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In introductory electricity courses, electrostatind circuit phenomenaare usually treated as
separate and unrelated. By emphasizing the crucial role played by chargeswnrfeites of circuit
elements, it is possible tdescribecircuit behaviordirectly in terms ofchargeand electric field.
This more fundamental description ofircuits makes it possible to unify the treatment of
electrostatics and circuits.

. INTRODUCTION

We havecreated anew courseand textbook on electricityand magnetism for théntroductory physics
sequence, with aemphasis on qualitative reasonibased ondynamic atomic-leveimodelst®® An
important component of the newourse is a unified approach to electrostatiod circuits. This article
explains the physics and pedagogy of this unified approach.

In the traditional syllabus for electricity, circgphenomenare expressesolely in terms of theabstract
concepts of potential and Kirchhoff's rules, making it seem that the fundamental Coulomb interaction plays
little role in circuits. As a resultelectrostaticsand circuits appear to bewo completelydifferent and
unrelated topics, and there is little learned in electrostaticedmabe applied directly in analyzimiycuits.
Moreover, when electridield plays little or no role in circuit analysistudents lose an important
opportunity for additional practice with electric field, and by ¢ne ofthe discussion of circuitstudents’
understanding of the field concept may have faded.

Another problem with the traditional syllabus is that serious misconceptions often peesisafter
extensive instruction, such as the notion thatent is used up in lgght bulb. Anapproach to circuits
that emphasizes a deeper sense of mechanism can address this problem.

The initial inspirationfor unifying electrostaticsand circuits camefrom the work of Haertet®> In this
scheme, the basic Coulomb interaction expressed in terms of charge and electric field is suffazialyzéo
both electrostatic and circuit phenomena in a unified way. After completingriffisd treatment in terms
of the Coulomb interaction, we introduce potentald wethen re-examineboth electrostaticand circuits
in terms of potential. Figure 1 compares the traditional and new treatments of circuits.

Traditional treatment of circuits New treatment of circuits
Little or no connection to electrostatics Unified treatment of electrostatics and circuifs
Solely in terms of potential and current Initialin terms ofchage andfield (followed
later by anaysis in terms opotential and current
Macroscopic only Microscopic as well as macroscopic
Steady state only Transient polarization establishes the steady |state
Little sense of mechanism Strong sense of mechanism

Figure 1. Comparison of traditional and new treatment of circuits.

The new curriculundeals in anatural way with many of thdifficulties observed inlearning electricity.
The immediate and direct benefit is a unified treatment of electrostatics and electric circuits, which closes the



observed gaps in students’ reasoning about these topics. Furthermore, this trpaivicie® an improved
basis forunderstandingcircuits in terms of the more abstramincept ofpotential. In thetraditional
curriculum, students wha@an set up equations tosolve for currents in complexmulti-loop circuits
nonetheless often have difficultysing potential toanalyze eversimple circuits qualitativel§’ This is
especially true indynamic situations involving transientand when dealingwith the consequences of
introducing a changato anelectriccircuit (e.g.,adding aresistor). The newnodel provides aoncrete
basis for reasoning dynamically about these concepts in the analysis of electric circuits.

Students'tendency to reasolocally andsequentially abouglectriccircuit€?® is directly addressed irthis
new approach. One analyzes dynamically the behavior @fltb&ecircuit, and there is aoncretephysical
mechanism for howvdifferent parts of the circuit interact globallwith eachother, including the way in
which a downstream resistor can affect conditions upstream.

Commonstudent misconceptiordirectly addressed byhe newapproach includéhe following: current is

used up in a light bulb; the electric field inside a metal is always zero (even when the system is not in static
equilibrium); drifting electrongpush eachother through a wirgust aswater molecules puskeach other
through a pipgdespite chargeeutrality inside the metal); Ohm’s law applies to all circuit elements (not
just resistors); the Kirchhoff loop rule is identical to Ohm’s law (instead of being a sepiadaiteich more

general principle); there cannot be any potential difference across an openlb®e#dake V 4R, and there

is no |; a battery is either on or off and constitutes a constant-current device; emf and piilentiate are
synonymous.

Initially it was not at all clear whether an integrated approach to circuits and electrostatics wimalsilile

in an introductory course. We experimented with vargeuences aopics beforefinding a scheme that

is successful. In absolute terms, we find that students are indeed able to analyze circuits in the new way. In
relative terms, students taught the new wagrform significantly better in analyzing circuits than do
students in traditional cours#s?

The main goal of thigaper is to present a new approach tf@ teaching of circuits. The discussion
parallels the treatment in our textboolut with additional background material of use to instructors.

Our model of electrons imetal is essentially classical, as is customary in introductory treatments of
electricity andmagnetism. In particulaglectrons in metatonductors are treated according ttee Drude
model and are thought of as point particles, not delocalized as in the quantum descriptatalgf There

are however echoes dhis delocalization inthe emphasis in our textbook on shifts of a moleilectron
“sea” in a metal, both in electrostatics and in circuits. The Drude model is adequate to explathrariye

of phenomena in DC and RC circuits butcolurse isinadequatdor explaining various quantumiffects in
metals.

In Section Il we present an overview of the unified approach. In Section héview the sizablditerature
on the subject.
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II. A UNIFIED APPROACH

A. Preamble to the study of circuits

Before discussing the new approachctizuits, weprovidesome context by outlining the instruction that
precedes the study of circuits. The first talmapters oour textbookdealwith polarizationphenomena in
depth. Students perform simple “desktop” electrostatic experithémtthe lecture or recitation classroom
that raise deep puzzles about important conceptual issues, such as the naturectihgtafih©ese puzzles
are then resolved in terms of atomic-level models of polarization in insulators, raetilsnic solutions.
The next twochapters introducéhe concept of electric field, includinthe field of distributed charges
(charged rods, rings, disks, parallel-plate capacitors, and spheres).

The fifth chapter is amainly phenomenological introduction to circuits. Studentsddsktop circuit
experiments which raisgeeppuzzles, such as why the battelyesn’'t alwaysproducethe samecurrent.
The biggestpuzzle ofall, which is discussed irthe following section, igesolved inthe sixth chapter,
drawing heavily on the earlier work on electric field and on the atomic nature of matter.

B. A puzzle concerning a simple  circuit

We ask students to observe a simple circuit consisting of a battery witbotvdnicting wires leading to a
flashlight bulb in a socket (Figure 2). The current in the bulb filamedtiven by an electric field inside

the filament, with J=oE (for the introductory student we writbis in the microscopic form i = nAv =
NAUE, where i is the electron current in electrons ge&ond, n ighe free-electrondensity, A is thecross-
sectional area, and the drift speed v = uE, where u is the electron mobility). We continually nadiatthe

that the electric field goes to zero inside a metal in static equilibrium, but that a circuit is a system which is
kept out of static equilibrium, and the electric field inside a current-carrying wicg Z&ro.

It is natural to think that the source of the electric field in the bulb filament is charges in and on the battery.
But if we bend the wires to bring the bulb closer to the battery, the bulb doesn't get brighter, which implies
that the electric field inside the filament is unchanged despite the fact that the filament is much closer to the
hypothetical source charges. Moreover, if we rothgesocket by 9@egreegwith the wires remaining
attached), the electric field due to the battery charges should nperbendicular tahe filament,and there

should be little or no current, yet we don’t see any change in the brightness of the bulb.

T

Figure 2. If the charges responsible for the electric field inside the bulb filaanert and on the
battery, shouldn’t the bulb be much brighter when brought closer toattiery?

71\

Brighter?

/
I\

Evidently charges inand onthe batterycannotbe the onlysource ofthe electric field inside thebulb
filament. There is a deep puzzldsthere are thehargesthat are the source ofthe electric field inside the
bulb filament?

One can try to avoid this question by assuming that the flowing electrons push each other through the wire,
like watermolecules pushing neighboringater molecules through a hosedowever,this cannot be the
explanation. Averaged over a few atomic diameters, the interior of the metarisvhereneutral,and on
averagethe repulsionbetweenflowing electrons iscanceled byattraction to positive atomicores

(Figure 3). This is one of the reasons why an analogy between electric current and the flow cdnwbéer
misleading.
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Figure 3. Theflowing electrons inside avire cannot push each other through the wire, because on
average the repulsion by any electron is canceled by the attraction of a nearby positiveeatemic

Of course it is easy to understand the constant brightness in terms of potential: The pmivtgntaatoss
the bulb is always nearly equal to the emf of the battery, anéel¢atic fieldinside the filament isimply
the gradient of this constant potential drop. But we know that charges are the only soeteesiofields
(in the absence ofvarying magnetic fields)and it is legitimate to askwhere arethe chargesthat are
responsible for the field inside the filament.

If we don't ask and answer this question, we cannot hope to unify electresidtitcuit phenomena, and

we find ourselvedorced tosay ratherlamely that in electrostatisituations, electric fieldsare made by
charges, but in circuits, electric fields are made by potential differences. This is very unsatisfactory, since a
major goal of introductory physics courses is to show hasall number ofundamentaprinciples can

explain a wide range of phenomena.

4 10/29/99



C. Feedback and surface charge

So that we can ask students to account for all charges unambiguously, we ask stuclemiléo a circuit
driven by a charged capacitor instead of a chemical battery. The geometry of the cirbeiérmafosen to
illustrate in a particularly dramatic fashion the relationship between charge and field in a circpitesére
a condensegersion of the reasoning abathis circuit that we ask students to performrBecause of its
greater familiarity to physicists, we writé= oE for ohmic materialsnstead ofthe microscopidormula
initially used by the students for electron current, i = nAuE.

