and analogies are essential to teach electromagnetism, because in this
content area most phenomena cannot be observed directly; only the consequences
of these phenomena are evident. Moreover, scientific explanations are given on a
microscopic level whereas observations are made at a macroscopic level. However,
in the traditional E&M teaching sequences at High School (16-18 year old students)
and Introductory Physics Courses at university, the usual approach involves rapid
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reason that these laws are an easy path to obtain the field value (because direct
integration is easy) when there are some symmetry conditions between field
patterns and chosen surfaces and paths.

Q3. A student finds the electric field on the Gaussian surface that surrounds the
charge g (see Fig. 1), using the following reasoning: According to Gauss’ law the
total electric flux through the surface is:
ﬁfi ds=1 making direct integration: ES = LA . By
& £ Se,
Do you agree with the student?
Justify your answer.

Figure 1

Q7. Imagine a very long wire through which current I circulates (Fig. 2); this thread
of current is perpendicular to the plane of paper and moves outward. A student,
E1, applies Ampere’s law to calculate the magnetic field created by this current at
A, using the circular trajectory (1) which contains point A and through the centre of
which passes the thread of current, and comes to the conclusion that the value of
the field is: Ba = uol/I, where [ is the length of the circumference corresponding to
trajectory (1). Another student, E2, does the same thing but using a closed non
circular trajectory (2), which also contains the point A, coming to the conclusion
that the value of the magnetic field in A is: Ba = uol/L, where L is the length of the
trajectory (2). Explain the reasons why you agree with student E1, or with E2, with
both, or with neither of them.

Note: Trajectories (1) and (2) are situated on the plane of the paper.

Figure 2
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In general, students” answers do not take into account the pattern of field lines and
so, they suppose that the field is constant along the surface or the path. Most
students (58% in Q3 and 66% in Q7) do not take into account the symmetry
conditions which the field must fulfil in the Gaussian surface or Amperian line to
obtain a mathematically simple solution. Let’s look at a few examples:

Example 1 (Q3)
“In any closed surface (Gaussian surface) we can apply Gauss’ law:

ﬁﬁ.dézi

so the electric field will be

.
Seg
I agree with student.”

Example 2 (Q7)
“Both students are correct as if we apply Ampere’s law we obtain:

8
iﬁﬁ-di = ol = BL = po] .
@

We have also found that thinking based on the formula leads students to confuse
field operators and the field itself. For example, in questions 1 and 6, students must
differentiate between field operators (flux or circulation) and the field itself to
justify their agreement or disagreement with the given explanation. In question 1, a
situation is proposed in which the flux of the electrical field through a closed
surface is zero, and the students must reason whether this implies that the field at
each point on the surface is zero. For any closed surface, the net outflowing
electrical flux is the product of the average of the normal component of the field
according to the direction outwards and the area of the surface. Therefore, the
condition @ = 0 does not necessarily imply that the field is null at each point on the
surface. Question 6 is similar to question 1 but within the context of magnetic field
and Ampere’s law.

Q1. If the flux of an electric field across a closed surface is zero, does it mean that
the electric field on each point of the surface is zero?

Ves ... no .......... Idon’t know ..........
Justify your answer.

Q6. Through each of the two “infinite” threads an intensity of current of I amps
flows (Fig. 3). These threads are perpendicular to the plane of the paper and in one



Teaching Electromagnetism: Issues and Changes 63

the current is outward whereas in the other it is moving inward. Trajectory (1) is
circular, it moves anti-clockwise and it contains two threads.

A student, using trajectory (1), applies Ampere’s law and concludes that the
circulation of the fields is nil, therefore field B is also nil at all points of the
trajectory (1). Do you agree with this student?

Justify your answers.

Figure 3

In questions 1 and 6 most students reason following two lines of reasoning. One of
them includes answers (35% in Q1, 33% in Q6) which explain that, because the flux
or circulation is null, the total charge or current enclosed is zero and therefore the
field will be zero. This explanation is coherent with the idea that only internal
charges on the Gaussian surface or internal intensities on the Amperian path
produce an electrical field on the points of the surface or a magnetic field in the
points of path. Let’s look at an example of an answer from one of the interviews:
Interviewer: Why do you say that the field on the Gaussian surface is zero? (Q1)
Student: If the flux is zero, that means that there is no charge, doesn’t it? Well, in Gauss’
law, flux is proportional to charge, and if the charge is zero, this indicates that there is no
field. In other words, if we use Gauss’ law in this case, then if the flow is zero, the charge is
zero and there is no field.

Other standard examples are the following:

Example 1 (Q6)
“If we apply Ampere’s law:

0=§Edi,
there is no current to create B, and so B=0."

Example 2 (Q6)
“If we apply Ampere’s law:

0=§Edi,
in the second part of the equation, B must be zero because d! is not, so I believe the
student is right.”
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Thinking through the formula, students establish a link of causality between the
charges or current enclosed by any surface and the field at the points on that
surface. They wrongly conclude that the field’s only sources are enclosed by the
Gaussian surface or the Amperian path.

