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THE PAPER

AP Physics C - Electricity and Magnetism

Answer all questions. 62 marks in 70 minutes.

1 MULTIPLE CHOICE . DEMANDING . 8 [1]

caccuns A solid conducting sphere of radius R carries a total charge Q distributed on its surface.
What is the magnitude of the electric field at a distance r from the centre, where r < R?

A zero

B Qr/(4meoR3)
C Q/(4meor?)
D Q/(4meoR?)
Answer
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2 MULTIPLE CHOICE . DEMANDING . 10 [1]

cacuus . A parallel-plate capacitor is charged by a battery and the battery is then disconnected. A
dielectric slab of dielectric constant k > 1 is inserted, filling the space between the plates.
What happens to the charge on the plates and to the potential difference across them?

parallel-plate capacitor

dielectric x

battery
B R

switch open — battery disconnected

Fig. 2.1 Two long horizontal plates, one directly above the other, form a parallel-plate capacitor; the
upper plate is marked +Q at its right-hand end and the lower plate is marked -Q. A lightly
shaded slab labelled "dielectric" with the constant k fills the whole space between the plates. A
wire leaves the left-hand end of the upper plate, runs left and then down, passes through a
battery and then an open switch along the bottom of the figure, and rises again to meet the
underside of the lower plate. The switch is drawn open and labelled to show that the battery has
been disconnected.

charge unchanged, potential difference decreases

A

B charge unchanged, potential difference increases
C charge increases, potential difference unchanged
D

charge decreases, potential difference unchanged

Answer

3 MULTIPLE CHOICE . ROUTINE . 11 [1]

cacus |n a series RC circuit connected to a battery of e.m.f. € at t = 0 with the capacitor initially
uncharged, what are the current immediately after the switch is closed and a long time
later?

A ¢/R immediately, and zero a long time later
B zero immediately, and €/R a long time later
C ¢/R at both times

D zero at both times

Answer
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4 MULTIPLE CHOICE . ROUTINE . 12 [1]

caLcuLus - A long solenoid has n turns per unit length and carries a current I. Using Ampeére's law,
what is the magnitude of the magnetic field well inside the solenoid, far from its ends?

A Mol/(2mr)
B ponl
C  ponl/2
D pol/(2R)
Answer
5 MULTIPLE CHOICE - DEMANDING - 13 [1]

caLcuus A circular loop of wire lies in the plane of the page in a uniform magnetic field directed
into the page. The magnitude of the field is increasing with time. What is the direction of
the induced current in the loop?

uniform magnetic field B into the page, increasing in magnitude

X X X X X
X X X X
X X X X
X X X X X

circular loop of wire

Fig. 5.1 A single circle, labelled as a circular loop of wire, lies in the plane of the page. Small crosses are
spaced in an even grid over the whole area of the figure, both inside the loop and all around it,
showing a uniform magnetic field directed into the page; the caption to the field states that its
magnitude is increasing with time. Nothing is drawn on the loop itself: no arrow, no current
direction and no terminals are marked.

A clockwise, because the induced current opposes the field

B counterclockwise, because the induced current opposes the increase in flux into the
page
clockwise, because the induced current reinforces the increase in flux

D there is no induced current, because the loop is not moving

Answer
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6 MULTIPLE CHOICE . DEMANDING . 9 [1]

caLcuLls |In a region of space the electric potential is given by V(x) = 3x2 — 2x, where V is in volts
and x in metres. What is the x-component of the electric field at x = 2.0 m?

A -10V/m
B -8.0V/m
C +8.0V/m
D +10V/m
Answer
7 FREE RESPONSE -  MATHEMATICAL ROUTINES -  DISCRIMINATING - 8 - 9 [14]

caccuus Aninsulating sphere of radius R carries a volume charge density that varies with distance
from the centre as p(r) = po r/R for r = R, where po is a positive constant. There is no
charge outside the sphere.

insulating sphere

p(r) = por/Rforr <R

Fig. 7.1 A large circle represents the insulating sphere. Inside it, faint concentric rings are drawn at

(a)

intervals that get smaller towards the outside, indicating that the charge density increases with
distance from the centre. A dimension line from the centre out to the surface, tick-marked at
both ends, is labelled R. A second, shorter dimension line runs from the centre to a small marked
point P inside the sphere and is labelled r. Below the sphere the density is written as a function
of radius, proportional to r divided by R. No Gaussian surface is drawn.

DERIVE [3]

Derive an expression for the total charge Q on the sphere.

AP Physics C - Electricity and Magnetism - GioPhysics practice paper in the style of AP — not an awarding body document. 5/ 17



(b) DERIVE

[4]
Using Gauss's law, derive an expression for the magnitude of the electric field at a
distance r from the centre, forr < R.
(C) DERIVE [3]
Derive an expression for the magnitude of the electric field at a distance r from the
centre, for r > R, and verify that your two expressions agree at r = R.
(d)  DERIVE [4]
Derive an expression for the electric potential at the centre of the sphere, taking the
potential to be zero at infinity.
8 FREE RESPONSE . TRANSLATION BETWEEN REPRESENTATIONS . DEMANDING . 10 - 11 [15]

caLcuus - A capacitor of capacitance C, initially uncharged, is connected in series with a resistor of
resistance R and a battery of e.m.f. €. The switch is closed att = 0.

switch, closed att =0

Fig. 8.1 A single-loop circuit drawn as a rectangle. A cell of e.m.f. epsilon sits in the left-hand side of the

loop, with its long positive plate uppermost. Along the top wire, reading from the left, come an
open switch labelled S with the note that it is closed at t = 0, and then a rectangular resistor
labelled R. A capacitor labelled C, drawn as two equal parallel plates, sits in the right-hand side

of the loop. Everything is in series round the one loop: there are no branches and no junction
dots anywhere in the circuit.
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(a) DERIVE [4]
Write the loop equation for the circuit and derive an expression for the charge on the
capacitor as a function of time.

(b) SKETCH [4]
On separate axes, sketch the charge on the capacitor and the current in the circuit as
functions of time. Label the initial value and the asymptotic value on each.

(C) DETERMINE [3]
Determine the time, as a multiple of RC, at which the capacitor holds half of its final
charge.

(d) EXPLAIN [4]

The total energy delivered by the battery over the whole charging process is Ce?, but
only %2Ceg? is stored in the capacitor. Explain where the remaining energy goes, and
explain why this fraction does not depend on the value of R,
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9 FREE RESPONSE . EXPERIMENTAL DESIGN AND ANALYSIS . DEMANDING . 10 - 11 [13]

caLcuus - A student is given a capacitor of unknown capacitance, a resistor of known resistance R =
47 kQ, a battery, a switch, a voltmeter of very high resistance and a stopwatch. The
student wants to determine the capacitance.

(a) DESCRIBE [4]
Describe a procedure the student could use, and state which quantities should be
recorded.

(b) DESCRIBE [3]

Describe how the student should linearise the data, and state what the slope of the
resulting graph represents.

(C) DETERMINE [3]
The student's graph of In(V/V) against t has a slope of —0.43 s-1. Determine the
capacitance.

(d) EXPLAIN [3]
Explain why plotting In V against t is preferable to determining the time constant by
reading off the time at which V has fallen to 37% of its initial value.
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19 FREE RESPONSE QUALITATIVE/QUANTITATIVE TRANSLATION

caccuus A conducting rod of mass m and length L slides without friction on two long horizontal
parallel rails separated by L. The rails are joined at one end by a resistor of resistance R,
and the whole apparatus sits in a uniform magnetic field of magnitude B directed
vertically, perpendicular to the plane of the rails. The rod is given an initial speed vo to the
right at t = 0 and then released. The rod and rails have negligible resistance.

rails

DISCRIMINATING

conducting rod, mass m

13

0] © ©
R
© (O] (O]

(O] (O]
vo
—

(O] (O]

uniform magnetic field B, out of the page

Fig. 10.1 The apparatus is seen from above. Two long parallel horizontal rails run across the figure, joined
at their left-hand ends by a resistor labelled R, and open at the right-hand end. A short bar lying
across the rails, drawn solid, is the conducting rod of mass m. An arrow starting at the rod points
to the right and is labelled vO0. A tick-marked dimension line drawn between the rails to the right
of the rod is labelled L for their separation. Dots in an even grid cover the whole area, marking a
uniform magnetic field pointing out of the page, that is vertically upward from the horizontal

plane of the rails. No induced current or force is drawn.

( a ) DERIVE

Derive expressions for the e.m.f. induced in the circuit and the current in the resistor

when the rod moves with speed v.

(b)  DERIVE

Derive an expression for the speed of the rod as a function of time.

(C) DETERMINE

Determine the total energy dissipated in the resistor from t = 0 until the rod has
effectively stopped, and determine the total distance the rod travels.
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(d) EXPLAIN [4]
Explain, without deriving anything further, why the rod slows down, and explain what
would be observed instead if the resistor were replaced by a superconducting wire of
zero resistance.
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MARK SCHEME

AP Physics C - Electricity and Magnetism — mark scheme

One line per mark, as an examiner would award them. A note under a part is the error that part is set to catch.

1

CALCULUS

2

CALCULUS

3

CALCULUS

4

CALCULUS

MULTIPLE CHOICE - DEMANDING - 8 [1]
A solid conducting sphere of radius R carries a total charge Q distributed on its surface. What is the
magnitude of the electric field at a distance r from the centre, where r < R?
KEy A zero
B is the field inside a uniformly charged insulating sphere and is the trap: the word conducting is what
decides the answer. A Gaussian surface inside a conductor in electrostatic equilibrium encloses no
charge, so the field is zero.
SP2
MULTIPLE CHOICE - DEMANDING - 10 [1]
A parallel-plate capacitor is charged by a battery and the battery is then disconnected. A dielectric slab of
dielectric constant k > 1 is inserted, filling the space between the plates. What happens to the charge on
the plates and to the potential difference across them?
kv A charge unchanged, potential difference decreases
C is the correct answer to the same question with the battery still connected, and telling the two cases
apart is the entire item. With the battery removed the charge has nowhere to go, so Q is fixed; C rises
by k, and V = Q/C therefore falls.
SP3
MULTIPLE CHOICE . ROUTINE . 11 [1]
In a series RC circuit connected to a battery of e.m.f. € at t = 0 with the capacitor initially uncharged,
what are the current immediately after the switch is closed and a long time later?
key A €/R immediately, and zero a long time later
B is the answer for an inductor rather than a capacitor. An uncharged capacitor has no potential
difference across it, so at the first instant it behaves as a wire; once charged to ¢ it blocks any further
current.
SP2
MULTIPLE CHOICE . ROUTINE . 12 [1]
A long solenoid has n turns per unit length and carries a current I. Using Ampeére's law, what is the
magnitude of the magnetic field well inside the solenoid, far from its ends?
KEY B Monl
A is the field of a long straight wire and D that at the centre of a single loop. C is the field at the very
end of a solenoid, which is a genuinely different situation from the one described.
SP2
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5

CALCULUS

6

CALCULUS

MULTIPLE CHOICE . DEMANDING . 13 [1]

A circular loop of wire lies in the plane of the page in a uniform magnetic field directed into the page. The
magnitude of the field is increasing with time. What is the direction of the induced current in the loop?

kv B counterclockwise, because the induced current opposes the increase in
flux into the page

D confuses motional e.m.f. with Faraday's law in general — a stationary loop in a changing field has an
induced e.m.f. A gets the reasoning half right: the induced current opposes the change in flux, not the
field itself, and here that requires a counterclockwise current producing flux out of the page.

SP3
MULTIPLE CHOICE - DEMANDING - 9 [1]
In a region of space the electric potential is given by V(x) = 3x2 — 2x, where V is in volts and x in metres.
What is the x-component of the electric field at x = 2.0 m?
Ky A —10V/m
D omits the minus sign in E = —dV/dx, which is the commonest single error on this topic. C evaluates V
rather than its derivative.
SP2
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7 FREE RESPONSE . MATHEMATICAL ROUTINES . DISCRIMINATING . 8 -9 [14]

cacuLus  Aninsulating sphere of radius R carries a volume charge density that varies with distance from the centre
as p(r) = po r/R for r = R, where po is a positive constant. There is no charge outside the sphere.

(a) DERIVE - SP2 [3]
Derive an expression for the total charge Q on the sphere.
1 1 point: uses a spherical shell of volume dV = 4nr2dr as the element of integration
2 1 point: Q = [o”™R po(r/R)4nr? dr = (4npo/R)[o”™R r3 dr
3 1 point: Q = mpoR3

(b) DERIVE - SP2 [4]
Using Gauss's law, derive an expression for the magnitude of the electric field at a distance r from
the centre, forr < R.

1 1 point: chooses a concentric spherical Gaussian surface of radius r and states that E
is radial and constant on it, so §E-dA = E(4mr?)

2 1 point: computes the enclosed charge by integrating, q_enc = (4npo/R)(r*/4) = npor*/R
3 1 point: sets E(4mr?) = q_enc/eo
4 1 point: E = por?/(4€oR)

Treating the enclosed charge as Q(r/R)? — correct only for a uniform sphere — is the single
commonest error here and costs three of the four points.

(c) DERIVE - sP2 [3]
Derive an expression for the magnitude of the electric field at a distance r from the centre, forr >
R, and verify that your two expressions agree atr = R.

1 1 point: outside the sphere the whole charge is enclosed, so E = Q/(4meor?) = poR3/
(4eor?)

2 1 point: substitutes r = R into the inside expression to get poR/(4¢€0)

3 1 point: substitutes r = R into the outside expression to get the same value,
confirming the field is continuous at the surface

(d) DERIVE - SP2 [4]
Derive an expression for the electric potential at the centre of the sphere, taking the potential to
be zero at infinity.

1 1 point: V(0) = [o™ E dr, splitting the integral atr = R

2 1 point: outside contribution [ R”™ o poR3/(4€0r?) dr = poR2/(4¢€0)
3 1 point: inside contribution [o”™R por?/(4€oR) dr = poR?/(12¢0)

4 1 point: V(0) = poR?/(4€0) + poR?/(12€0) = poR?/(3€0)
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i; FREE RESPONSE . TRANSLATION BETWEEN REPRESENTATIONS . DEMANDING . 10 - 11

caLcuLus A capacitor of capacitance C, initially uncharged, is connected in series with a resistor of resistance R and
a battery of e.m.f. €. The switch is closed at t = 0.

(a)

(b)

(c)

(d)

DERIVE . SP2

Write the loop equation for the circuit and derive an expression for the charge on the capacitor as
a function of time.

1 1 point: € — IR — g/C = 0 with | = dg/dt

2 1 point: separates variables, dg/(¢C — q) = dt/(RC)
3 1 point: integrates withg=0att=0

4 1 point: q(t) = €eC(1 — e™(—t/RC))

SKETCH . SP1

On separate axes, sketch the charge on the capacitor and the current in the circuit as functions of
time. Label the initial value and the asymptotic value on each.

1 1 point: charge rises from zero, concave down, approaching the asymptote q = €C
2 1 point: €C labelled on the charge graph

3 1 point: current starts at €/R and decays, concave up, approaching zero

4 1 point: €/R labelled on the current graph

DETERMINE -  SP2
Determine the time, as a multiple of RC, at which the capacitor holds half of its final charge.
1 1 point: sets eC(1 — e™(—t/RC)) = %&C

2 1 point: e~ (—t/RC) = ¥2,s0 t/RC = In 2

3 1 point: t = 0.69RC

EXPLAIN . SP3

The total energy delivered by the battery over the whole charging process is Ce?, but only Y2Ce? is
stored in the capacitor. Explain where the remaining energy goes, and explain why this fraction
does not depend on the value of R.

1 1 point: the difference, %2Ceg?, is dissipated as thermal energy in the resistor

2 1 point: the battery moves the full charge €C through the full potential difference g,
while the capacitor's stored energy is the integral of g/C dq, which averages to half
that

3 1 point: a larger R makes the current smaller but the process correspondingly longer

4 1 point: the two effects cancel exactly in [I?R dt, so the dissipated energy is %2Cg?
whatever the resistance
The independence from R is one of the most surprising results in the topic and one of the best-

discriminating parts available. Candidates who say only "energy is lost in the resistor" earn
one point of four.
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E’ FREE RESPONSE . EXPERIMENTAL DESIGN AND ANALYSIS . DEMANDING . 10 - 11

caLcuLus A student is given a capacitor of unknown capacitance, a resistor of known resistance R = 47 kQ, a
battery, a switch, a voltmeter of very high resistance and a stopwatch. The student wants to determine
the capacitance.

(a)

(b)

(c)

(d)

DESCRIBE - SP4
Describe a procedure the student could use, and state which quantities should be recorded.

1 1 point: charge the capacitor fully through the battery, then disconnect the battery
and discharge it through the known resistor

2 1 point: record the voltmeter reading V at measured time intervals t from the start of
the discharge

3 1 point: repeat the whole discharge several times and average the readings at each
time

4 1 point: states why the voltmeter must have a very high resistance — otherwise it
provides a parallel discharge path and shortens the time constant

DESCRIBE : SP4

Describe how the student should linearise the data, and state what the slope of the resulting
graph represents.

1 1 point: V= Voe™(—t/RC), so In V = In Vo — t/(RC)

2 1 point: plot In V on the vertical axis against t on the horizontal axis to obtain a
straight line

3 1 point: the slope is —1/(RC), so C = —1/(R x slope)

DETERMINE -  SP2

The student's graph of In(V/V) against t has a slope of —0.43 s—*. Determine the capacitance.
1 1 point: RC =1/0.43 =2.33s

2 1point: C=2.33/47 x 103

3 1 point: C=5.0 x 10> F (50 uF)

EXPLAIN -  SP4
Explain why plotting In V against t is preferable to determining the time constant by reading off
the time at which V has fallen to 37% of its initial value.

1 1 point: the single-point method relies on two readings only, Vo and one other, so an
error in either propagates directly into the answer

2 1 point: the graph uses every data point, so random errors average out and the slope
is better determined

3 1 point: the straightness of the line is itself a test that the discharge really is
exponential, which the single-point method assumes without checking
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19 FREE RESPONSE . QUALITATIVE/QUANTITATIVE TRANSLATION . DISCRIMINATING . 13

caccurus A conducting rod of mass m and length L slides without friction on two long horizontal parallel rails
separated by L. The rails are joined at one end by a resistor of resistance R, and the whole apparatus sits
in a uniform magnetic field of magnitude B directed vertically, perpendicular to the plane of the rails. The
rod is given an initial speed vo to the right at t = 0 and then released. The rod and rails have negligible
resistance.

( a ) DERIVE . SP2

Derive expressions for the e.m.f. induced in the circuit and the current in the resistor when the rod
moves with speed v.

1 1 point: the flux through the circuit changes as the enclosed area changes, € = —d®/
dt = —BL(dx/dt)

2 1 point: magnitude of the e.m.f. is BLv
3 1 point: | = BLV/R

(b) DERIVE . SP2
Derive an expression for the speed of the rod as a function of time.
1 1 point: the force on the current-carrying rod is F = BIL = B2L?Vv/R, directed opposite to
the motion by Lenz's law
2 1 point: m dv/dt = —B2L?v/R
3 1 point: separates and integrates from voatt =0
4 1 point: v(t) = voe”™(—B?L2t/(mR))

(C) DETERMINE : SP2
Determine the total energy dissipated in the resistor from t = 0 until the rod has effectively
stopped, and determine the total distance the rod travels.
1 1 point: the only energy source is the rod's kinetic energy, and it all ends up in the
resistor, so the total dissipated energy is ¥2mvo?
2 1 point: distance x = [0~ v dt = vo mR/(B2L?)
3 1 point: states both results with correct symbols

(d) EXPLAIN - sP3
Explain, without deriving anything further, why the rod slows down, and explain what would be
observed instead if the resistor were replaced by a superconducting wire of zero resistance.

1 1 point: the motion changes the flux through the circuit, which drives a current

2 1 point: by Lenz's law that current is in the direction whose magnetic force opposes
the motion, so the rod decelerates — the kinetic energy is transferred to the resistor
as thermal energy

3 1 point: with zero resistance the current, and hence the retarding force, would become
arbitrarily large for any non-zero speed

4 1 point: so the rod would stop almost immediately, and in the idealised limit the flux
through the circuit cannot change at all — which is the behaviour that makes a
superconducting loop hold its flux fixed

The final point rewards a candidate who recognises that R appearing in a denominator is a
signal to ask what happens in the limit, rather than one who simply repeats the derivation with
R=0.
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THE CHEAPEST MARKS ON ANY PAPER

What the command words are asking for

Every board publishes these and marks to them. A candidate who explains where the question said state has spent
four minutes earning one mark; one who states where it said explain has earned none.

Calculate

Derive

Describe
Determine

Explain

Indicate

Justify

Sketch

WHAT IS BEING TESTED

Perform mathematical steps to arrive at a final answer, including an algebraic expression,
correctly substituted numbers, and units.

Perform a series of mathematical steps from a fundamental law or relationship to arrive
at the desired result.

Provide the relevant characteristics of a specified topic.
Arrive at a conclusion after reasoning, observation, or applying mathematical routines.

Provide information about how or why a relationship, situation or outcome occurs, using
evidence and reasoning.

Select the correct option from those provided, before giving any reasoning that is asked
for.

Provide evidence to support or defend a claim, and reasoning to explain how that
evidence supports the claim.

Draw a shape or trend line, without requiring exact plotted values.

AP assessment objectives

Every AP Physics exam has two sections of equal weight. Section | is single-select multiple choice with four options
and no penalty for a wrong answer. Section Il is free response, scored in points, and every question is built on one
of four published task types. A table of equations and a table of constants are supplied for both sections, so
nothing on an AP exam tests whether you can recall a formula.

SP1
4 MARKS - 6%

SP2
38 MARKS - 61%

SP3
10 MARKS - 16%

SP4
10 MARKS - 16%

Creating representations

Describe, create and use models, diagrams, graphs and free-body diagrams to represent
a physical situation.

Mathematical routines

Determine and apply mathematical relationships, working symbolically before
substituting, and check the reasonableness of a result.

Scientific questioning and argumentation

Make and justify a claim with evidence and reasoning, and evaluate the claims and
reasoning of others.

Experimental method and data analysis

Design an experimental procedure, identify and control variables, analyse data including
linearisation, and evaluate sources of error.

Written by GioPhysics from the published course frameworks. These are practice exams in the style of AP Physics;
they are not College Board materials, contain no released exam questions, and the official course and exam
descriptions remain the authority. AP is a trademark of the College Board, which is not affiliated with and does not

endorse GioPhysics.

College Board AP Physics course and exam descriptions — https://apcentral.collegeboard.org/courses
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