The students are asked to consider a large-capacity parallel-plate caphtodischargeghrough a high-
resistance wiravith some twistsandturns (Figured), so that it takes a long time for theapacitor to
discharge. For aconsiderable period dfme (afraction of the RCtime constant)there is aquasi-steady
stateand anearly constant conventionalirrent | inthe wire. (Alternatively, onean sustain asteady
currentwithout the complexities of ahemical battery by introducing a mechanichlarge transport
mechanism between the capacitor plates, similar to the conveyor belt in a Gaatigenerator.) If the
wire has a constant cross section, in the quasi-steady state the magnitude of the current dewsity the
electric field E = J/ o must be uniform throughout the wire.
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Figure 4. Discharging a large-capacity parallel-plate capacitor through a
very thin resistivewire of constant cross section (ndtawn toscale). In

the quasi-steady state, the elecfi@d inside thewire must beuniform in
magnitude and parallel to thare.
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But the charges on theapacitorplatesdon’t producethe requiredquasi-steady-statgattern of electridield
(Figure 5). Not only do the capacitor charges fail to makéeetric fieldwith uniform magnitude, but the
field Eqy, due to the capacitor charges even points in the wrong direction between the left and right bends of

the wire (and although not shown in tliagram, atmany positions in thevire the electric field produced
by the capacitor is not parallel to the wire). Evidetitlgremust be some otheharges somewhere, and
the electric field of these unidentified charges pluseieetric field ofthe capacitor chargeswust add up to
make the quasi-steady-state uniform electric field shown in Figwéhére are these other charges?
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Figure 5. The electric fieId_Ecap due to the charges on the capacitor plates is not

uniform in magnitude, and between the left and right bends it poérts in the
wrong diredion for driving the current in the quasi-steastate.
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A thought experiment is useful. Imagine that we can attach the wire twaplaeitorwhile preventing the
mobile electrons in the wire from moving. Then we release the elecnois®e what happens (Figure 6).
Look at what happens in the region of the left bend: The initial electric field drives electrobsthtends

of the left bend. This region therefore acquires a net negetimgge,andthis excess negativehargemust

reside on the surface of the metal. Similarly, the initial electric field drives electrons out of both ends of the
right bend, leaving this region with a net positoiearge,andthis excesgpositive chargemust be on the
surface of the metal.
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Figure 6. Theinitial eledric field due tothe charges on the capacitdrives
electrons out of the righbendandinto the left bend, leading tsurfacecharge
pile-up. The electric field of these new surface charges is to the Té. surface
charge will continue to pile up until theetelectric field is to théeft.

After a very short time the non-steady-state configuration of electric field causes surface charges to appear on
the wire. What contribution to the nelfectric field dothesecharges make? Ithe branch between the

bends, where the electric field initially points the “wrong” way (to the right), the sweface charges make

an electric field in the “correct” direction (to the left; see Figure 6). If there is insuffwigfatce charge on

the bends to makereetelectric field to the left, of the appropriate magnitude, pile-upuoface chargevill

continue until the net electric field does point to the left, with the appropriate quasi-steady-state magnitude.

7 10/29/99



Ultimately, this elegant negativéeedbackmechanism willproduce ararbitrarily complex distribution of
surface chargall over the wire suclhat theelectric fielddue toall the charges (surface chargdus the
charge onthe capacitorplates) is uniform throughout the wirend has the magnituderedicted by
conservation of energy (the Kirchhoff loop rule). The quasi-steady-state charge distribution migharjook
roughly like Figure 7, with a variation of surface charge density along the wire fropositéese capacitor
plate around to the negative capacitor plate, although the actual dethitssofface-chargéistribution for
any particular circuit geometry may be quite complicated.

In instruction, weemphasizehat the pattern oélectric field issimple, while the distribution o$urface
charge is complex and extremely difficult to calculateurately (se&ectionlll for published calculations
for a variety of geometries). In some simple geometriescameappeal tacontinuity arguments. In
particular, thesurface chargenust be positivanearthe positiveend of the batteryand negativenear the
negativeend ofthe battery. Theedagogicalimportance of thesurface charge ighat it provides a
mechanism founderstanding at a fundament@bel why a circuitbehaves as it does. It is however the
pattern of electridield that can bedrawnwith confidencejany guess at the distribution efirfacecharge
will be very approximate.
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Figure 7. Apossible, very approximatesurface-chargelistribution which,
together with the charges on tkapacior plates, could producehe simple
pattern of uniform-magnitude electric field.

We know experimentally that thappropriate surface chargese established very rapidly in aimple
resistive circuit,because we do observe a steathte almost immediatelgfter connecting the circuit or
bendingthe wires. Iftherewere nodissipation thefeedbackmechanismcould overshootand lead to
oscillations rather than a steady statélaerte® has pointedbut that the establishment of thady state
does not actually take place in one step, but rather is the end result of repeated reflections sibslangs
around in the circuit before damping out due to dissipation.)

D. Electric field of rings of surface  charge

Our initial discussion focused on what happens onbdrls in a particulasircuit becausdhe effect is so
dramatic. But even on a straight section of wire tmust be something like gradientof surface-charge
density to produce the required electric field inside the wire. In order to help studethiatseenon-uniform
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surface-charge distribution could produce a uniform electric field in a wire, we consider a conceitepdad
case of rings of charge sheathing a section of wire, with a gradient of surface-charge density along the wire.

Before starting the study of circuits, our students study the electric field of distributed charges, including the
on-axis electric field of a uniform ring. The axial field of a ring is usefulnderstandinghe relationship

between the surface charge on a wire, considered as a sequence of rings of charge, and the electric field inside
the wire. We lead the students to sle&t agradientof surface charge woulkbntribute to arelectricfield

inside the wire. Rings of equal charge density (and the same sign) coreitnekectricfield at alocation

midway between the two rings, whereas rings of unequal charge dendliffej@nt sign) contribute anon-

zero field at that location (Figure 8).

Surface of wire

Ring with
less

negative
charge

Eleft i Ring with |
more
negative
charge

Surface of wire

Figure 8. At a location midway between two surface-charge rings with different amoucisirogie,
the rings contribute a non-zero net electric field. Electric field insidewiteeis associated with a
gradientof surface-charge density.

In one particularly simple geometry, that of a long straight coaxial cable driven by a batteryead camel
short-circuited at the other end, the uniform electric field insidecéiméer conductor isictually produced by
a constangradient of surface chargiensity**'®> In other circuit geometries the distribution sifrface
charge may be arbitrarily complicated even though the pattern of electric field is simple.

Two rough approximations make it possible for studentsefmson qualitativelyabout surface-charge
distributions and the mechanism for establishing the steady-state distribution of electric field, at least for the
case of relatively simple circuit geometries. Fidiie tothe inverse-square distancependence aoflectric

field, nearby surface charges may contribute a sizable fraction of the net electric fiploliat glthough of
courseall the surface charges everywhere time circuit togethedeterminethe netfield). This permits
reasoning locally in a qualitative way about charge and field. Second, electric fields in lumped resistors may
be thought of as being due in large part to gradients of surface charge along the resistor.

Theseare very rough approximationand applicableonly for simple circuit geometriedyut they are
pedagogicallyuseful becausethey allow students t@eason qualitativelyabout circuit behaviorand to
understandhe basic mechanism thateatesandmaintains thesteadystate. In Sectionll we review the
exact calculations oburface chargeahat have beencarried out for a variety of geometries. These
calculations confirm the approximate validity of the picture of surface charge sketched here.

We emphasize however that ultimately it is the relatively simple pattern of electric fielchthéecounted
on, whereas the distribution of surface charge can be arbitcanitplex, especially if the circugeometry
is complicated.

E. Lecture demonstration of surface  charge

We haveused ahelpful demonstration ofurface charge suggested the science educatiogroup at the
Weizmanninstituté® (seeFigure 9). A chain of four 80-megohm resistors sispported in airfrom
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Styrofoam columns, so that the resistor chairfaisfrom other objects, including the table, twoid
unwantedpolarization effects. The resistor chaindsnnected tatwo DC power supplies which apply
+5000 volts to one end of the resistor chain and -5000 volts to the other end, with respect to ground.

We model the resistors as very thin wires. Fraumrent conservation (I = enAv enAuE,where u is the
electronmobility), students carpredict that theelectric field must bevery muchlarger insidethe thin
resistors than inside the thick connecting wires, ancelbetric fieldmust havethe same magnitudeside
eachresistor. As usual, the pattern eléctric field issimple. Thefeedbackmechanism willlead to an
arbitrarily complicated distribution of surface charge that generates this simple pattern of electric field.

In Figure 9 we show a plausible rough, approximate distributiosudfice chargehased inthe first
instancesimply on continuity (positivenearthe positive pole of th@ower supply, negativenear the
negative pole). We then ask the studentsheck whethethis estimated chargdistribution is consistent
with the pattern oklectric field. Veryroughly, theelectric fieldinside the left-most resistqAB) is in
large part due to a large negative surface-charge density at A and a rsadagse-chargeensity at B,with

a large gradienalong the resistor. Thelectric fieldmust havethe same magnitude in the next resistor
(BC) and is largely due to the medium surface-charge densityaatithe nearlyzero surface-charge density
at C. Similar remarks apply to the other two resistors. Inside the connecting wires the electrio/feld is
small, and weindicate aroughly uniformchargedistribution along these wires (thietails ofthe actual
charge distribution, except for the sign of the charge, are presumably more complicated).

80MQ 80 MQ SOMQ 80

Thin
metallized
mylar strip

Figure 9. A lecture demonstration of surface charge. A thin metakitegd
of mylar is attractedgcharged by contact, and repelled by thefacecharge.
The distribution of surface chargevsry approximate.

A flexible, thin metallized strip of mylar is suspended from an insulating rod and broudbdrtheire near
location A, where the strip is observed to be attracted to the charge-carryin@luwer polarization of the
strip) andthen to jump awaydue tobeing charged bycontactand repelled bythe surface charge ahat
location. The strip is found to be negatively charged, because it is repelled by a plastibbgethrough
one’s hair (a plastic pen is known to charge negatively). A siraffact is observed at Fut the strip is
observed to be positively charged. A smaller effect is observed at B aviteEthe surface-charge density
is expected to bemaller. Noeffect is observed gioint C, where by symmetrythere isessentially no
surface charge.These experimental observations confirm the validity of the approxisuatacecharge
analysis.

The surface-chargéensity is proportional to the circuit voltagedonly at very high voltages isthere

enough charge to observe electrostatic repulsion in a mechanical system. It is difficult to observe repulsion
by surface charge in a low-voltage circligcause @hargedobject is of coursattractedto neutral matter,

and the attraction between a charged object and a circuit can mask the repulsiosyrifatteecharge on the

circuit is small, as it is in low-voltage circuits. The object musvéry light so that onean observe the
interaction at a sizable distance,arder to minimize the competitioetweenrepulsionandthe attraction

due topolarization of neutral matter, which falls off wittistancemuch morerapidly than 1/d. (The
attraction between a point charge and a small neutral object is proportiond] tsiridd the polarization of

the neutral object is proportional to 3/éndthe interactionbetween apoint chargeand adipole is
proportional to 1/d)
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F. Quantitative circuit analysis

Here we review the steps leading to quantitative analysis of circuits in teredsctic field. Early in our

study of circuits we introduce the important formula for electron current, i =whe&re i isthe number of
electrons peunit time that pass some location in the circuit, n is the numbéeeflectrons pewunit

volume, A is the cross-sectional area of the warg] v isthe electron drift speed.The studentgarry out
experiments which show that in the steady state the current leaving a circuit eleesuml i the current

entering the element. We lead the students to see that if the outgoing electron current were smaller than the
incoming current, the circuit elemewbuld become increasingly negativatharged,which would slow

downthe incomingelectronsand speed ughe outgoing electrons, until the twaurrents becomequal.

Current conservation is the result ofiarge conservationplus the dynamic feedbackmechanism that
establishes the steady state in a circuit.

Next we introduce the mobility u, a property of the material, with v = uEdtiftespeed isproportional to
the applied field E). This permits the students to compare the magnitude of the B¥ddtimside wires of
different thicknesses thadre inseries. It is extremely useful that studentsndo recognizethe formula

v = UE asbeing just a microscopic version of Ohm’s law (A¥/R). In ourexperience, students who
have learnedOhm’s law in a previougoursetypically over-generalizehis approximate description of
material properties, applying it inappropriately to batteries as well as res@tdesyen confusing Ohm’s
law with the much more fundamental Kirchhoff loop rule.

For example, many students think that there cannot be a potential difference across an opebeseuitsd,

V = IR, and if there is no | there cannot be any V. éuen more extreme example of amthinking over-
reliance on Ohm'’s law wasrovided by astudent whaoagreed orexperimentabndtheoretical grounds that

the current leaving a light bulb has to be equal toctireent enteringhe bulb, butarguedthat thecurrent

in the bulb filament itself has to be much less, since V =aRithe bulb filament has more R than the
neighboring wires so it must have less I! Emphasis on a microscopic amelhe relation v = ug, gives

the students a strong microscopic sense of mechanism and reduces unthinking rote application of V = IR.

We introduce a “mechanical battery” similar to a Van de Graaff generator, in which a conveyor belt applies a
non-Coulomb force . to extract an electron from the positive plate dérge parallel-plate capacitor and

push itonto the negative plate (Figure 10). In an open circuit, or witfall currents(andlow internal
resistance), iz = ek, where E is the Coulomb field due to the charges on the plates. Suuéclanical

battery can be understood in much greater detail than a chemical battery, and it provides a matdeider a

that maintains a charge separation (and later helps in explaining the important diskiattieanemf and
potential difference).

S
A Y
+ 000 -
v (@
-+ -
+ | -1 |
+ -
+ "W

Figure 10. An isolated “mechanical battery.” Charge builds up on the plates until the Coulomb force
eEc is equal to the non-Coulomb forcgd= The separation s is small compared to the size gflttes.

In a circuit containing a mechanical battery and a series of wires, we shaméingy conservatioleads to
an equatiorrelating the amount of worklone on arelectron bythe mechanical battery tohe energy
dissipated in the wires, wherg i& the electric field in a wire of length:L

Fnes= ) eEiL;

At this point students caanalyzesimple circuits in terms of a microscopic picture, using #nergy-
conservation equatioplus theequation for electron-current conservatighe electroncurrent i =nAv =
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NAUE is the same in series circuit elements). Figure 11 gives an example of a typical homework problem.
The student is asked to draw the electric field at the locatm@arkedx, (small inside the thick wiresarge

inside the thin wire) and to sketch an approximate surface charge distribution (positive alongbthadbft
negative along the right branch, with a stragrgdient of surface chargdong the thin wire). Then the
student is asked to calculate quantitatively the number of electrons entering the thin wire every second.

n = 9x1028 electrons/m 1904l
U = 7105 (m/s)/(N/C) Fics = 2470 oule

ppp—— E—

Ly=20cm L1=20cm

Aq=X108m2 Ap=9x108 m2 [~
Lo=5cm

A, =1.5<108m2

2 ~/
x 1 I X
J 1
Figure 11. An example of a typical homework problem in which a circuit is anatyzedtitatively
in terms of charge and electric field. The thikdthin wires are made ofthe sameesistive metal
with given mobility u, density n offree electrons, lengthsand cross-sectionakreas. The non-
Coulomb work per unit charge s corresponds to a 1.5 vdiattery.

It is not possible with elementary techniques to determinexhetform of the surface-chargeéistribution.
What is calculable from current conservation and energy conservation is the electrid-fieid. thepattern
of electric field,one cansketch an approximatsurface-chargelistribution for simple circuitgeometries
such as the one shown in Figure 11.

The mobility u is a property of a material, but it is in general temperature-dependent. Whehstuelents
carry out a desktop experiment with flashlight bulbs in which they find that the current in a twsehath
circuit is significantlylargerthan half thecurrent found in @one-bulb circuit. Onecan show from the
energy-conservation equation that the electric field in a bulb filament is exactly Hdf asthe two-bulb
circuit (assuming very small fields in the connecting wires), so one concludes that in the equatiéug =
the mobility is greater, due to the lower temperature of the dimmer bulbs.

In this microscopicframework, with emphasis oncharge and field, some very commonstudent

misconceptions melt away. One common misconception is that the potifigisnceacross an open
switch is zero (because V = IR, and if | = 0, V must be zero). Our students see that inenohes of the
circuit leadingfrom the battery to the open switdarry positive and negativesurface chargeand these

charges make an electric field the gap, with arassociateghotential difference. This comes upafter we

introduce the concept of potential as a path integralesftric fieldandthen re-analyzecircuits in terms of
potential, but without forgetting about surface charge and electric field.

Another common misconception is that current is used up in a light bulb. Our students have sesgseng
of mechanismand have a clear imroscopic mentaimodel of electrons driftinghrough the bulb filament,
pushed by the electric field of the surface charges, and that current conservation is the resdyraintie
feedbackmechanism. Thewre familiar with the steadystate being eshdished by buildup ofsurface
charges, which focuses attention on the fundamental mechanisms as opposed to reliancemfowliz
students vague, non-mechanistic notions of current and potential.

Students often think that a battery either outmei® curren{if nothing is attached toit) or outputs a
standardamount of currentjindependent ofwvhat is attached tothe battery. Again, a strong sense of
microscopic mechanism, and the use dimachanical battery” invarious explanations, helps combat this
deep-seated misconception of the role of batteries in circuits.
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Analyses of a variety of simple DC and RC circuits in terms of chamgdield can be found in chapters 6
and 7 of our textbook. One of the important discussion topicscimapter 6 is the nature dfe transient
that leads to establishing the steady state. It is afi@hto be &ommon student “misconception” that a
bulb will light when attached by a wire to only one end of a battery. Irdgnamicview of circuits, this

is not entirely a misconception. As thére is broughttowardthe battery, a tiny transiemurrent does
flow, polarizing and charging the wire and bulb. It is only a quantitative matter thedirtfest is sasmall
and lasts such a short time that ale@sn’'t seghe bulb light up. In fact, in Steinbergéxperiments 2
and in the chapter ocapacitorcircuits in chapter 7 ofour textbook, the gap in the circuit may berse-
farad capacitor, and the bulb shines brightly for a twmithout aclosedcircuit. Wesee here aignificant
advantage tdreating electrostaticand circuits in aunified way. Also, emphasis iplaced on dynamic
processes rather than solely on the steady state, an emphasis seen in both Haertel's and Steinberg’s work.

G. Student guestions

The analysis of circuits in terms efirface charge provides answersstoimeprofound questions students
sometimes raise, questions which may have no satisfactory answer within the context of traditional analysis
in terms solely of potential.Haertet reports students askintjWhat is the difference inthe conditions at

the two ends of a resistor?” It is quitasatisfying to say merely that the potentiabiferent,and quite
satisfying for the student teeethat adifference in surface-chargiensity at the tweends ofthe resistor

leads to a large electric field inside the resistor, which drives the current. Another student geEstiech

by Haertelis, “How doesthe currentknow how to splitwhen thereare parallel branches?” During the

initial transient phasesurrentmay runequally downtwo parallel branchedut different resistance in the

two branches leads to different surface-charge buildup along the two branches, whicstéadistatewill

steer appropriate amounts of current down each branch.

H. Experience with teaching surface-charge analysis

We have found that surface-charge analysis can be made teachable and learnable, and that it gtroviges a
sense of mechanism as well as unifying electrostatickcircuits. Theaspectthat seems to pose the
greatest difficulty for students is the distinctibetweensurface-chargeensityandits gradient. There is a
not unnatural tendency to think that a laageountof surface charge rath#ran alarge gradientof surface
charge implies a large electric field. This is yet another example of the difficulty stidertshroughout
introductory physics in distinguishing between quantities and rates.

The advantages and disadvantages of the new approach compared with the traditional appicaits tare
quite similar to those of kinetic theorgomparedwith thermodynamics. Kinetic theonffers adetailed,
mechanistic picture which provides a basis for a qualitative physichrstanding ohow thesteady state
arises,whereas thermodynamidgpically starts from thesteadystate, whichcan seem mysterious and
unphysical, since it may not belear how this steady state would ariseand maintain itself. The
disadvantages shared llye new electricityapproachand kinetic theoryare that situationswhere exact
numerical results for all aspects of theenomena cannot be easily obtainaadg in many caseseven
qualitative conclusions about system behavior meyiremore detailed andengthy analysis thamvhen
using more powerful and more abstract principles such as potential or thermodynamics.

Analysis in terms of potential

After analyzingcircuits in terms ofurface chargandelectric field, inour textbook wentroduce electric
potential difference as gath integral of theelectric field. Electricfield is considered to b¢he more
fundamental concept ithis introductory courseand potential difference is considered a secondemycept
based on electric field. In the chapter on potential, both electrostatic and circuit pattelecrinf field are
used to illustrate potential difference.

The chapter on potential is followed byclhapterdevotedentirely to potentiakndcircuits. The looprule
however is approached not bsing special to circuits butither as a consequencetloé general principle
that theround-trip integral ofelectric fieldmust bezero, if theelectric field is due to (stationary)point
charges. In a circuit with a “mechanical battery” the students cathaethe Coulomkelectric field inside
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the “battery” points in the opposit@irection tothe conventionaturrentflow, and the round-trip path
integral of electric field is zero.

In this circuit chapter we distinguish very carefully between emf (non-Coulomb wortknfiecharge, as in
the “mechanical battery” where emf jds/e) and potential difference (path integral of @wulomb electric
field). When we study magnetic induction later in the course, we put more emphasis than usuabon the
Coulomb electric field associated with a time-varying magnetic field, and this too helps distibgiwsien
emf and potential difference.

The new approach provides additional useful practice with the relatiobstwijgen chargandfield. When
circuits are analyzedolely in terms of potential, one loses an important opportunitgiegpenstudents’
understanding of electric field by additional practice with the conceptrioval setting. Evemvhen we do
analyze circuits in terms of potential, we don’t drop electric field but continually make conndxfaesn
the electric fieldinside the wiresand resistorsand the potentialdifferencesalong those elements. This
continuing emphasis on electric field helps students see that it is pothffiéia@nce,not potential, that is
physically meaningful.

By analyzing electric phenomena first in terms of changgfield, andonly later in terms of potential, we
are paralleling the usual sequence in the mechanics course,fargerés introduced and usedfore energy
methodsare introduced. Analysis in terms ofdrce or fieldseems moreoncreteandless abstractbut is
often less powerful than analysis in terms of energy or potential.

It has beenrcommon to usehydrodynamic orother analogies in the teaching of electricibyt these
analogies can bmisleading. Anotheadvantage ofhe newapproach isthat it is baseddirectly on the
fundamentalCoulomb interactiomatherthan on a necessarilgaccurateanalogy to some other physical
process.

In addition tocalling for treatingfewer topics in more depth, thimtroductoryUniversity PhysicsProject
(IUPP) hascalledfor having introductoryphysics courseplace more emphasis on 20th-century physics
topics?>** Our newapproach tahe teaching of electricitpddressethe latterconcern intwo significant
ways. We have placed more emphasis than is usual on the key role of electrmtalfand onatomic-
level polarization phenomena in insulators and metals. Also, as BHesepointed out, an electric circuit
analyzed in terms of surface charge, while richly complex, is nevertheless onesofphest systems that
fully manifests thephenomena of an interactigystemin the modernsense, includingeedback and the
interplay between local and global aspects.
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. A REVIEW OF THE LITERATURE

In this section wesummarize importanpoints in theliterature thatare particularly relevant to teaching
about the role oklectric field in circuits. We alsoprovide ahistorical note thatprovides additional
perspective on the status of this analysis.

A. Small charges have big effects

Inside aresistive wire 1 metelong connected to a 8olt battery, theelectric field isonly 3 volts/meter,
which is tiny comparedwith typical fields encountered irelectrostatic phenomena (faxample, the
breakdown strength of air is aboutr@llion volts/meter). Thereforethe amount okurface charge on the
wires of a typical circuit is extremelgmall compared totypical electrostatic charges, which is why it
requires high-voltage circuits to observe electrostatic effects. However,stheleamounts otharge are
responsible for driving the current inside the wire. Applying the quantitative analyses of Sonifhamteld
Marcus® to a straight coaxial cable 30 cm long whose central conductordiasater of Imm, driven by

a 3 volt battery at one erahd shorted athe otherend,the maximum lineasurface chargdensity on the
central conductor is only a few million electrons per centimeter.

Parkef* points out that the surface charge on the wires of a circuit is maintainedymamicequilibrium.
If a fluctuation shouldead totherebeing more positivesurface charge atomeplacethan isrequired for
steady-state current flow, that portion of the surface will attract electrons, whicteducethe imbalance.
Parker also offers a vivid picture of what happens if a straighient-carrying wire ident: Electrons pile
up on the outesurface ofthe benduntil there is enough negativeharge there tdurn the oncoming
electrons around the bend. Ro$sealculates that a single electron on sigface of a right-anglelend in
a copper wire is sufficient to turn an ampere of current, abdtielE@trons per secondHaertelcomments,
“Because of the enormous strength of @eulomb interactiorandthe veryhigh mobility of electrons in
metals, it takes only a few electrons at the surface of the wipeigh 16° electronsaround in a circle and
to overcome the resistance of a metallic wire” (Ref. 5, p. 42).

B. Contributions of nearby surface  charges

In some simple cases the dominant contribution to the electric field inside a wire megéprimarily by
nearby surface charges, because thecharacter of the Coulomb interaction may make the contributions of
distant charges quite small. To the extent that we can negleeffélots ofdistantsurfacecharges, we can
make qualitative analyses in terms of local causes and local effects.

In Figure 12 issketched amnalysis bywalZ® of the relative importance aofearbyand far-away charges
when there is aonstantgradient of surface chargalong a straight wire. Onénds that the peak
contribution dE to thdield comes fromsurface charges at a distancelofr, from whichWalz concluded
that E is due mainly to nearby charges.

++ + + + o+ - - - - - -

ring o
charge d]>‘—>dE

++ + + + + - - - - - -

dE

Figure 12. According to Walz, most of tleentributions dE tahe field E
come from nearby rings of surface charge (congeadient).
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However, with a constantgradient of surface-chargéensity (dq proportional toxdx) a distant ring
contributes an amount dE proportional ()aix)/x2 = dx/x, so the contribution of distanhargesalong an
infinite straight wire diverges logarithmically. In a real circuit geometry this logarithmic divergence will be
cut off due tobends inthe wire.Walz's argument is suggestive thatarby chargesnay make a major
contribution to theelectric field in simple geometries, but it igasy to findexampleswhere this
approximation breaks down. For example, if a wire crosses itséieczare multiple loops as in a coil,
longitudinally remote but geometrically nearby sections of the wire make large contributions to the field.

C. Calculations and measurements of surface charge

Here is a summary of the most relevant theoretical and experimental literature on thesufacetharge
in circuits.

Exact calculations of the distribution efirfface charge amuite difficult, andsuch calculations as do exist
deal with rather special circuit geometries. Schiefeems to have been the first to publishuantitative
analysis of the surface charge along a wire. Sommé&rfglde a detailed analysis of a straight coacadle
driven by a battery at one end and shorted at the other, and a similar but less complete treatcaeigdvas
out by Marcus® Additional commentary igiven by Russell® VarneyandFishef® review theseearly
calculations. Heald® treated arinfinitely long circular cylindricalresistive circuit with azimuthaturrent
and aninfinitely long circular cylindricalcircuit consisting ofperfect conductorand aresistor. Saslot
calculatedthe properties of a spherical batteegnbedded in aonducting medium, includinthe surface
charge on the battery. Aguirregabiria, Hernandez, and Rivas calculated the surface chasgeaoeciecuit
driven by changing magnetifiux,® andthe surface charge on a conductirigg rotating in amagnetic
field.3 Jacksoif calculated the surface charge and field for a finite-length coaxial wéthleconducting end
plates, with a battery and lumped resistor placed at various locations along the cable.

Jefimenkd=® not only analyzed anumber of interesting circuit configurations but built an ingenious
demonstratiordevice tomake visible theelectric fields surrounding aircuit. A similar device was
reinvented byParker?* and a differenkind of demonstration apparatus waesigned byMoreau, Ryan,
Beuzenbergand Syme?¥ Moreover, Parkét offered excellent physicainsights into the role oburface
charge and the nature of the feedback mechanism. Rd&atmo provided useful physicaisights into the
mechanism of current flow in circuits. Moréagave an excellent discussion of tt@nservativeand non-
conservative fields in a circuit, and made brief but fruitful reference to the surface charge.

In Haertel'slengthy monographthereare excellent physicainsights and amajor concernfor the related
pedagogicalssues. In particular, harguesthat surface chargésn't an exoticand peripheral aspect of
circuits but provides an essential mechanism for understanding cause and effect. An earlierapeetoy
contains a brief version of these argumeants] in the sameconference proceedingray befound the
analysis by Walz discussed earfier.

A group at the University of Thessaloniki, Greece, has been experimenting with teaching some elements of
surface-charganalysis to younger studerifs. They havestressedhe pedagogicaimportance ofdealing
explicitly with battery lifeunderload, in order toincorporate energy consideratioasd all of the non-
steady-state aspects of simple circuits.

E. Historical note on surface charge

A doctoral thesis by Benseghicontains an interesting and valuable historical summary afeétielopment

of circuit concepts, starting with Volta’'s invention of the Voltaic gbattery) in1800 and culminating

with Kirchhoff's synthesis in 1849. For many physicists who had been studying electrostatics, the Voltaic
pile was interesting only in terms of idectrostatic properties in an open circuit, especiadlgause a
closed circuit seemed toexhibit no electrostatic manifestations. It w#wught that electrostatic
considerations, and what we would call potential, did not apply to a closed circuit.

In 1820 Ampére partially sorted out the relationshéiween electrostatiand currentphenomen&’ While
establishing Ohm'’s law for conductors in 1827, Ohm made a major contribution to circuit theometibat
well beyondthis relationship,because he clarifiethe separateand complementary roles afurrent and
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potential at a time when botlere rather fuzzgoncepts® Moreover, Ohnconceived ottherebeing two

kinds of electricity in aclosedcircuit—a stationangradient ofvolume charge (an errdater corrected by
Kirchhoff) corresponding to a gradient @tential, and asteadyflow of electricity impelled by the
stationarychargedistribution, by analogy with éemperature gradient drivirigeat transfer. Ohm’svork

went unappreciatedor about twenty yeardecause ofts novelty** Frenchresearcifrom 1800 to 1830
that bears on these matters is discussed in a paper by Brown.

Kirchhoff resolvedthe remainingfundamentalissues, not just with his loopnd noderules but more
importantly by unifying electrostaticand circuits. Ohm'’s steady-statestationary charge distribution
consisted of a gradient eblume chargeinside theconductor, whereas ae basis of what was known
about electrostatics there could not be a volume charge inside a conductor. Kirchhoff grtiigecharge
gradient onthe surface ofthe conductorsand showedthat electrostic andcircuit phenomen#elonged to
one science, not twls. Unfortunately, this unification was later lost sight of as the role of poteraiaé
to dominate the analysis of circuits, and the surface charges disappeared from view.
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