The second erroneous variant of students’” reasoning (26% in Q1, 24% in Q6)
correspond to a strategy which is commonly used in class but which has a very
specific field of validity (symmetry conditions) for E or B to be constant in the
Gaussian surface or Amperian path. This result is convergent with the results
obtained in questions Q3 and Q7. One standard answer including this kind of
reasoning is as follows:

Example (Q6)
“If we apply Ampere’s law:

0:§1§-di=3§d1:>3:0

so I believe the student is right.”

In the interview for question 1, most students do not establish the need for the field
E to be constant in modulation throughout the Gaussian surface and for the angle
formed with each differential element of the area to also be constant, in such a way
that it can be taken out of the integral. The students do not analyze the field of
validity for Gauss’ law and use it in a non-critical manner, as we can see in part of
the following interview:

- Interviewer: Why do you say that the field on the Gaussian surface is zero? (Q1)

- Student: If we look at Gauss’ law, it is clear. If the flow is zero, the following equation is

fulfilled:
o:ﬁﬁ-d§=5§ds:ls=o

and therefore the field on the Gaussian surface is zero.

In the students’ reasoning, they do not establish the need for the field E. This
way of reasoning is convergent with example 5 in question 6. However, the
students apply it generally, leading to functional fixedness on one strategy.

The above results are in coherence with results from the other parts of the
questionnaire. For example, Questions 2 and 4 were designed with the intention of
investigating the reasoning used by students in a situation where it is explicitly
necessary to take into account which field is involved in Gauss’s law (question 2)
or Ampere’s law (questions 4).

Q2. Consider an infinite sheet, with a surface charge density: o Is the electric field
you determine from Gauss” Law:
a) the field produced by all the elements of charge in the sheet?

V€S v NO ..oeeee I don’t know ..........
b) the field produced by the charge within the Gaussian surface? (the Gaussian
surface we refer to is the cylindrical one used in textbooks, see Fig. 4)
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NI Nno .......... Idon't know ..........
Justify your answer.

+ o+ Gt
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Figure 4

Q4. We consider a long solenoid, where we assume that as long as we are far from
the ends, the magnetic field inside the solenoid is fairly uniform and the magnetic
field outside is very small. As you know, in these conditions we can calculate the
field inside the solenoid by applying Ampere’s law. The Amperian line of
integration will be the line shown in the diagram below. From this we can
conclude that:

0GR O DD 08 D G 8 D G S S D e O e O e s

Figure 5

A. The calculated magnetic field is caused by all the loops of the solenoid.

B. The calculated magnetic field is caused only by the loops inside the Amperian
line.

C. Another answer.

In question 2, the students were given a problem about identifying the sources that
produce the field that they deal with when applying Gauss’ law. The law
establishes that flux through a closed surface depends only on the charge enclosed
within the surface. It is well-known that this proportionality between the resulting
flux and the enclosed charge is not generally valid for the relationship between the
resulting electrical field on the surface and the enclosed charge, because the
resulting field E at one point on the surface is due to both the internal and external
charges of the Gaussian surface.

In question 4, we present a very similar question to question 2 but concerning
magnetic fields and Ampere’s law. The students were given a problem on
identifying the sources of field that they considered when applying Ampere’s law.
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Ampere’s law establishes that the circulation through a closed line only depends
on the intensity of currents enclosed within the path. The proportionality between
the resulting circulation and the enclosed intensity-current is not valid in general
for the relationship between the resulting magnetic field on the path and the
enclosed intensity, because the resulting field B at one point on the path is due to
both the internal and external current-intensity for the Amperian path. In this
question, it is the presence of all the loops which determines the existence of special
symmetry for the magnetic field which permits simple mathematical treatment. If
we consider the field which is only produced by the internal loops of the path, it is
not calculated using Ampere’s law because the variations in modulation and
direction of B at each point will make it impossible to find an adequate integration
path for a simple calculation.

The majority of the students’ reasoning is based on the formula (57% in Q2
and 60% in Q4). Students establish a causal link between the charge (Q2) or current
intensity (Q4) enclosed by any closed surface/path and the field at the points on
that surface/path. They wrongly infer that the only sources of the field are those
enclosed by the Gaussian surface or Amperian path. We can observe this form of
reasoning in the following examples:

Example (Q2)
“According to Gauss’ law (® = Qin/&0), it is the internal charges that create the
field.” (Q2)

Example (Q4)

“According to Ampere’s law, I applied the field circulation for that line, and as we
have already seen in class. In the vertical segment and in the external part there is
no circulation of B. Therefore, you would get field B from there, because we know
the intensity that circulates through the loops:

H0 > Tinternal = jﬁﬁ-di = B§dl ~Bd .

Example (Q4)

“Since there are 10 loops within the integration curve, I multiplied the intensity by
10 and ‘d’ is the length of the rectangle of integration. I use the formula and it is for
the intensities inside the Amperian line, so these are the intensities that create the
magnetic field.”

According to the students’ reasoning, it seems there is a functional fixedness with
respect to a solving strategy based on the mathematical expression of Gauss’ law or
Ampere’s law. It seems that, by using the formula, they establish a causality link
between the charge or current enclosed by any surface and the field at the points
on that surface.

In question 2, there is another type of reasoning, which is less common, but
which we must take note of. One example is as follows:



