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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg
m, =1.67 %107 kg

m, =9.11x107" kg

Neutron mass,

Electron mass,

Avogadro’s number, N, = 6.02 X 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 x107!! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Barth’s surface, 8~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x10"*Js=414%x10"" eV.s
he =1.99 107 Jom = 1.24 x 10* eV.nm
£, = 8.85x107"2 C2/(N-m2)
k =1/(47ey) = 9.0x10° (Nom?)/C?
ty =47 x 1077 (T.m)/A
k' = u,/(47) = 1x 1077 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, w farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 6 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 4/5 | J3)2 1
10° | mega M cos@ 1 V32 | 45 | J2/2 | 35 1/2 0
10° kilo k tan 0 0 | V33| 34 1 43 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1070 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.
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ADVANCED PLACEMENT PHYSICS C EQUATIONS

GEOMETRY AND TRIGONOMETRY
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. V =volume
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s=r0 0 =angle
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PHYSICS C: ELECTRICITY AND MAGNETISM

SECTION II
Time—45 minutes

3 Questions
Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,

which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

[ ] +0

T
D
4

[ 1 -0

E&M.1.

A parallel-plate capacitor is constructed of two parallel metal plates, each with area A and separated by a
distance D. The plates of the capacitor are each given a charge of magnitude Q, as shown in the figure above.
Ignore edge effects.

(a)
i. On the figure above, draw an arrow to indicate the direction of the electric field between the plates.

ii. On the figure above, draw an appropriate Gaussian surface that will be used to derive an expression for
the magnitude of the electric field £ between the plates.

iii. Using Gauss’s law and the Gaussian surface from part (a)-ii, derive an expression for the magnitude
of the electric field E between the plates. Express your answer in terms of A, D, Q, and physical
constants, as appropriate.

-

+Q

x=D----

x=0----

+—————=t1

-0

The space between the plates is now filled with a dielectric material that is engineered so that its dielectric
constant varies with the distance from the bottom plate to the top plate, defined by the x-axis indicated in the

Q ~

diagram above. As a result, the electric field between the plates is given by E=- 7D i , where K, is a
gokge TTA
0%o

positive constant. Express all algebraic answers to the remaining parts in terms of A, D, O, Kk, x, and physical

constants, as appropriate.

(b) Determine an expression for the dielectric constant x as a function of x.
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(©)

i. Write, but do NOT solve, an equation that could be used to determine the potential difference V
between the plates of the capacitor.

ii. Using the equation from part (c)-i, derive an expression for the potential difference V), —V,), where

V}, is the potential of the top plate and Vj, is the potential of the bottom plate.

(d) Determine the capacitance of the capacitor.

(e) The energy stored in the capacitor that has a varying dielectric is Uy, . A second capacitor that has a constant
dielectric of value x is also given a charge Q. The energy stored in the second capacitor is U . How do the
values of Uy, and U, compare?

Uy <U; Uy >U; Uy =Uc

Justify your answer.
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=5, ©

B i

E&M.2.

A student performs an experiment to determine the emf £ and internal resistance r of a given battery. The
student connects the battery in series to a variable resistance R, with a voltmeter across the variable resistor, as
shown in the figure above, and measures the voltmeter reading V as a function of the resistance R. The data are
shown in the table below.

Trial # Resistance (Q) Voltage (V) 1/R (1/Q) 1/V (1/V)
1 0.50 5.6 2.00 0.179
2 1.0 7.4 1.00 0.135
3 2.0 94 0.50 0.106
4 3.0 10.6 0.33 0.094
5 5.0 10.9 0.20 0.092
6 10 11.4 0.10 0.088

()
i. Derive an expression for the measured voltage V. Express your answer in terms of R, €, r, and
physical constants, as appropriate.

ii. Rewrite your expression from part (a)-i to express 1/V as a function of 1/R .
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(b) On the grid below, plot data points for the graph of 1/V as a function of 1/R . Clearly scale and label all
axes, including units as appropriate. Draw a straight line that best represents the data.
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(c) Use the straight line from part (b) to obtain values for the following.
i €

i. r

(d) Using the results of the experiment, calculate the maximum current that the battery can provide.

(e) A voltmeter is to be used to determine the emf of the battery after removing the battery from the circuit.
Two voltmeters are available to take this measurement—one with low internal resistance and one with high
internal resistance. Indicate which voltmeter will provide the most accurate measurement.

The voltmeter with low resistance will provide the most accurate measurement.
The voltmeter with high resistance will provide the most accurate measurement.
The two voltmeters will provide equal accuracy.

Justify your answer.
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+P B +P ~
|
Edge View Perspective View

E&M. 3.

A circular wire loop with radius 0.10 m and resistance 50 Q is held in place horizontally in a magnetic field B
directed upward at an angle of 60° with the vertical, as shown in the figure above. The magnetic field in the

direction shown is given as a function of time 7 by B(r) = a(l — bt), where a = 4.0 T and b = 0.20 s

(a) Derive an expression for the magnetic flux through the loop as a function of time z.

(b) Calculate the numerical value of the induced emf in the loop.

(©)
i. Calculate the numerical value of the induced current in the loop.
ii. What is the direction of the induced current in the loop as viewed from point P ?
_ Clockwise ____ Counterclockwise

Justify your answer.
(d) Assuming the loop stays in its current position, calculate the energy dissipated in the loop in 4.0 seconds.

(e) Indicate whether the net magnetic force and net magnetic torque on the loop are zero or nonzero while the
loop is in the magnetic field.

Net magnetic force: Zero Nonzero
Net magnetic torque: Zero Nonzero

Justify both of your answers.

STOP
END OF EXAM
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg
m, =1.67 %107 kg

m, =9.11x107" kg

Neutron mass,

Electron mass,

Avogadro’s number, N, = 6.02 X 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 x107!! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Barth’s surface, 8~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x10"*Js=414%x10"" eV.s
he =1.99 107 Jom = 1.24 x 10* eV.nm
£, = 8.85x107"2 C2/(N-m2)
k =1/(47ey) = 9.0x10° (Nom?)/C?
ty =47 x 1077 (T.m)/A
k' = u,/(47) = 1x 1077 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, w farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 4/5 | J3)2 1
10° | mega M cos@ 1 V32 | 45 | J2/2 | 35 1/2 0
10° kilo k tan 0 0 | V33| 34 1 43 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1070 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS

Ve = Vg T agt

1
X =Xy + Vot +§axt2

vi= v 7+ 2a, (x - xp)

= —my

dE
P=—

dt
P=F
AU, = mgAh

2

V
ac:7:(02]"
T=FxF
—-_Zf_%net
CETT T

w:w0+az

= acceleration

= energy

= force

= frequency

height

rotational inertia
impulse

kinetic energy
spring constant
length

angular momentum
mass

power

= momentum

radius or distance
period

time

potential energy
velocity or speed
work done on a system
position
coefficient of friction

NS

angle

torque

angular speed
angular acceleration
= phase angle

QQ%ﬁ%tx§< ST NS w3 h&»a&Nw\ﬁ
|

F, = —kAx
1 2
Uy = Sk(A)

|~G| _ Gmlmz
1’2
Gmym,
U; = p

ELECTRICITY AND MAGNETISM

= 1 919,
Fp| = ——1192
| E| 47[80 ]/'2
o
q
gSE-dA: 19
€9
dv
Ev =~
AV = —jE-df
_ 1 La
V= 4re, Z‘ r;
_ 1 99
Ug a drey r
0
AV =2
C
C = KZOA
Cp=2G
1
1 1
Cs ;Ci
_4a0
T odt
1 1 2
Ue = 7QAV = 5C(AV)
pl
R=£
A
E=pJ
I = Nev, 4
S _ AV

area

magnetic field

capacitance

= distance

= electric field

= emf

force

= current

= current density

= inductance

= length

= number of loops of wire
per unit length

number of charge carriers
per unit volume

= power

= charge

point charge

= resistance

= radius or distance

= time

= potential or stored energy

= electric potential

\ velocity or speed

p = resistivity

O = flux

kx = dielectric constant

_p Idixr
dB = £0 25
4z
F=|IdixB
B, = pynl
®, = [ Bedi
- - dd
E=QEdl =— B
dt
dl
E=-L—
dt
1,2
==Ll
U, >
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GEOMETRY AND TRIGONOMETRY
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PHYSICS C: ELECTRICITY AND MAGNETISM

SECTION II
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.
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E&M.1.
Two point charges, ¢, and ¢,, are fixed in place on the x-axis at positions x; = =1.00 m and x, = +0.50 m,

respectively. Charge g, has a value of +2.0 nC. Values of electric potential are illustrated by the given
equipotentials in the diagram shown above, which is drawn to scale.

(a) Calculate the value of ¢, .

(b) At point C on the diagram, draw a vector representing the direction of the electric field at that point.
(c) Calculate the approximate magnitude of the electric field strength at point D on the diagram.

(d) The equipotential labeled 0 V is the cross section of a nearly spherical surface. Calculate the electric flux
for this surface.
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2016 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS

(e) A proton is placed at point A and then released from rest.
i.  Calculate the work done by the electric field on the proton as it moves from point A to point E.
ii.  Calculate the speed of the proton when it reaches point E.

(f) An electron is released from rest at point B. Which of the following indicates the direction of the initial
acceleration, if any, of the electron?

___Up ___ Down
Left Right
Into the page Out of the page

The direction is undefined since the acceleration is zero.

Justify your answer.
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E&M.2.

The circuit shown above consists of a source of variable emf €, an ideal ammeter A, an ideal voltmeter V,
a resistor of resistance R, and a sample of wire with resistance r.

(a) How does the current through the wire sample compare with the current through the resistor R ?
__ Ttis greater through R. __ Ttis greater through the sample.
_____ Itis the same through both. ____ It depends on the resistance of the sample.
Justify your answer.

(b) How does the potential difference across the wire sample compare with the potential difference across the
resistor R ?

It is greater across R. It is greater across the sample.
It is the same across both. It depends on the resistance of the sample.
Justify your answer.

With the sample of wire in place, the emf of the source is set to a given value. The current through and
potential difference across the resistor R are measured. This is repeated for several values of emf, and the
data are recorded in the table below.

E(V) Ve(V) I(A)
0.250 0.179 0.162
0.500 0.335 0.327
0.750 0.520 0.490
1.000 0.670 0.687

(c) Indicate below which quantities should be graphed to yield a straight line that could be used to calculate a
numerical value for the resistance of the wire sample.

Horizontal axis:
Vertical axis:

You may use the remaining columns in the table above, as needed, to record any quantities that you
indicated that are not given.
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2016 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS

(d) On the grid below, plot the straight line data points from part (c). Clearly scale and label all axes, including
units if appropriate. Draw a straight line that best represents the data.
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(e) Use your straight line to calculate the value of the resistance of the wire sample.

(f) The wire sample has a length of 3.00 m and a radius of 1.00 X 10~ m . Calculate the resistivity of the
material from which the wire sample is made.

(2

i. Suppose the ammeter used to collect these data was not ideal. Would the actual value of the resistance
of the wire sample be greater than, less than, or equal to that calculated in part (e) ?

Greater than Less than Equal to
Justify your answer.

ii. If the ideal voltmeter is replaced by a voltmeter that is not ideal and the experiment is repeated, would
the readings of the ideal ammeter be greater than, less than, or equal to those in the data chart before
part (c) ?

Greater than Less than Equal to

Justify your answer.
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E&M.3.

A conducting bar of mass M, length L, and negligible resistance is connected to two long vertical conducting
rails of negligible resistance. The two rails are connected by a resistor of resistance R at the top. The entire
apparatus is located in a magnetic field of magnitude B directed into the page, as shown in the figure above.
The bar is released from rest and slides without friction down the rails.

(a) What is the direction of the current in the resistor?

Left Right

(b)

i. Is the magnitude of the net magnetic field above the bar at point C greater than, less than, or equal to
the magnitude of the net magnetic field before the bar is released?

Greater than Less than Equal to
Justify your answer.

ii. While the bar is above point D, is the magnitude of the net magnetic field at point D greater than, less
than, or equal to the magnitude of the net magnetic field before the bar is released?

Greater than Less than Equal to
Justify your answer.
Express your answers to parts (c) and (d) in terms of M, L, R, B, and physical constants, as appropriate.

(c) Write, but do NOT solve, a differential equation that could be used to determine the velocity of the falling
bar as a function of time ¢.

(d) Determine an expression for the terminal velocity v, of the bar.
Express your answers to parts (e) and (f) in terms of v, , M, L, R, B, and physical constants, as appropriate.
(e) Derive an expression for the power dissipated in the resistor when the bar is falling at terminal velocity.

(f) Using your differential equation from part (c), derive an expression for the speed of the falling bar v(¢) as a
function of time .

STOP
END OF EXAM
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg
m, =1.67 %107 kg

m, =9.11x107" kg

Neutron mass,

Electron mass,

Avogadro’s number, N, = 6.02 X 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 x107!! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Barth’s surface, 8~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x10"*Js=414%x10"" eV.s
he =1.99 107 Jom = 1.24 x 10* eV.nm
£, = 8.85x107"2 C2/(N-m2)
k =1/(47ey) = 9.0x10° (Nom?)/C?
ty =47 x 1077 (T.m)/A
k' = u,/(47) = 1x 1077 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, w farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 4/5 | J3)2 1
10° | mega M cos@ 1 V32 | 45 | J2/2 | 35 1/2 0
10° kilo k tan 0 0 | V33| 34 1 43 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1070 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.
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MECHANICS
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GEOMETRY AND TRIGONOMETRY

Rectangle A =area
A= bh C =circumference
. V =volume
Triangle
S =surface area
A= lbh b =Dbase
2 h =height
Circle (= ]ength
" w =width
r =radius
C =2zr s = arc length
s =r6 6 =angle
Rectangular Solid
V=twh .
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V =i Q
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VECTOR PRODUCTS

AeB = ABcos@
|A x B| = ABsin®




2017 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS

PHYSICS C: ELECTRICITY AND MAGNETISM

SECTION 11
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

I < T '
v |
L d +--------——-- i— ----------- — )
—_—t e —— — |
A P~ = i
7 1
E X L I
Perspective View Side View

Note: Figures not drawn to scale.

1. A very large nonconducting slab with a uniform positive volume charge density p, is fixed with the origin of
the xyz-axes at its center, as shown in the figure above. The thickness of the slab is d, the length is L, and the
width is W, where L >> d and W >> d . The large faces of the slab are parallel to the xy-plane.

Consider a Gaussian cylinder with a cross-sectional area A and height 4 that is positioned with its axis along
the z-axis, as shown in the figure below.

=

—+'—-"'."-l
1

> =+d/2
1 Rt 4hn
d—f=————""7" W —)
4 St z=-d/2
|
Perspective View Side View

Note: Figures not drawn to scale.
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(a) Draw a single vector on each of the dots below representing the direction of the electric field at the given
points. If the electric field at either point is zero, write “E = (0 next to the point.

i il

*R S

b) Use Gauss’s law to derive expressions for the following. Express your answers in terms of p,, A, d, h, z,
and physical constants, as appropriate.

i.  Derive an expression for the total flux @ through the Gaussian surface shown.

ii.  Derive an expression for the magnitude of the electric field as a function of z for any position inside
Poz

the slab, and show that it is equal to £ = .
0

e © = 2.0 X 1076 C/m?

0010mp---—-——-"--"-"-"-"-"—""""""""-—-——————~ Z=0

S o = + 2.0 x 1070 C/m?

Note: Figure not drawn to scale.

The charged slab is now placed between two large metal plates separated by a distance of 0.010 m, which is
approximately the thickness of the slab, but the slab does not contact either metal plate. The metal plates are

charged, resulting in the surface charge densities o = +2.0 X 107° C/ m? , as shown in the figure above.
Assume the charge distribution inside the slab remains unchanged by the presence of the charged plates and
that the slab’s volume charge density is p, = 1.00 x 1073 C/ m? .

©
i.  The magnitude of the electric field inside the slab is zero on the z-axis at position z,. Which of the

following correctly indicates the value for z ?
—Z0>O —Z():O —Z0<O
Justify your answer.

ii.  Calculate the value z .

(d) Calculate the magnitude of the electric potential difference from the center of the slab to the top of the slab.

© 2017 The College Board.
Visit the College Board on the Web: www.collegeboard.org.
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S
e

C, ==

V{J — gR

3

L

2. In the circuit above, an ideal battery of voltage V|, is connected to a capacitor with capacitance C, and
resistors with resistances R, and R, , with R, > R, . The switch S is open, and the capacitor is initially
uncharged.

(a) The switch is closed at time # = 0. On the axes below, sketch the charge ¢ on the capacitor as a function of
time . Explicitly label any intercepts, asymptotes, maxima, or minima with numerical values or algebraic
expressions, as appropriate.

d————————

—————————————————————————————————— -/

<

(b) On the axes below, sketch the current / through each resistor as a function of time z. Clearly label the
two curves as /; and [, , the currents through resistors R; and R, , respectively. Explicitly label any

intercepts, asymptotes, maxima, or minima with numerical values or algebraic expressions, as appropriate.

—————————————————————————————————— -/

The circuit is constructed using an ideal 1.5 V battery, an 80 UF capacitor, and resistors R =150 Q and

R, =100 Q . The switch is closed, allowing the capacitor to fully charge. The switch is then opened, allowing

the capacitor to discharge.

(c) The time it takes to charge the capacitor to 50% of its maximum charge is Az . The time it takes for the
capacitor to discharge to 50% of its maximum charge is Az, . Which of the following correctly relates the
two time intervals?

Justify your answer.

© 2017 The College Board.
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(d)
i. Calculate the current through resistor R, immediately after the switch is opened.
ii. Is the current through resistor R, increasing, decreasing, or constant immediately after the switch is
opened?
Increasing Decreasing Constant

Justify your answer.

©)
i. Calculate the energy stored in the capacitor immediately after the switch is opened.

ii. Calculate the energy dissipated by resistor R, as the capacitor completely discharges.

© 2017 The College Board.
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Power Supply

Solenoid + 0 * H—

Resistor

Multimeter

3. When studying Ampere’s law, students collect data on the magnetic field of two different solenoids in order to
determine the magnetic permeability of free space 1. The solenoids are created by wrapping wire around a

hollow plastic tube. The solenoids of length ¢ with N turns of wire will be connected in series to a power supply
and resistor. A multimeter will be used as an ammeter to measure the magnitude of the current / through the
solenoids. The main components for the setup with one of the solenoids are shown in the figure above.

(a)

L.

il.

1ii.

On the figure above, draw wire connections between the solenoid, power supply, resistor, and
multimeter that will complete the circuit and allow students to measure the magnitude of the current
through the solenoid.

Using the connections you made in part (a)i above, what will be the direction of the magnetic field
inside the solenoid?

Toward the top of the page To the left Out of the page
Toward the bottom of the page To the right Into the page

The rectangle shown below represents the solenoid (the loops of wire are not shown). Points A, B,
and C are along the central axis of the solenoid with point B at the middle of the solenoid. Point D
is directly above point B.

D
.

e A o B o(C

From the choices below, select the point where you would place a magnetic field probe (a probe that
can measure the magnitude of the magnetic field) to best measure the strength of the magnetic field of
the solenoid in order to determine the magnetic permeability of free space .

A B C D

Justify your answer based on the model for a simple solenoid.

© 2017 The College Board.
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The figures below show two different solenoids that will be connected in the circuit above. Solenoid 1 has
alength / = 25 cm with N = 100 turns. Solenoid 2 has a length ¢ = 5.0 cm with N =5 turns.

W) N

Solenoid | Solenoid 2

Note: Figures not drawn to scale.

A graph of the magnitude of the magnetic field B as a function of NI// is shown below. The best-fit lines for
the data are shown as a solid line for solenoid 1 and as a dashed line for solenoid 2.

B 12 | 1 1 | | I I I I 1 I ) | | I |
A T A A A S A L P p—
S R AR S O N T SN N O S A S [~ Solenoid 1 77
T x 10 I B I I I f/) I~
- —+ =A== —f = — ===}~ — A= —+ — ] A% — = — =+ —
| L re!__I__L_1__]
| I I | | I | I | 1 | I I | I |
10 —_— : — —_—
NN Y Y Y N U N N IS R S I I SN S .
[ (I R R 177 [ N Solenoid 2
-—t -t = —f—t- =t~ —t— -t == = A
T B Y N Y NN P Y O IS (R SN I 1 QeT 1]
R L I 1 e [
8——T—ﬂ——r—r—-——r—r—T—ﬂ————T—ﬂ——r—T ) FS T
R L1 TR
CTTTOT T T T T T i i
et B e i i oEt S ——F—+a::—h—-—4—4——k—+——
__L_1__I I I__| I _L_1
[ S Pit e ey it Hals Bl et et ety
| e — - — b — = ———  — + — ]
L o R T I R
[ 1 T
| i e e R el s B Bl S S
S N N SR A AN S S S N
[ Cor R
z i i pntes Bt ik mils Sty bt ks Sy
0 5 Ry NI NN SN N SR NN S SN N SO S
1 1 L
| — | N —— T T 1
'R T Y S A N S S
L1 __L_1__l | L_1
R D R D D A I A B B
- — 4 = A — = o = — b = o = e = o — e o —
SR N A —
7T T T
40 60 80 100
NI [ A
¢ \m

(b) Which solenoid’s best-fit line would give the best results for determining a value for the magnetic
permeability of free space 1, ?

_ Solenoid 1 _ Solenoid 2
Justify your answer.
()
i. Use the slope of the best-fit line for the solenoid chosen in part (b) to calculate the magnetic

permeability of free space .

ii. Calculate the percent error for the experimental value of the magnetic permeability of free space u,,
determined in part (c)i.
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(d)
i. What is a reasonable physical explanation for a best-fit line that does not pass through the origin?

ii. Suppose a student connects the solenoid in a closed circuit similar to the circuit in part (a)i but without
the resistor. The student notices the multimeter stops functioning after the power supply is turned on.
Explain what causes the failure of the multimeter.

STOP
END OF EXAM
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg
m, =1.67 %107 kg

m, =9.11x107" kg

Neutron mass,

Electron mass,

Avogadro’s number, N, = 6.02 X 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 x107!! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Earth’s surface, &~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x10"*Js=414%x10"" eV.s
he =1.99 107 Jom = 1.24 x 10* eV.nm
£, = 8.85x107"2 C2/(N-m2)
k =1/(47ey) = 9.0x10° (Nom?)/C?
ty =47 x 1077 (T.m)/A
k' = u,/(47) = 1x 1077 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, w farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 4/5 | J3)2 1
10° | mega M cos@ 1 V32 | 45 | J2/2 | 35 1/2 0
10° kilo k tan 0 0 | V33| 34 1 43 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1070 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.
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GEOMETRY AND TRIGONOMETRY
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PHYSICS C: ELECTRICITY AND MAGNETISM

SECTION 11
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

Plastic
Sphere

Conducting Spherical Shell

1. A solid plastic sphere of radius a and a conducting spherical shell of inner radius » and outer radius c are shown
in the figure above. The shell has an unknown charge. The solid plastic sphere has a charge per unit volume

given by p(r) = Br, where [ is a positive constant and r is the distance from the center of the sphere. Express
your answers to parts (a), (b), and (c) in terms of /3, r, a, and physical constants, as appropriate.

(a) Consider a Gaussian sphere of radius r concentric with the plastic sphere. Derive an expression for the
charge enclosed by the Gaussian sphere for the following regions.

i r<a
. a<r<b
(b) Use Gauss’s law to derive an expression for the magnitude of the electric field in the following regions.
i. r<a
ii. a<r<b
(c) At any point outside of the conducting shell, it is observed that the magnitude of the electric field is zero.
i. Determine the charge on the inner surface of the conducting shell.
Justify your answer.

ii. Determine the charge on the outer surface of the conducting shell.
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(d)

1. On the axes below, sketch the electric field E as a function of distance r from the center of the

sphere. Sketch the graph for the range r =0 at the center of the sphere to r =c¢ at the outside of the
conducting shell.

ii. The figure below shows the sphere and shell with four points labeled W, X, Y, and Z. Point W is at the
center of the sphere, point X is on the surface of the sphere, and points Y and Z are on the inner and
outer surface of the shell, respectively. Rank the points according to the electric potential at that point,
with 1 indicating the largest electric potential. If two points have the same electric potential, give them
the same numerical ranking.

W X Y Z
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Multimeter

Aluminum Foil
/¥ — Paper

2. An experiment is designed to measure the dielectric constant of paper that has an area 4 = 0.060 m>. Using
aluminum foil, two parallel plates are created with the same area as the paper. Five hundred sheets of paper are
placed between the aluminum foil plates to create a parallel plate capacitor, as shown in the figure above. Using
a multimeter, the capacitance C of the capacitor is measured. The number of sheets and the total thickness d of
the stack of paper are recorded. The experiment is repeated, reducing the number of sheets of paper each time.
The data are recorded in the table below.

Sheets of Paper d (m) CF)
500 0.045 6.5% 101
400 0.036 7.4 %1071
300 0.027 89x 107!
200 0.018 11.9% 107"
100 0.010 21.0x 107"

(a) Indicate below which quantities should be graphed to yield a straight line whose slope could be used to
calculate a numerical value for the dielectric constant of the paper.

Vertical axis:
Horizontal axis:

Use the remaining columns in the table above, as needed, to record any quantities that you indicated that are
not given. Label each column you use and include units.
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(b) Plot the data points for the quantities indicated in part (a) on the graph below. Clearly scale and label
all axes, including units if appropriate. Draw a straight line that best represents the data.

T T T T T T T T T T T T 1 T T T T 1 T v
B _J__l‘_L_l‘_LJ‘_J_J‘_L__:_J‘._I_Jl._LJl._I_Jl._:_.
I | | | | | |
=ttt A=t A4ttt
J_LJ_L__LJ_LJ_Lﬁ_Lﬁ_LJ_%*_L+_L+_L+_F.
I [ | I | |
F——t+ 1+t t+4— 4tttk +-+-1—
(A I NSO R N OO RN VRN U N A AN GO O IO NN QU O A O IO
I [N [ [ o
-+-++t-r4+-F+—-r+-F+t—F+-Ft-F+—-F+-F+-+-F
J_LJ_Lﬂ_LJ_LJ_%J_LJ_LJ_FJ_LJ_%L_LL_F.
[ [ [ [ [
=+ttt 44—ttt -t -+
J_LJ_LJ_LJ_LJ_%J_LJ_LJ_LJ_Li FL_L+_L.
NN [ R b [ |
(e i e o ==r=t=-r-t—r-t-rt-r-T-r-T b it e
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I I R o R
F——t+——t4—t——t4— -ttt t—Ft-—t -
N S N I Y S N Ty Iy [y A I O N
I [ R b R
1 Bttt et fnd s st e el st ke et i el it s ot ey ol el
I NSO RN N O A RN NV N N WA AN A SO IO NN QU SO A O I
I [N [ b g
F——t+——t—t - t4-rt—- -7ttt t -1
NP S I N Y[ Py AN [ Ny U [y Y I A TN ) Y N N
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===t =T =T
Y Y Y (N N T Y A I Y I A
o [N [ [ [
—1—rﬁ—rj—rf—rf——f—r#—rj—r#—r#—rﬁ—r#—k-
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o [ [ [ [
ﬂ—fﬂ—T——Tﬂ—fﬂ——ﬂ—rﬂ—r——%#—rf——T—PT—F
L1 1 I L1 1 1 L1 1 I I "

(c) Using the straight line, calculate a dielectric constant for the paper.
80 Q

gl 80 O 1

36V =

MW
80 Q

The student now makes a capacitor using the same aluminum foil plates and just one sheet of paper. Using the
experimentally determined dielectric constant, the student calculates the capacitance to be 18 nF. The student
uses this uncharged capacitor to build a circuit using wire, a 36 V battery, 3 identical 80 € resistors, and an open
switch, as shown in the figure above.

(d) Calculate the current in the battery immediately after the switch is closed.
(e) Determine the time constant for this circuit.

(f) Students A and B measure the time it takes after the switch is closed for the voltage across the capacitor to
reach half its maximum value and find that it is longer than expected.

i. Student A assumes that the capacitance value is correct. Would Student A conclude that the resistance
value is larger or smaller than measured?

Larger than measured Smaller than measured
Explain experimentally what could account for this.

ii. Student B assumes that the resistance value is correct. Would Student B conclude that the capacitance
value is larger or smaller than measured?

Larger than measured Smaller than measured

Explain experimentally what could account for this.
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i
|
Wire 1 T
|
|
|
) | d | Wire 2 : d I
Wire 1! ! +— ! T3
O2¢ °P A ! P
| 7,
|
d i Note: Wire 1 and
point P are a
Wire 2 distance d above
- - ———————————————= 3 ——- Wire 2
I
Figure 1. Side view Figure 2. Top view

3. The figures above represent different views of two long, straight, horizontal wires, 1 and 2, carrying currents
I, = I and [, = 21, respectively, in the directions shown. The wires are held in place. In Figure 1, the current in

wire 1 is directed out of the page, and wire 1 is a distance d above wire 2. Point P is a horizontal distance d from

wire 1 and a distance d directly above wire 2. Express your answers to parts (a) and (b) in terms of /, d, and
physical constants, as appropriate.

(a) Use Ampere’s law to derive an expression for the magnitude of the magnetic field at point P due to wire 1.
(b) Derive an expression for the magnitude of the net magnetic field at point P.

(c) Calculate the numerical value of the angle to the horizontal for the direction of the net magnetic field at
point P.

(d) Wire 1 is now released. Which of the following best describes the initial motion of wire 1 due to the
magnetic field of wire 2 ? Assume gravitational effects are negligible.

_ Wire 1 will not move.

____ Wire 1 will move upward as viewed in Figure 1.

__ Wire 1 will move downward as viewed in Figure 1.

__ Wire 1 will rotate clockwise as viewed in Figure 2.

____ Wire 1 will rotate counterclockwise as viewed in Figure 2.

Justify your answer.
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| : |

Rectangular T

Loop _l_

Figure 3. Side view

Wire 1 is now replaced by a conducting rectangular loop of length ¢, width w, and resistance R. The loop is
placed a distance d from wire 2, as shown. The loop, wire, and distance d are all in the plane of the page. The
long side of the loop is parallel to the wire. The current 7, for wire 2 is decreasing linearly as a function of

time 7 according to the equation 7, = 21, (1 — kt), where k is a positive constant with units of s .

(e) Of the following, select the integration that will give an expression for the flux ® as a function of time ¢ .

r=d+w r=w
@ = I ﬂo(zjo)(l_kf)fwdr @ = J‘ .Uo(zlo)(l_kf)fwdr
- 27 I 27
r=d r=d
r=d+w r=w
@ = J’ ﬂo(zlo)(l—kt)gdr @ = j ﬂo(zlo)(l—kt)gdr
2 2rr E— 2 207

(f) Given that the flux through the rectangular loop as a function of time ¢ is given by the equation
o = ﬂolog(l B kt)ln(d + W)
V4 d

, derive an expression for the magnitude of the current, if any, induced in the

loop. Express your answers in terms of [, d, r, R, w, k, £, and physical constants, as appropriate.

(g) What is the direction of the current, if any, induced in the loop as seen in Figure 3 ?
Clockwise Counterclockwise
Undefined, because there is no current induced in the loop

Justify your answer.

STOP
END OF EXAM
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CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg
m, =1.67 %107 kg

m, =9.11x107" kg

Neutron mass,

Electron mass,

Avogadro’s number, N, = 6.02 X 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 x107!! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Barth’s surface, 8~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x10"*Js=414%x10"" eV.s
he =1.99 107 Jom = 1.24 x 10* eV.nm
£, = 8.85x107"2 C2/(N-m2)
k =1/(47ey) = 9.0x10° (Nom?)/C?
ty =47 x 1077 (T.m)/A
k' = u,/(47) = 1x 1077 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, w farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 4/5 | J3)2 1
10° | mega M cos@ 1 V32 | 45 | J2/2 | 35 1/2 0
10° kilo k tan 0 0 | V33| 34 1 43 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1070 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.
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MECHANICS
Ve =V tat a = acceleration
1 5 E = energy
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L = angular momentum
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P = power
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|Ff| < #|F‘N| T = Period

t = time
AE = W = J' Feodi U = potential energy
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= current

= current density

= inductance

= length
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GEOMETRY AND TRIGONOMETRY

Rectangle A =area
A= bh C =circumference
. V =volume
Triangle
S =surface area
A= lbh b =Dbase
2 h =height
Circle (= ]ength
" w =width
r =radius
C =2zr s = arc length
s =r6 6 =angle
Rectangular Solid
V=twh .
Cylinder )
V =i Q

S =271l + 2nr” \

Sphere N ,

Right Triangle

a’ +b* =¢?

sing = £
c
_b <
cos@—z 5 90°
u b
t = —
an 6 b

CALCULUS

df _df du
dx  du dx

%(xn) — nxn—l
d [ ax ax
a(@ ) = ae

d 1
a(ln ax) = .

dp.
a[sm(ax)] = acos(ax)

d .
a[cos(ax)] = —asin(ax)

Ix"dx =

Jeax dx = leax
a

dx
x+a

= In|x + a
J‘ 1 .
cos(ax)dx = —sin (ax)
J‘ . 1
sin (ax)dx = —Ecos(ax)
VECTOR PRODUCTS

AeB = ABcos@
|A x B| = ABsin®
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PHYSICS C: ELECTRICITY AND MAGNETISM

SECTION 11
Time —45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

y
A
I
I
I
I
|
P? y=c
+A |
— — - — — 3> '
| L/2 I L/2 |

Note: Figure not drawn to scale.

1. A very long, thin, nonconducting cylinder of length L is centered on the y-axis, as shown above. The cylinder
has a uniform linear charge density + A . Point P is located on the y-axis at y = ¢, where L >> c.

(a)

i. On the figure shown below, draw an arrow to indicate the direction of the electric field at point P due
to the long cylinder. The arrow should start on and point away from the dot.

ii. Describe the shape and location of a Gaussian surface that can be used to determine the electric field at
point P due to the long cylinder.

iii. Use your Gaussian surface to derive an expression for the magnitude of the electric field at point P.
Express your answer in terms of A, ¢, L, and physical constants, as appropriate.
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(b) A proton is released from rest at point P. On the axes below, sketch the velocity v as a function of
position y and the acceleration a as a function of position y for the proton.

1
1
1
1
1
1
1
T
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
v
<
Q
1
1
1
1
1
1
1
T
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
v
<

)
e
o

e -
o

The original cylinder is now replaced with a much shorter thin, nonconducting cylinder with the same uniform
linear charge density + A, as shown in the figure below. The length of the cylinder to the right of the y-axis is a,

and the length of the cylinder to the left of the y-axis is b, where a < b.

y
\
|
I
|
P+y=6
+A I
-— I, — — — — — — — — =X
b ——fa

(c) On the figure shown below, draw an arrow to indicate the direction of the electric field at point P due to the
shorter cylinder. The arrow should start on and point away from the dot.

(d)

i. Is there a single Gaussian surface that can be used with Gauss’s law to derive an expression for the
electric field at point P?

Yes No

ii. If your answer to part (d)(i) is yes, explain how you can use Gauss’s law to derive an expression for the
field at point P. If your answer to part (d)(i) is no, explain why Gauss’s law cannot be applied to derive
an expression for the electric field in this case.
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Note: This figure is shown again for reference.

A student in class argues that using the integral shown below might be a useful approach for determining the
electric field at point P.

1 1
E = —
-[ dney 12 dq

The student uses this approach and writes the following two integrals for the magnitude of the horizontal and
vertical components of the electric field at point P.

a
Horizontal component: |Ex| = 4;”8 ; al 32 dx
0p (c + x )
. _ ATy
Vertical component: |EV| dy

4re) b (c2 + xz)

(e)
i. One of the two expressions above is not correct. Which expression is not correct?
Horizontal component Vertical component

ii. Identify two mistakes in the incorrect expression, and explain how to correct the mistakes.
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150 Q 100 Q
MV MW
I I I
6.0V 200 Q 6.0V
Figure 1

2. The circuit shown above is constructed with two 6.0 V batteries and three resistors with the values shown.
The currents I,, I,, and I5 in each branch of the circuit are indicated.

(a)

i. Using Kirchhoff’s rules, write, but DO NOT SOLVE, equations that can be used to solve for the
current in each resistor.

ii. Calculate the current in the 200 Q resistor.

iii. Calculate the power dissipated by the 200 Q resistor.

150 Q 100 Q
a'A'A% 2A'A%

= ZOOQ§EV> 50 Q3

Figure 2

L)
il

The two 6.0 V batteries are replaced with a battery with voltage £ and a resistor of resistance 50 €, as shown
above. The voltmeter V shows that the voltage across the 200 € resistor is 4.4 V.

(b) Calculate the current through the 50 Q resistor.

(c) Calculate the voltage £ of the battery.
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(d)

i. The 200 Q resistor in the circuit in Figure 2 is replaced with a 150 Q 100 Q
200 UF capacitor, as shown on the right, and the circuit is VW VW
allowed to reach steady state. Calculate the current through the
50 Q resistor. 200 uF

£+ — s00%
ii. The 200 Q resistor in the circuit in Figure 2 is replaced with 150 Q 100 Q
an ideal 50 mH inductor, as shown on the right, and the circuit MW VWV
is allowed to reach steady state. Is the current in the 50 Q
resistor greater than, less than, or equal to the current calculated
in part (b) ? E= 50 mH% 5003
Greater than Less than Equal to
Justify your answer.

© 2019 The College Board.
Visit the College Board on the web: collegeboard.org.

GO ON TO THE NEXT PAGE.
-9-



2019 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS

~ Axis of
Solenoid

Solenoid Cutaway View

Note: Figures not drawn to scale.

3. A solenoid is used to generate a magnetic field. The solenoid has an inner radius a, length ¢, and N total turns
of wire. A power supply, not shown, is connected to the solenoid and generates current /, as shown in the figure
on the left above. The x-axis runs along the axis of the solenoid. Point P is in the middle of the solenoid at the
origin of the xyz-coordinate system, as shown in the cutaway view on the right above. Assume ¢ >> a.

(a) Select the correct direction of the magnetic field at point P.
___ +x-direction ___ +y-direction ____ +z-direction
___ —x-direction ___ —y-direction _ —z-direction
Justify your selection.

(b)

i. On the cutaway view below, clearly draw an Amperian loop that can be used to determine the magnetic
field at point P at the center of the solenoid.

Solenoid

Cutaway View

ii. Use Ampere’s law to derive an expression for the magnetic field strength at point P. Express your
answer in terms of I, /, N, a, and physical constants, as appropriate.
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Some physics students conduct an experiment to determine the resistance Ry of a solenoid with radius

a =0.015 m, total turns N = 100, and total length ¢ = 0.40 m. The students connect the solenoid to

a variable power supply. A magnetic field sensor is used to measure the magnetic field strength along the central
axis at the center of the solenoid. The plot of the magnetic field strength B as a function of the emf &€ of the
power supply is shown below.

31)__L_A_J____L_¢_4____L_L_4____L_L_¢__
| Lo b1 lel ]
[ S Y I A P A AN I
]
25 [ [ T T
. T T 1 L T T 1 T T 1
T T T T I T T T T T T T T T T T T
F—t— -4ttt t—t® -~ —t+—t—
F—fF =t =A== ==t =A== =t =t === — =+ —
5 A== A== = -] — -+ —
Il Il | | Il Il Il Il Il Il | Il
0 R I R I P [y Sy S S PR Ny PN I
e e e e e e
e e Y
|
B (T x 10_4 1.5 T T 1 T T T T T T
S N Y U O A S N SO
== = -+ F=t= ===t
F—t—t—A———t—t—"4————F—t—t -~ —t+—*+—
-t A=A ===+ -4 —F—+ — o
‘S Ry A Uy N g R
| | | | | | | | | | | |
L0 IR I ) TN Y (Y OROY O N PR NS NN N
L]
[N S [ D I S O N I EON [P DR S S
rT-T_ @ T T 71 T T 1 T T
0.5 bt st s s It s e Sy ) i s
. T T T T T T T T T T T T
F—t—t—A———t—t—4————F—t—t—q——F—t—t—
F—t—4—A———F—F+—A——|——F—t+—4————F+—+—
A A | —
RS ) I PN Y PN I
0 | | | | | | | | | | | |
0 2 4 6 8
E(V)

(©)
i. On the graph above, draw a best-fit line for the data.

ii. Use the straight line to determine the resistance Rg of the solenoid used in the experiment.

(d) One of the students notes that the horizontal component of the magnetic field of Earth is 2.5 X 10° T.

i. Is there evidence from the graph that the horizontal orientation of the solenoid affects the measured

values for B ?
Yes No

Justify your answer.

ii. Would the horizontal orientation of the solenoid affect the calculated value for Rg ?

Yes No

Justify your answer.
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Counterclockwise/ \(‘Zlockwise
A Solenoid

A thin conducting loop of radius b and resistance R, is placed concentric with the solenoid, as shown above.
The current in the solenoid is decreased from / to zero over time At.

(e)

i. Is the direction of the induced current in the loop clockwise or counterclockwise during the time period
that the current in the solenoid is decreasing?

Clockwise Counterclockwise
Justify your answer.

ii. Derive an equation for the average induced current i\ in the loop during the time period that the

current in the solenoid is decreasing. Express your answer in terms of I, /, N, a, b, R;, Rg, At, and

physical constants, as appropriate.

STOP
END OF EXAM
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CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg
m, =1.67 %107 kg

m, =9.11x107" kg

Neutron mass,

Electron mass,

Avogadro’s number, N, = 6.02 X 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 x107!! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Barth’s surface, 8~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x10"*Js=414%x10"" eV.s
he =1.99 107 Jom = 1.24 x 10* eV.nm
£, = 8.85x107"2 C2/(N-m2)
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meter, m mole, mol watt, w farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 4/5 | J3)2 1
10° | mega M cos@ 1 V32 | 45 | J2/2 | 35 1/2 0
10° kilo k tan 0 0 | V33| 34 1 43 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1070 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS
Ve =V tat a = acceleration
1 5 E = energy
X = Xp + Vol +§axt F = force
= frequenc
vii= vt +2a, (x - xp) J;l _ heicéht Y
O I = rotational inertia
a= 2F = Foes J = impulse
" " K = kinetic energy

_ 7 k = spring constant
= % ¢ = length

L = angular momentum
J=|Fdt = Ap m = mass

P = power
p = mv p = momentum

r = radius or distance
|Ff| < #|F‘N| T = Period

t = time
AE = W = J' Feodi U = potential energy

v = velocity or speed

= —my

dE
p=%

dt
P=Fev
AU, = mgAh

V2
GCZTZCOV
T=FxF
—~_2?_?net
ST T

V=re
L=Fxp=1Ib
K:%]wz

w0 =, + ot

W = work done on a system
X = position
i = coefficient of friction
6 = angle
T = torque
® = angular speed
o = angular acceleration
¢ = phase angle
F, = —kAx
1 2
Uy = 5k(Ax)

l/'2
U Gmym,
G- r

ELECTRICITY AND MAGNETISM

= 1 919
Fp| = —— 242
| E| 47[80 r2
E=-fe
q
CJ}E.d”: Q9
200
dv
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AV = —jE-df
__lya
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1 99
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E dmey r
Y
AV =<
C
_ KeyA
¢= d
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] —=
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¢ 2 2
pl
R=—
A
E=pJ
I = Nev,A
AV
=2
R

= area

= magnetic field

= capacitance

= distance

= electric field

= emf

= force

= current

= current density

= inductance

= length

= number of loops of wire
per unit length

= number of charge carriers
per unit volume

= power

= charge

= point charge

= resistance

= radius or distance

= time

= potential or stored energy

= electric potential

velocity or speed

resistivity

= flux

= dielectric constant

d~_,u_0[d?><;
4,2
F:jld?xB
L5 dPp
E=0QFEdl = 7
__pdar
E = Ldt
_1,p
U, =Ll




ADVANCED PLACEMENT PHYSICS C EQUATIONS

GEOMETRY AND TRIGONOMETRY

Rectangle A =area
A= bh C =circumference
. V =volume
Triangle
S =surface area
A= lbh b =Dbase
2 h =height
Circle (= ]ength
" w =width
r =radius
C =2zr s = arc length
s =r6 6 =angle
Rectangular Solid
V=twh .
Cylinder )
V =i Q

S =271l + 2nr” \

Sphere N ,

Right Triangle

a’ +b* =¢?

sing = £
c
_b <
cos@—z 5 90°
u b
t = —
an 6 b

CALCULUS

af _dfdu
dx  du dx
%(x”) = nx" !
d ax ax
%(e ) = qe

d 1

1 -1
dx(nax) .

dp.
a[sm(ax)] = acos(ax)

d .
a[cos(ax)] = —asin(ax)

Ix"dx = I RN R |

Jeax dx = leax
a

dx
x+a

= In|x + a
J‘ 1 .
cos(ax)dx = —sin (ax)
J‘ . 1
sin (ax)dx = —Ecos(ax)
VECTOR PRODUCTS

AeB = ABcos@
|A x B| = ABsin®




2019 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS

PHYSICS C: ELECTRICITY AND MAGNETISM

SECTION 11
Time —45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

2R }
R § éZR
| T¢

1. The circuit represented above is composed of three resistors with the resistances shown, a battery of voltage V),

a capacitor of capacitance C, and a switch S. The switch is closed, and after a long time, the circuit reaches
steady-state conditions. Answer the following questions in terms of V|;, R, C, and fundamental constants, as
appropriate.

Yo

(a) Derive an expression for the steady-state current supplied by the battery.
(b) Derive an expression for the charge on the capacitor.
(c) Derive an expression for the energy stored in the capacitor.

Now the switch is opened at time ¢ = 0.

(d) Write, but do NOT solve, a differential equation that could be used to solve for the charge ¢(¢) on the
capacitor as a function of the time ¢ after the switch is opened.

© 2019 The College Board.
Visit the College Board on the web: collegeboard.org.
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2019 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS
(e)

i. Calculate the current in resistor R immediately after the switch is opened.

ii. On the axes below, sketch the current in the circuit as a function of time from time ¢ = 0 to a long time
after the switch is opened. Explicitly label the maxima with numerical values or algebraic expressions,
as appropriate.

Current

0 > Time

(f) Is the total amount of energy dissipated in the resistors after the switch is opened greater than, less than, or
equal to the amount of energy stored in the capacitor calculated in part (c) ?

Greater than Less than Equal to

Justify your answer.

© 2019 The College Board.
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2019 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS

+p

0.030 m

0.050 m

2. A nonconducting hollow sphere of inner radius 0.030 m and outer radius 0.050 m carries a positive volume
charge density p, as shown in the figure above. The charge density p of the sphere is given as a function of the

distance r from the center of the sphere, in meters, by the following.

r<0.030m: p=0

0.030 m < r <0.050 m: p = b/r, where b =1.6x107° C/m’
r>0050m: p=0
(a) Calculate the total charge of the sphere.

(b) Using Gauss’s law, calculate the magnitude of the electric field E at the outer surface of the sphere.

(c) On the axes below, sketch the magnitude of the electric field E as a function of distance r from the center
of the sphere.

E
A

»r ()

0.030 0.050

© 2019 The College Board.
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2019 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS

(d) Calculate the electric potential V at the outer surface of the sphere. Assume the electric potential to be zero
at infinity.

(e) A proton is released from rest at the outer surface of the sphere at time # =0 s.
i. Calculate the magnitude of the initial acceleration of the proton.

ii. Calculate the speed of the proton after a long time.

© 2019 The College Board.
Visit the College Board on the web: collegeboard.org.
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2019 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS

AV
X X 0x X X X X X
B
X X X X X X %X X
X X X X X X %X X
—_—
mass = m X X X X X X X X
charge =e~

X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X

3. Two plates are set up with a potential difference V between them. A small sphere of mass m and charge —e
is placed at the left-hand plate, which has a negative charge, and is allowed to accelerate across the space
between the plates and pass through a small opening. After passing through the small opening, the sphere
enters a region in which there is a uniform magnetic field of magnitude B directed into the page, as shown
above. Ignore gravitational effects. Express all algebraic answers in terms of V, m, e, B, and fundamental
constants, as appropriate.

(a)
i. What is the initial direction of the force on the sphere as it enters the magnetic field?
Into the page Out of the page
Toward the top of the page Toward the bottom of the page

ii. Describe the path taken by the sphere after it enters the magnetic field.
(b) Derive an expression for the speed of the sphere as it passes through the small opening.

(c) Derive an expression for the radius of the path taken by the sphere as it moves through the magnetic field.

© 2019 The College Board.
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GO ON TO THE NEXT PAGE.
-9-



2019 AP® PHYSICS C: ELECTRICITY AND MAGNETISM FREE-RESPONSE QUESTIONS

An experiment is performed in which a beam of electrons is accelerated across the space between the plates and
passes through the small opening. After passing through the opening, the electrons travel in a semicircular path
and strike the right-hand plate. The potential difference between the plates is varied in regular increments, as
shown in the table below. For each potential difference, the magnetic field is varied in order to cause the beam to
strike the right-hand plate at a distance of 0.020 m from the opening.

Potential difference (V) 60 70 100 110 120 140

Magnetic field (T X107 )

2.62 2.78 3.39 3.54 3.78 3.99

(d) Indicate below which quantities should be graphed to yield a straight line whose slope could be used to
calculate a numerical value for the mass-to-charge ratio of an electron.

Vertical axis:
Horizontal axis:

Use the remaining columns in the table above, as needed, to record any quantities that you indicated that are
not given. Label each column you use and include units.

(e) On the graph below, plot the relationship determined in part (d). Clearly scale and label all axes, including
units, if appropriate. Draw a straight line that best represents the data.
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F——d—d—4—4—t+—F—F -4 -+ —F —F - —— A=A —d -+ -+~ — ==+ —+
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I e e |
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1 T T T ey A Y Y P I A
I O O A O O O A
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bttt e Mty St il el e et ot Ry el et il el e s iy e e el sty e R ity
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(f) Using the straight line from part (e), determine the mass-to-charge ratio of an electron.

STOP
END OF EXAM
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, =1.67 X 10" kg | Electron charge magnitude, e =1.60 x 107" C
Neutron mass, m, = 1.67 x 1072 kg 1 electron volt, 1 eV = 1.60 x 107'° J
Electron mass, m, = 9.11 x 10731 kg Speed of light, ¢ =3.00x10° m/s
Avogadro’s number, N, = 6.02 x 10% mol™" Universal gravitational & _ ¢ 67 1011 (N-m2 ) / kg?
constant,
. _ Acceleration due to gravity _ 2
Universal gas constant, R = 8.31 J/(mol.K) at Barth’s surface, g=98 m/ s
Boltzmann’s constant, k, =1.38 x 1075 J/K
1 unified atomic mass unit, lu=166x10"" kg = 931 MeV/ ¢?
Planck’s constant, h=663x10"*Js =414 x 1075 eV.s
he =1.99 x 107 J.m = 1.24 x 10° eV.nm
Vacuum permittivity, gy =885x 1072 ¢? / (N-mz)
Coulomb’s law constant, k = 1/(4me,) = 9.0 X 10° (N.m2 )/C2
Vacuum permeability, Uy = 4m X 107 (T-m)/A
Magnetic constant, k" = g, /(47) =1x1077 (T-m)/A
1 atmosphere pressure, latm = 1.0 x 10° N/m2 =1.0x10° Pa
meter, m mole, mol watt, \W% farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT . S
SYMBOLS second, S newton, N volt, A\ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 0 30° 37° 45° 53° 60° 90°
10° giga G siné 0 1/2 35 | V22 | 4/5 | B2 |
10° | mega M cos 6 1 /2 | 45 | V22 | 3/5 1/2 0
103 kilo k tan@ 0 V3/3 | 3/4 1 4/3 V3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1076 micro M I. The ’grame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10_12 pico p would drift.
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS

Vx = X0 + axt

1
x=x0 +Vx0t+_at

m m
_._dl_j
P=a
J:jﬁdt:Ap
p=my
|Fy| < ulFyl

=%mv2
dE
P=——
dt
P=Fe
AU, = mgAh
2
v
CZCZTZCOZV
T=FxF
—»_zf_?net
YT T

0=, +aot

= acceleration
energy

force

frequency

height

rotational inertia

= impulse

kinetic energy
spring constant
length

angular momentum
mass

power

momentum

radius or distance
period

time

potential energy
velocity or speed
work done on a system
position
coefficient of friction

angle

torque

angular speed

= angular acceleration

TRENTEFT T T TNITVINSTXRSSTImR
1l

= phase angle
F, = —kAx
1 2
Uy = 5k(Ax)

2 1
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TS:271\/%
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~ Gmm
F.l = 177%2
|G| rz
G
U, = m;mz

ELECTRICITY AND MAGNETISM

= 1
|F| = T

91492

2
r

A = area
B = magnetic field
C = capacitance

d = distance
E = electric field
€ = emf
F = force
I = current
J = current density
L = inductance
¢ = length
n = number of loops of wire
per unit length
N = number of charge carriers
per unit volume
P = power
Q = charge
q = point charge
R = resistance
r = radius or distance
t = time
U = potential or stored energy
V' = electric potential
v = velocity or speed
p = resistivity
O = flux
k = dielectric constant
F Wy = qv X B
$Bedi=pyl
di = Mo Idixr
A 2
F=|1dlxB
B, = ugnl
©, = [Bedi
S - do
=QE- =B
£ d/ 7
dl
E=-L—
dt
L,
==Ll




ADVANCED PLACEMENT PHYSICS C EQUATIONS

GEOMETRY AND TRIGONOMETRY

Rectangle
A = bh
Triangle
1
A==bh
2
Circle
A= nr?
C =2nr
s=r0
Rectangular Solid
V = {wh
Cylinder
V=nr’t

S =2nrl + 2nr?
Sphere

V = %mﬁ

S = 41’

Right Triangle
a’ +b> = ¢?

sin@ =

cosf =

ol o

a

tan @ ZE

A =area

C =circumference
V =volume

S =surface area
b =base

h =height

¢ =length

w =width

r =radius

s = arc length
6 =angle

- -

~~ -

o 90°

CALCULUS

df _dfdu
dx  du dx
d n\ _ n—1
a(x )—nx

d

a(eax) = qe™

dx

4 1y = 1
—(Inax) = .

d.
$[s1n(ax)] = acos(ax)

d .
E[cos(ax)] = —asin(ax)

1
n+

Jx"dxz lx"“,n;t—l

Jcos(ax)dx = %sin(ax)
Jsin(ax)dx = —%cos(ax)
VECTOR PRODUCTS

A+B = ABcos
|;\ X 1§| = ABsin6




AP® Physics C: Electricity and Magnetism 2021 Free-Response Questions

Begin your response to QUESTION 1 on this page.
PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION II
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

AW
V= R,=30Q%  ZR=600Q I ——(C,=20uF
- g C2—15uF
o/c

1. The circuit shown above is composed of an ideal 10 V battery, three resistors and three capacitors with the
values shown, and an open switch S. The capacitors are initially uncharged. Switch S is now closed.

(a) Calculate the current through R; immediately after switch S is closed.

Switch S has been closed for a long time, and the circuit has reached a steady state.

(b) Calculate the potential difference across R;.

(c)

1. Calculate the charge stored on the positive plate of capacitor C,.

ii. Is the charge stored on capacitor C5 greater than, less than, or equal to the charge stored on capacitor C, ?
Greater than Less than Equal to

Justify your answer.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
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AP® Physics C: Electricity and Magnetism 2021 Free-Response Questions

Continue your response to QUESTION 1 on this page.

Switch S is then opened.
(d)

i. Determine the current through R; immediately after the switch is opened.

ii. Calculate the current through R, immediately after the switch is opened.

(e) On the axes below, sketch a graph of the potential difference V across capacitor C, as a function of time ¢
if switch S is opened at time ¢t = 0. Label the maximum value.

e

Capacitor Cjy is replaced by two 10 uF capacitors connected in series, switch S is closed, and the circuit
reaches equilibrium. Switch S is then opened at time ¢ = 0.

(f) For t > 0, would the sketch of a graph of the new voltage across C, as a function of time be above, below,
or the same as the sketch for part (e) ?

Above Below The same

Justify your answer.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
© 2021 College Board.
Visit College Board on the web: collegeboard.org.
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AP® Physics C: Electricity and Magnetism 2021 Free-Response Questions

Begin your response to QUESTION 2 on this page.
Insulating String
—‘* Conducting Sphere (upper)

d
£Q Conducting Sphere (lower)

Electronic
Balance

Insulating Rod

2. Students perform an experiment to study the force between two charged objects using the apparatus shown above,
which contains two identical conducting spheres. The upper sphere is attached to an insulating string, which can be
used to move the sphere downward. The lower sphere sits on an insulating rod, which is on an electronic balance.
The electronic balance is zeroed before the lower sphere and insulating rod are in place.

For the first trial, a charge of Q is placed on each sphere and then the upper sphere is slowly moved downward. The
students measure the distance d between the centers of the spheres and the magnitude F' of the force that appears on

1
the electronic balance. The recorded data are shown on the graph of F' as a function of — shown below.

F (uN)
\
13,000 AR N NN NN G G O IO R PR
[ [ [ [ [
—“4-F4—bFd—t -+t 4 —F A - A=+ —I—
R s
12,000 I T N I R
[ [ [ [ [
—4—F4— A=t -+t gt —F A==+ —I—
R EEEENMEYE
11,000 __|__|_|___i__|_|___|__|__;___|_i__|___|_|__|__
[ [ [ [ [
S D O A I A B
S A
10,000 1=

|
I
PPN o A L(L
0 20 40 60 80 100 d- \m
(@)

i. Draw a line that represents the best fit to the points shown.

ii. Use the graph to calculate the charge Q.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
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AP® Physics C: Electricity and Magnetism 2021 Free-Response Questions

Continue your response to QUESTION 2 on this page.

iii. On the graph on the previous page, draw a circle around the data point that was taken when the distance
between the centers of the spheres was the least.

iv. Determine the distance between the centers of the spheres for the data point indicated above.

v. What physical quantity does the vertical intercept represent?

Justify your answer.

F (uN)
\

14,000 1 — . _
__l__l_l___I__I_I____I_I__l___|_|__|____|__|_|___I__I_L___l_l_,‘_::‘:‘Y_‘_‘
I e e e e [

B el e Dt e o o B e B B e o T ek et o e el e Ed wt B SR B
N e
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The experiment is extended by collecting additional data points, which appear on the right side of the graph
shown above. The new data points do not follow the linear pattern seen with the first points. The group of
students tries to explain this discrepancy.

(b) One student suspects that charge is slowly leaking off the top sphere. Could this explain the discrepancy?
Yes No

Justify your answer.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
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AP® Physics C: Electricity and Magnetism 2021 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(c) A second student suspects that the excess charges have rearranged themselves, polarizing the spheres.

i. On the circles representing the spheres below, use a single “+” sign on each sphere to represent the locations
of highest concentration of the excess positive charges.

ii. Explain how this rearrangement could be responsible for the discrepancy.

(d) A third student suggests that the experiment be modified so that the top sphere is given a negative charge
that is equal in magnitude to the positive charge given to the bottom sphere.

i. On the circles representing the spheres below, use a single “+” sign on the bottom sphere to represent the
location of highest concentration of the excess positive charges. Use a single “—" sign on the top sphere to
represent the location of the highest concentration of the excess negative charges.

ii. For a separation distance equal to that of the data point indicated in part (a)(iii), would the magnitude of the

force reading with spheres of opposite charges be greater than, less than, or equal to the magnitude of the force

reading with spheres of the same charges?
Greater than Less than Equal to

Justify your answer.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
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Begin your response to QUESTION 3 on this page.

Area of Ring = A
Resistance of Ring = R

I\

B(1)

\V/

3. A thin, conducting ring of area A and resistance R is aligned in a uniform magnetic field directed to the right
and perpendicular to the plane of the ring, as shown. At time ¢ = 0, the magnitude of the magnetic field is By,.
At t = 1s, the magnitude of the magnetic field begins to decrease according to the equation B(r) = g where

[ has units of Ts.

(a) Derive an equation for the magnitude of the induced current [ in the ring as a function of ¢ for > 1s.
Express your answer in terms of 3, A, R, ¢, and physical constants, as appropriate.

Assume A = 0.50m% R =2.0Q, and B=0.50T -s.

(b) Calculate the electrical energy dissipated in the ring from # = 1s to t = 2s.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
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AP® Physics C: Electricity and Magnetism 2021 Free-Response Questions

Continue your response to QUESTION 3 on this page.

.
I /
L) ,l
I [¢)

/
130°

- —

The ring is then rotated so that the plane of the ring is aligned at a 30° angle to the magnetic field, as shown.
The magnitude of the magnetic field is reset to a magnitude of B, at a new time ¢ = 0 and again begins to

decrease at r = 1s according to the equation B(r) = g where § has units of T-s.
(c) Will the amount of energy dissipated in the ring from ¢ = 1s to t = 2 s be greater than, less than, or equal to
the energy dissipated in part (b) ?

Greater than Less than Equal to

Justify your answer.

A =0.50 m? )
Resistance = 2.00 Q i I

I//\\ D s e
Axleﬂ,t - | N

|\/Z Y S S S

The ring is now mounted on an axle that is perpendicular to the magnetic field. The magnitude of the magnetic
field is now held at a constant B = 0.50 T, as shown. The ring rotates about the axle, and the emf £ induced
in the ring as a function of time ¢ is shown on the graph.

(d) Calculate the angular speed @ of the rotating ring in rad/s.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
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AP® Physics C: Electricity and Magnetism 2021 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(e) Calculate the magnitude of the maximum emf gy, x induced in the ring.

The ring now begins to rotate at an angular speed 2.

(f) On the graph below, draw a curve to indicate the new induced emf £ in the ring. The dashed curve shows
the emf induced under the original conditions.

E(V)
A

iy i B re_-=-- l
41 __ L1
i i i
+-——— H————— b———— 4
I | |
I N I N

4z 4 _
N r— %
/ \| / N
I‘\ 71 |
TF————- AN — = ———— 4
B I T YL A
I I |
TF————- H————— Fe————— 4
4 L_____1
I I |
T+ R ————— 4
0 1 2 3

Justify your sketch, specifically identifying and addressing any similarities or differences between the sketch

and the original graph.

PRACTICE GRAPH - Use the graph below to practice your sketch for part (f). Any work shown on the graph

below will NOT be graded.

E(V)
A
iy i B re_-=-- l
41 __ L1
i I i
+-——— H————— ————— 4
I I I
I N 2
T+ ———Ad—————= ===~
\ L N
I‘\ 71 |
4+-— A —— =~ ————— 4
B I T YL A
I I I
4+-— - F————— 4
[ I L_____1
I I I
T H————— f————— 1
0 1 2 3

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
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STOP

END OF EXAM
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, =1.67 X 10" kg | Electron charge magnitude, e =1.60 x 107" C
Neutron mass, m, = 1.67 x 1072 kg 1 electron volt, 1 eV = 1.60 x 107'° J
Electron mass, m, = 9.11 x 10731 kg Speed of light, ¢ =3.00x10° m/s
Avogadro’s number, N, = 6.02 x 10% mol™" Universal gravitational & _ ¢ 67 1011 (N-m2 ) / kg?
constant,
. _ Acceleration due to gravity _ 2
Universal gas constant, R = 8.31 J/(mol.K) at Barth’s surface, g=98 m/ s
Boltzmann’s constant, k, =1.38 x 1075 J/K
1 unified atomic mass unit, lu=166x10"" kg = 931 MeV/ ¢?
Planck’s constant, h=663x10"*Js =414 x 1075 eV.s
he =1.99 x 107 J.m = 1.24 x 10° eV.nm
Vacuum permittivity, gy =885x 1072 ¢? / (N-mz)
Coulomb’s law constant, k = 1/(4me,) = 9.0 X 10° (N.m2 )/C2
Vacuum permeability, Uy = 4m X 107 (T-m)/A
Magnetic constant, k" = g, /(47) =1x1077 (T-m)/A
1 atmosphere pressure, latm = 1.0 x 10° N/m2 =1.0x10° Pa
meter, m mole, mol watt, \W% farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT . S
SYMBOLS second, S newton, N volt, A\ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 0 30° 37° 45° 53° 60° 90°
10° giga G siné 0 1/2 35 | V22 | 4/5 | B2 |
10° | mega M cos 6 1 /2 | 45 | V22 | 3/5 1/2 0
103 kilo k tan@ 0 V3/3 | 3/4 1 4/3 V3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1076 micro M I. The ’grame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10_12 pico p would drift.
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS

Vx = X0 + axt

1
x=x0 +Vx0t+_at

m m
_._dl_j
P=a
J:jﬁdt:Ap
p=my
|Fy| < ulFyl

=%mv2
dE
P=——
dt
P=Fe
AU, = mgAh
2
v
CZCZTZCOZV
T=FxF
—»_zf_?net
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0=, +aot

= acceleration
energy

force

frequency

height

rotational inertia

= impulse

kinetic energy
spring constant
length

angular momentum
mass

power

momentum

radius or distance
period

time

potential energy
velocity or speed
work done on a system
position
coefficient of friction

angle

torque

angular speed

= angular acceleration
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= phase angle
F, = —kAx
1 2
Uy = 5k(Ax)
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TS:271\/%
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G
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ELECTRICITY AND MAGNETISM

= 1
|F| = T
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2
r

A = area
B = magnetic field
C = capacitance

d = distance
E = electric field
€ = emf
F = force
I = current
J = current density
L = inductance
¢ = length
n = number of loops of wire
per unit length
N = number of charge carriers
per unit volume
P = power
Q = charge
q = point charge
R = resistance
r = radius or distance
t = time
U = potential or stored energy
V' = electric potential
v = velocity or speed
p = resistivity
O = flux
k = dielectric constant
F Wy = qv X B
$Bedi=pyl
di = Mo Idixr
A 2
F=|1dlxB
B, = ugnl
©, = [Bedi
S - do
=QE- =B
£ d/ 7
dl
E=-L—
dt
L,
==Ll




ADVANCED PLACEMENT PHYSICS C EQUATIONS

GEOMETRY AND TRIGONOMETRY

Rectangle
A = bh
Triangle
1
A==bh
2
Circle
A= nr?
C =2nr
s=r0
Rectangular Solid
V = {wh
Cylinder
V=nr’t

S =2nrl + 2nr?
Sphere

V = %mﬁ

S = 41’

Right Triangle
a’ +b> = ¢?

sin@ =

cosf =

ol o

a

tan @ ZE

A =area

C =circumference
V =volume

S =surface area
b =base

h =height

¢ =length

w =width

r =radius

s = arc length
6 =angle

- -

~~ -

o 90°

CALCULUS

df _dfdu
dx  du dx
d n\ _ n—1
a(x )—nx

d

a(eax) = qe™

dx

4 1y = 1
—(Inax) = .

d.
$[s1n(ax)] = acos(ax)

d .
E[cos(ax)] = —asin(ax)

1
n+

Jx"dxz lx"“,n;t—l

Jcos(ax)dx = %sin(ax)
Jsin(ax)dx = —%cos(ax)
VECTOR PRODUCTS

A+B = ABcos
|;\ X 1§| = ABsin6




AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Begin your response to QUESTION 1 on this page.

PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION 11
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

\_ O &

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A nonconducting sphere of uniform volume charge density is surrounded by a thin concentric conducting
spherical shell, as shown in the cutout view. The sphere has a charge of —Q and the shell has a charge of +30.
The radii of the inner sphere and spherical shell are R and 4R, respectively, as shown in the cross-section view.

(a) Determine the charge on the outer surface of the shell.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(b) Using Gauss’s law, derive an expression for the electric field a distance r from the center of the sphere for
r < R. Express your answer in terms of Q, R, r, and physical constants, as appropriate.

(c) The magnitude of the electric field at » = R is 8N / C. Calculate the value of the electric field at r = 2R.

(d) Derive an expression for the absolute value of the potential difference between the outer surface of the sphere
and the inner surface of the shell. Express your answer in terms of Q, R, and physical constants, as
appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 1 on this page.
(e

i. On the following axes that include regions I, II, and III, sketch a graph of the electric field E as a function of the
distance r from the center of the sphere.

;
|
|
|
|
|
|
|
|
|
|
|
R 4R
|
|
|
|
|
|
|
|
|
|
|

ii. On the following axes that include regions I, II, and III, sketch a graph of the electric potential V' as a function
of the distance r from the center of the sphere.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Begin your response to QUESTION 2 on this page.

2. The plates of a certain variable capacitor have an adjustable area. An experiment is performed to study the
potential difference across the capacitor as it discharges through a resistor. A circuit is to be constructed with the
following available equipment: a single ideal battery of potential difference AV, a single voltmeter, a single
resistor of resistance R, a single uncharged variable capacitor set to capacitance C, and one or more switches as
needed.

Variable
Battery  Voltmeter  Resistor Capacitor Switch

I O

(a) Using the symbols shown, draw a schematic diagram of a circuit that can charge the capacitor and may also be
used to study the potential difference across the capacitor as it discharges through the resistor.

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

t

(b) Show that the potential difference AV, across the capacitor as a function of time ¢ is AV (¢) = AV} ei RC a5

the capacitor discharges.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(c) The experiment is performed using a resistor of R = 150 k(). Data for the potential difference AV, across the

AV
AV

as a function of ¢ is created on the graph

capacitor as a function of ¢ are recorded and a plot of In

below.

~
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Ny ) Ay Ay
Ly ey B B
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I T O A Y
S P A
Ry Ot ) Dy Y
T O I I B
T [ TTI [ CTTT ]I
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B B el ol o o e B B e o o A A mE o
I R VT O T Y A
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Ry v ey S I I
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A e A
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1l e e B itk ol e e B el
4o~ 4 |- et A
B o B Al o = IR AN S
I T A Ay i
| | L 1 11 11 L1 L1l
AT BRI A
IO I O B
T TTI [ CTTT ]I IT]
T T T I T T T T T
B B el ol o o o e B ol ol o A A R
S ™ <t e o0
L

0.0

0.6

0.5

1. Draw the best-fit line for the data.

ii. Using the best-fit line, calculate a value for the unknown capacitance C.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(d) The capacitor is adjusted so that the surface area of the plates is increased, and the experiment is repeated.
Would the slope of the best-fit line in the second experiment be more steep, less steep, or unchanged compared
to the slope of the best-fit line in part (c)?

___ More steep __ Lesssteep ___ Unchanged

Briefly justify your answer.

(e) The ideal battery is then replaced with a non-ideal battery with internal resistance r, and the experiment is
repeated.

i. Would the slope of the graph in this final experiment change compared to the graph in part (c)?
Yes No

Briefly justify your answer.

ii. Would the vertical intercept of the graph in this final experiment change compared to the graph in part (c)?
Yes No

Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Begin your response to QUESTION 3 on this page.

R=10.0Q
0

W=20cm

L=4.0cm Td=1.00m
( D —](1)

3. A lightbulb of resistance R = 10.0 Q is connected to a rectangular loop of wire of negligible resistance near a
very long current-carrying wire. The rectangular loop has a length L = 4.0 cm and a width W = 2.0 cm and is
positioned so one of the longer sides of the loop is a distance d = 1.0 cm above and parallel to the long wire, as
shown. The current in the long wire is initially flowing to the right and is given by I(z) = C — Dt, where
C=10.0A and D = 2.0 A/s. At time ¢t = 5.0 s, the current in the long wire is instantaneously zero as the current
changes direction.

(a) What is the direction, if any, of the magnetic field produced by the induced current in the rectangular loop as
the current in the long wire changes direction?

___Into the page ___ Out of the page ___No direction, because the field is zero

Justify your answer.

(b) Calculate the magnetic flux through the loop due to only the long wire at time ¢ = 3.0s.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(c) Calculate the current through the lightbulb at time # = 3.0 s.

(d) A group of students attempts to experimentally verify whether the current through the lightbulb is consistent
with the current calculation from part (c). The current in the rectangular loop is measured to be greater than
the current calculated in part (c). Which of the following could explain this discrepancy? Select one answer.

____The students did not account for Earth’s magnetic field.

___ The rectangular loop is tilted and is not in the same plane as the wire.
___ The resistance of the lightbulb is greater than the recorded value.

___ The long side of the rectangular loop is shorter than the recorded value.
____The current in the long wire changes at a faster rate than expected.

Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 3 on this page.

Td= 1.0 cm

( D—]

(e) Later, the same rectangular loop with lightbulb is rotated such that a short side of the loop is 1.0 cm above and
parallel to the long current-carrying wire, as shown. The current in the wire is again initially flowing from left
to right and given by I(¢) = C — Dt, where C = 10.0 A and D = 2.0 A/s. The current through the lightbulb in
the loop’s new orientation at time ¢ = 3.0s is I,. Which of the following correctly relates the current I, to 1,
the current through the lightbulb in part (c)?

_ L <] _ L= L >

Justify your answer.

GO ON TO THE NEXT PAGE.
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STOP

END OF EXAM
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, =1.67 X 10" kg | Electron charge magnitude, e =1.60 x 107" C
Neutron mass, m, = 1.67 x 1072 kg 1 electron volt, 1 eV = 1.60 x 107'° J
Electron mass, m, = 9.11 x 10731 kg Speed of light, ¢ =3.00x10° m/s
Avogadro’s number, N, = 6.02 x 10% mol™" Universal gravitational & _ ¢ 67 1011 (N-m2 ) / kg?
constant,
. _ Acceleration due to gravity _ 2
Universal gas constant, R = 8.31 J/(mol.K) at Barth’s surface, g=98 m/ s
Boltzmann’s constant, k, =1.38 x 1075 J/K
1 unified atomic mass unit, lu=166x10"" kg = 931 MeV/ ¢?
Planck’s constant, h=663x10"*Js =414 x 1075 eV.s
he =1.99 x 107 J.m = 1.24 x 10° eV.nm
Vacuum permittivity, gy =885x 1072 ¢? / (N-mz)
Coulomb’s law constant, k = 1/(4me,) = 9.0 X 10° (N.m2 )/C2
Vacuum permeability, Uy = 4m X 107 (T-m)/A
Magnetic constant, k" = g, /(47) =1x1077 (T-m)/A
1 atmosphere pressure, latm = 1.0 x 10° N/m2 =1.0x10° Pa
meter, m mole, mol watt, \W% farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT . S
SYMBOLS second, S newton, N volt, A\ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 0 30° 37° 45° 53° 60° 90°
10° giga G siné 0 1/2 35 | V22 | 4/5 | B2 |
10° | mega M cos 6 1 /2 | 45 | V22 | 3/5 1/2 0
103 kilo k tan@ 0 V3/3 | 3/4 1 4/3 V3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1076 micro M I. The ’grame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10_12 pico p would drift.
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS
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A = area
B = magnetic field
C = capacitance

d = distance
E = electric field
€ = emf
F = force
I = current
J = current density
L = inductance
¢ = length
n = number of loops of wire
per unit length
N = number of charge carriers
per unit volume
P = power
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q = point charge
R = resistance
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t = time
U = potential or stored energy
V' = electric potential
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ADVANCED PLACEMENT PHYSICS C EQUATIONS

GEOMETRY AND TRIGONOMETRY

Rectangle
A = bh
Triangle
1
A==bh
2
Circle
A= nr?
C =2nr
s=r0
Rectangular Solid
V = {wh
Cylinder
V=nr’t

S =2nrl + 2nr?
Sphere

V = %mﬁ

S = 41’

Right Triangle
a’ +b> = ¢?

sin@ =

cosf =
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V =volume
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h =height
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Begin your response to QUESTION 1 on this page.

PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION 11
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

3R

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A very long nonconducting cylinder is surrounded by a thin concentric conducting cylindrical shell, as shown in
the cutout view. A segment of length L of the inner cylinder has a net charge of +Q uniformly distributed
throughout its volume. A segment of length L of the outer shell has a net charge of +4(Q. The radii of the inner
cylinder and outer shell are R and 3R, respectively, as shown in the cross-section view.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(a) Determine the charge on the outer surface of the cylindrical shell within length L.

(b) Using Gauss’s law, derive an expression for the electric field a distance r from the center of the inner cylinder
for r < R. Express your answers in terms of Q, R, r, L, and physical constants, as appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(c) The magnitude of the electric field at » = R is 12 N/ C. Calculate the value of the electric field at r = 2R.

(d) Derive an expression for the absolute value of the potential difference between the surface of the
nonconducting cylinder and the inner surface of the cylindrical shell.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(e)

i. On the following axes that include regions I, II, and III, sketch the graph of the electric field E as a function of
the distance r from the axis of the inner cylinder.

I I III

:
|
|
|
|
|
|
|
|
|

R 3R
|
|
|
|
|
|
|
|
|
|
|

ii. On the following axes that include regions I, II, and III, sketch the graph of the electric potential V as a
function of the distance r from the axis of the inner cylinder.

I I III

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Begin your response to QUESTION 2 on this page.

2. A non-ideal capacitor has internal resistance that can be modeled as an ideal capacitor in series with a small
resistor of resistance 7. A group of students performs an experiment to determine the internal resistance of a
capacitor. A circuit is to be constructed with the following available equipment: a single ideal battery of potential
difference AV, a single ammeter, a single variable resistor of resistance R, a single uncharged non-ideal capacitor
of capacitance C, and one or more switches as needed.

Variable Non-ideal
Battery = Ammeter  Resistor Capacitor Switch

di- @ e Hlwe

(a) Using the symbols shown, draw a schematic diagram of a circuit that can charge the capacitor and may also be
used to study the current through the capacitor as it discharges through the resistor.

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

—t
(R+Vc) C

(b) Show that the current / through the capacitor as a function of time ¢ is I(z) = Ie as the capacitor

discharges.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(c) The students determine the time constant 7 for the circuit as a function of the resistance R. The students’ data
are shown in the following graph.

7(8)
\
0.8 I | I I | I | | I
-ttt Tttt —t——t——
| | I | | I | | |
T T T T T T T T T T T
1+ L 1+ _+__+__1__1__/]
[ [ I [ [ I [ [ [
| | L | | L | |
0.6 \ \ I \ \ I \ # \
——te b
\ \ I \ \ I \ \ \
B e e Hh s s . e e
[ [ I [ [ I [ [ [
F——T1——T1——7T TTTTOT T--TTT
044+—— — 1 —
1 _1__l__1__e__1__1l__1__1__1__
| | I | \ I | | |
e T T i
\ \ I \ \ I \ \ \
f—— == - - = ——+——
\ I \ \ I \ \ \
0.2 T # T T T T T T T
]
[ [ T [ [ T [ [ [
S N F O I N A A Ay AN A R
\ \ I \ \ I \ \ \
1]
\ \ I | \ I | \ \
0.0 : — ‘ ~R(Q)
0.0 1.0 2.0 3.0

1. Draw the best-fit line for the data.

ii. Using the best-fit line, calculate a value for the internal resistance 7. of the capacitor.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(d) The ammeter is found to be nonideal. Is the actual value for the internal resistance 7~ for the capacitor greater
than, less than, or equal to the experimental internal resistance of the capacitor calculated in part (c)?

____ QGreater than _ Less than ___Equalto

Briefly justify your answer using features of the graph in part (c).

(e) The values of the variable resistor in the original experiment ranged from 0.5 Q to 2.5 Q. The experiment is
repeated with values ranging from 3.0 Q to 6.0 Q. Would the slope of the best-fit line be more steep, be less
steep, or remain unchanged compared to the graph in part (c)?

More steep Less steep Remain unchanged

Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Begin your response to QUESTION 3 on this page.

Solenoid Solenoid
Loop of Wire
1(t) ~
W e
Wire
Side View End View

Note: Figures not drawn to scale.

3. A single loop of wire with resistance 3.0 Q and radius 0.10 m is placed inside a solenoid, with the normal to the
loop parallel to the axis of the solenoid. The solenoid has 500 turns, is 0.25 m long, and is connected to a power
supply that is not shown. At time ¢ = 0, the power supply is turned on, and the current / in the solenoid as a
function of ¢ is given by the equation I(z) = B¢, where S = 5.0 A/s. The direction of the current in the solenoid is
clockwise, as shown in the end view.

(a) At time ¢ = 2.0s, is the induced current in the loop, as seen from the end view shown, clockwise,
counterclockwise, or zero?

Clockwise Counterclockwise Zero

Justify your answer.

(b) Calculate the current in the loop of wire at time t = 2.0 s.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(c) Calculate the total energy dissipated by the loop of wire from time ¢ = 0 to time = 2.0 s.

(d) A group of students attempts to verify experimentally the calculation of the current from part (b). The current
in the inner circular loop at time ¢ = 2.0 s is measured to be less than the current calculated in part (b). Which
of the following could explain this discrepancy? Select one answer.

____The experiment did not account for Earth’s magnetic field.

___ The plane of the loop is not perpendicular to the axis of the solenoid.
____The center of the loop is not on the axis of the solenoid.

____The resistance of the loop is less than the given value.

___ The radius of the loop is actually larger than 0.10 m.

Justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2022 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(e) The power supply is now turned off. The original loop of wire is then replaced with a second loop made from
wire that has the same thickness and is made from the same material as the original loop of wire. The second
loop has radius 0.20 m, is placed in the same orientation as the original loop, and fits completely inside the
solenoid. The power supply is turned on, and the current / in the solenoid as a function of ¢ is again given by

I
the equation /(¢) = fr, where § = 5.0 A/s. Which of the following expressions correctly indicates the ratio Il

1

where [; represents the current induced in the original loop of wire in part (b) and I, represents the current

induced in the second loop of wire?

I I
2= 1< 2<2 = =2 _=>2

- ] I I

Justify your answer.

GO ON TO THE NEXT PAGE.
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STOP

END OF EXAM
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, =1.67 X 10" kg | Electron charge magnitude, e =1.60 x 107" C
Neutron mass, m, = 1.67 x 1072 kg 1 electron volt, 1 eV = 1.60 x 107'° J
Electron mass, m, = 9.11 x 10731 kg Speed of light, ¢ =3.00x10° m/s
Avogadro’s number, N, = 6.02 x 10% mol™" Universal gravitational & _ ¢ 67 1011 (N-m2 ) / kg?
constant,
. _ Acceleration due to gravity _ 2
Universal gas constant, R = 8.31 J/(mol.K) at Barth’s surface, g=98 m/ s
Boltzmann’s constant, k, =1.38 x 1075 J/K
1 unified atomic mass unit, lu=166x10"" kg = 931 MeV/ ¢?
Planck’s constant, h=663x10"*Js =414 x 1075 eV.s
he =1.99 x 107 J.m = 1.24 x 10° eV.nm
Vacuum permittivity, gy =885x 1072 ¢? / (N-mz)
Coulomb’s law constant, k = 1/(4me,) = 9.0 X 10° (N.m2 )/C2
Vacuum permeability, Uy = 4m X 107 (T-m)/A
Magnetic constant, k" = g, /(47) =1x1077 (T-m)/A
1 atmosphere pressure, latm = 1.0 x 10° N/m2 =1.0x10° Pa
meter, m mole, mol watt, \W% farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT . S
SYMBOLS second, S newton, N volt, A\ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 0 30° 37° 45° 53° 60° 90°
10° giga G siné 0 1/2 35 | V22 | 4/5 | B2 |
10° | mega M cos 6 1 /2 | 45 | V22 | 3/5 1/2 0
103 kilo k tan@ 0 V3/3 | 3/4 1 4/3 V3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1076 micro M I. The ’grame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10_12 pico p would drift.
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS

Vx = X0 + axt

1
x=x0 +Vx0t+_at

m m
_._dl_j
P=a
J:jﬁdt:Ap
p=my
|Fy| < ulFyl

=%mv2
dE
P=——
dt
P=Fe
AU, = mgAh
2
v
CZCZTZCOZV
T=FxF
—»_zf_?net
YT T

0=, +aot

= acceleration
energy

force

frequency

height

rotational inertia

= impulse

kinetic energy
spring constant
length

angular momentum
mass

power

momentum

radius or distance
period

time

potential energy
velocity or speed
work done on a system
position
coefficient of friction

angle

torque

angular speed

= angular acceleration

TRENTEFT T T TNITVINSTXRSSTImR
1l

= phase angle
F, = —kAx
1 2
Uy = 5k(Ax)

2 1
T:—:—
o f
TS:271\/%
_ Y4
Tp—zﬂ'g
~ Gmm
F.l = 177%2
|G| rz
G
U, = m;mz

ELECTRICITY AND MAGNETISM

= 1
|F| = T

91492

2
r

A = area
B = magnetic field
C = capacitance

d = distance
E = electric field
€ = emf
F = force
I = current
J = current density
L = inductance
¢ = length
n = number of loops of wire
per unit length
N = number of charge carriers
per unit volume
P = power
Q = charge
q = point charge
R = resistance
r = radius or distance
t = time
U = potential or stored energy
V' = electric potential
v = velocity or speed
p = resistivity
O = flux
k = dielectric constant
F Wy = qv X B
$Bedi=pyl
di = Mo Idixr
A 2
F=|1dlxB
B, = ugnl
©, = [Bedi
S - do
=QE- =B
£ d/ 7
dl
E=-L—
dt
L,
==Ll




ADVANCED PLACEMENT PHYSICS C EQUATIONS

GEOMETRY AND TRIGONOMETRY

Rectangle
A = bh
Triangle
1
A==bh
2
Circle
A= nr?
C =2nr
s=r0
Rectangular Solid
V = {wh
Cylinder
V=nr’t

S =2nrl + 2nr?
Sphere

V = %mﬁ

S = 41’

Right Triangle
a’ +b> = ¢?

sin@ =

cosf =

ol o

a

tan @ ZE

A =area

C =circumference
V =volume

S =surface area
b =base

h =height

¢ =length

w =width

r =radius

s = arc length
6 =angle

- -

~~ -

o 90°

CALCULUS

df _dfdu
dx  du dx
d n\ _ n—1
a(x )—nx

d

a(eax) = qe™

dx

4 1y = 1
—(Inax) = .

d.
$[s1n(ax)] = acos(ax)

d .
E[cos(ax)] = —asin(ax)

1
n+

Jx"dxz lx"“,n;t—l

Jcos(ax)dx = %sin(ax)
Jsin(ax)dx = —%cos(ax)
VECTOR PRODUCTS

A+B = ABcos
|;\ X 1§| = ABsin6




AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Begin your response to QUESTION 1 on this page.

PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION 11
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

Sphere 2

Sphere 1— 14
=0 M40

——d—

1. Students perform an experiment to determine the value of vacuum permittivity £,. Sphere 1 is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere 2 is nonconducting with charge +Q and has
mass M. Sphere 2 is hung from a string of negligible mass and length L. Sphere 1 is brought near, without
touching, Sphere 2, as shown. Equilibrium is established when the centers of the two spheres have the same
vertical position, are a horizontal distance d apart, and the string is at an angle 8 from the vertical.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(a) On the following dot that represents Sphere 2 at the position shown in the previous figure, draw and label the
forces (not components) that act on Sphere 2. Each force must be represented by a distinct arrow starting on,
and pointing away from, the dot.

(b) Derive the relationship between the distance d and the angle 6 to show that d = 9% .
4neyMg tanf

(c) These values are collected in one trial: Q = g = 6.0 X 1078 C, 6 = 12°, and d = 0.057 m. Calculate the

expected force of tension exerted on Sphere 2 by the string.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(d) The students vary d and measure € after equilibrium is reached. The students use the collected data to plot the

1
tan@

following graph of d* vs.

d?* (m?)

Y
—| =g
<
N
A
T T T T T T T T T T T T 2
| | | | | | | | | | | | | | | —
it e e e S e e e B B e e e
| | | | | | | | | | | | | | |
[ R i A e et et e e I Ay A e By A S i H
| | | | | | | | | | | | | | |
A I Y I Iy A A R A BN B
| | | | | | | | | | | | | | | ()
| | | | | | | | | | | | | | | i
N N N EESN
S A S S R | A A
| | | | | | | | | | | | | | |
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| | | | | | | _. | | | | | | |
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1. Draw the best-fit line for the data.

ii. Using the best-fit line, calculate an experimental value for the vacuum permittivity &,

6.0x 1078 C.

:q:

0.0050 kg and Q

when M

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(e) The students modify the experiment by replacing Sphere 1 with a conducting Sphere 3 that has the same size
and charge +¢. The experiment is repeated.

i. The circle in the following figure represents Sphere 3 when spheres 2 and 3 are at equilibrium. On the
circle, draw a single “4” sign to represent the location of highest concentration of the excess positive
charges.

Sphere 3

ii. Briefly explain your reasoning for the sketch drawn in part (e)(i).

iii. In the original experiment, when the centers of the two spheres are a horizontal distance d; apart, the
string makes an angle 8 from the vertical. In the modified experiment, when the centers of the two spheres
are a horizontal distance d; apart, the string makes an angle 0, from the vertical.

Is 6, greater than, less than, or equal to 8, ?

02>01 92<01 02:01

Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Begin your response to QUESTION 2 on this page.

Conducting Bar

X X X X X
R xBx X X X
X X X X X

X X X
o o o

]

Top View (at time #g)

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R =0.30 Q connects the rails. A horizontal ideal spring is located between the rails. The right end of the spring is
free to move and the left end is fixed in place. A conducting bar of mass m = 0.23 kg is placed on the rails and is
in contact with the spring, which is initially compressed. Frictional forces and the resistance of the bar and rails
are negligible.

* At time ¢ = 0, the bar is released from rest and is pushed to the right by the spring.

* At time 7, the bar loses contact with the spring and slides to the right.

* At time ?,, the bar enters and travels through a uniform magnetic field of
magnitude B = 0.50 T that is directed into the page, as shown.

* At time 3, the bar enters a region where the magnitude of the uniform magnetic field is
still B = 0.50 T but is directed out of the page.

* At time #4, the bar enters a region with no magnetic field.

Consider time tg such that t, < tg < t3.

(a) On the following diagram of the bar, draw an arrow indicating the direction of the net force f;., exerted on the
bar at time #g. If the net force is zero, write F,o = 0.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(b) At time tg, the speed of the bar is v = 2.5 m/s.

i. Calculate the magnitude of the current in the bar at time #g.

ii. Calculate the magnitude of the net force Iy, exerted on the bar at time fg.

(c) On the following axes, sketch a graph of the speed v of the bar as a function of time ¢ between ¢ = 0 and #4.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 2 on this page.

Conducting Bar

X X X X X
R R xBx X X X
X X X X X

X X X

e

Top View (at time #g)
(d) The scenario is repeated but an additional resistor of resistance R = 0.30 () is connected, as shown.

i. Determine the total resistance R, of the closed circuit for the new scenario.

ii. In the original scenario, the magnitude of the acceleration of the bar immediately after the bar enters the
first uniform magnetic field is @yjging- In the new scenario, the magnitude of the acceleration of the bar
immediately after the bar enters the first uniform magnetic field is @, IS a@pey, greater than, less than, or

equal to aqiging) ? Justify your answer.

(e) Describe a modification to m, B, or L that will result in a smaller induced potential difference across the
original resistor immediately after the bar enters the first uniform magnetic field. Justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Begin your response to QUESTION 3 on this page.

Switch

,;T ;

+ L Resistor 1 Resistor 2 i
= Capacitor 2 ——

Capacitor | —”—

3. The circuit shown consists of a battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1 and 2
with capacitances C and 2C, respectively, and a switch. The switch is initially open and both capacitors are
uncharged.

At time ¢ = 0, the switch is closed to Position A.

(a) Write, but do NOT solve, a differential equation that can be used to determine the charge Q on the positive
plate of Capacitor 1 as a function of time ¢ after the switch is closed to Position A. Express your answer in
terms of €, R, C, Q, t, and fundamental constants, as appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(b) On the axes shown, sketch graphs of the surface charge density o on the positive plate of Capacitor 1 and the
total power P dissipated by the resistors as functions of time ¢ from time ¢ = 0 until steady-state conditions
are nearly reached.

o 0

A long time after the switch is closed to Position A, the charge on the positive plate of Capacitor 1 is 0, and

Capacitor 2 is uncharged.

(c) At time 7, the switch is closed to Position B.

i. Immediately after time £, is the direction of the current in the switch directed toward the left, directed
toward the right, or is there no current? Briefly justify your answer.

ii. Determine an expression for the total charge on the positive plate of Capacitor 2 a long time after #.
Express your answer in terms of Q) and fundamental constants, as appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.

iii. Derive an expression for the total energy Ep dissipated by resistors 1 and 2 from immediately after
time 7 until new steady-state conditions have been reached. Express your answer in terms of C, Q,), and
fundamental constants, as appropriate.

With the switch still closed to Position B, the parallel plates of Capacitor 2 are moved so that the separation
distance increases by a factor of 2.

U
(d) Determine the ratio =2 of the energy U, stored in Capacitor 2 to the energy U stored in Capacitor 1 a long

1

time after the plates of Capacitor 2 have been moved. Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.

With the capacitors still charged as in part (d), the switch is now closed to Position A.

(e) Express your answers to part (e)(i) and part (e)(ii) in terms of R, C, Q, and fundamental constants, as

appropriate.

i. Derive an expression for the current /;, from the battery immediately after the switch is closed to
Position A.

ii. Determine the current I, from the battery a long time after the switch is closed to Position A.

GO ON TO THE NEXT PAGE.
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STOP

END OF EXAM
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, =1.67 X 10" kg | Electron charge magnitude, e =1.60 x 107" C
Neutron mass, m, = 1.67 x 1072 kg 1 electron volt, 1 eV = 1.60 x 107'° J
Electron mass, m, = 9.11 x 10731 kg Speed of light, ¢ =3.00x10° m/s
Avogadro’s number, N, = 6.02 x 10% mol™" Universal gravitational & _ ¢ 67 1011 (N-m2 ) / kg?
constant,
. _ Acceleration due to gravity _ 2
Universal gas constant, R = 8.31 J/(mol.K) at Barth’s surface, g=98 m/ s
Boltzmann’s constant, k, =1.38 x 1075 J/K
1 unified atomic mass unit, lu=166x10"" kg = 931 MeV/ ¢?
Planck’s constant, h=663x10"*Js =414 x 1075 eV.s
he =1.99 x 107 J.m = 1.24 x 10° eV.nm
Vacuum permittivity, gy =885x 1072 ¢? / (N-mz)
Coulomb’s law constant, k = 1/(4me,) = 9.0 X 10° (N.m2 )/C2
Vacuum permeability, Uy = 4m X 107 (T-m)/A
Magnetic constant, k" = g, /(47) =1x1077 (T-m)/A
1 atmosphere pressure, latm = 1.0 x 10° N/m2 =1.0x10° Pa
meter, m mole, mol watt, \W% farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT . S
SYMBOLS second, S newton, N volt, A\ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 0 30° 37° 45° 53° 60° 90°
10° giga G siné 0 1/2 35 | V22 | 4/5 | B2 |
10° | mega M cos 6 1 /2 | 45 | V22 | 3/5 1/2 0
103 kilo k tan@ 0 V3/3 | 3/4 1 4/3 V3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1076 micro M I. The ’grame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10_12 pico p would drift.
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS

Vx = X0 + axt

1
x=x0 +Vx0t+_at

m m
_._dl_j
P=a
J:jﬁdt:Ap
p=my
|Fy| < ulFyl

=%mv2
dE
P=——
dt
P=Fe
AU, = mgAh
2
v
CZCZTZCOZV
T=FxF
—»_zf_?net
YT T

0=, +aot

= acceleration
energy

force

frequency

height

rotational inertia

= impulse

kinetic energy
spring constant
length

angular momentum
mass

power

momentum

radius or distance
period

time

potential energy
velocity or speed
work done on a system
position
coefficient of friction

angle

torque

angular speed

= angular acceleration

TRENTEFT T T TNITVINSTXRSSTImR
1l

= phase angle
F, = —kAx
1 2
Uy = 5k(Ax)

2 1
T:—:—
o f
TS:271\/%
_ Y4
Tp—zﬂ'g
~ Gmm
F.l = 177%2
|G| rz
G
U, = m;mz

ELECTRICITY AND MAGNETISM

= 1
|F| = T

91492

2
r

A = area
B = magnetic field
C = capacitance

d = distance
E = electric field
€ = emf
F = force
I = current
J = current density
L = inductance
¢ = length
n = number of loops of wire
per unit length
N = number of charge carriers
per unit volume
P = power
Q = charge
q = point charge
R = resistance
r = radius or distance
t = time
U = potential or stored energy
V' = electric potential
v = velocity or speed
p = resistivity
O = flux
k = dielectric constant
F Wy = qv X B
$Bedi=pyl
di = Mo Idixr
A 2
F=|1dlxB
B, = ugnl
©, = [Bedi
S - do
=QE- =B
£ d/ 7
dl
E=-L—
dt
L,
==Ll




ADVANCED PLACEMENT PHYSICS C EQUATIONS

GEOMETRY AND TRIGONOMETRY

Rectangle
A = bh
Triangle
1
A==bh
2
Circle
A= nr?
C =2nr
s=r0
Rectangular Solid
V = {wh
Cylinder
V=nr’t

S =2nrl + 2nr?
Sphere

V = %mﬁ

S = 41’

Right Triangle
a’ +b> = ¢?

sin@ =

cosf =

ol o

a

tan @ ZE

A =area

C =circumference
V =volume

S =surface area
b =base

h =height

¢ =length

w =width

r =radius

s = arc length
6 =angle

- -

~~ -

o 90°

CALCULUS

df _dfdu
dx  du dx
d n\ _ n—1
a(x )—nx

d

a(eax) = qe™

dx

4 1y = 1
—(Inax) = .

d.
$[s1n(ax)] = acos(ax)

d .
E[cos(ax)] = —asin(ax)

1
n+

Jx"dxz lx"“,n;t—l

Jcos(ax)dx = %sin(ax)
Jsin(ax)dx = —%cos(ax)
VECTOR PRODUCTS

A+B = ABcos
|;\ X 1§| = ABsin6




AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Begin your response to QUESTION 1 on this page.

PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION 11
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

Sphere A !
+q

Sphere B y
M, +Q

]

Note: Figure not drawn to scale.

1. Students perform an experiment to determine the value of vacuum permittivity £,. Sphere A is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere B is nonconducting with charge +(Q, and has
mass M. Sphere B rests on an insulating platform of negligible mass that is attached to a vertical ideal spring
with spring constant k. Sphere B and the spring are initially at rest.

Sphere A is then brought near Sphere B without touching. When the centers of the spheres are separated by a
vertical distance H, the spring has been compressed a distance y, as shown in the figure. The students
measure y for different values of H.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(a) On the following dot that represents Sphere B in the figure on the previous page, draw and label the forces
(not components) that are exerted on Sphere B. Each force must be represented by a distinct arrow starting on,
and pointing away from, the dot.

M
Qq+g

dmey k H> Kk

(b) Derive the relationship between y and H to show that y =

GO ON TO THE NEXT PAGE.

© 2023 College Board.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(c) The students plot collected data of y as a function of Lz’ as shown in the graph.
H

y (m)

0.18
0.161 .
0.141
0.121 .
0.101
0.081
0.061
0.041

0.02

i | | L | L | | L | L | | | | L | L | | L | L | | > 1 1
0 I I I I I I I I I I I I I I I I I I I I I I I I _2 _2
0 5 10 15 20 25 30 H

1. Draw the best-fit line for the data.

ii. Using the best-fit line, calculate an experimental value for the vacuum permittivity &
when Q = ¢ = 2.00 X 10 °C and k, = 25 N/m.

iii. Using the best-fit line, calculate an experimental value for the mass of Sphere B.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(d) The students modify the experiment by replacing nonconducting Sphere B with conducting Sphere C that has
the same charge +Q and mass M. Sphere A is brought near Sphere C without touching, compressing the
spring. Sphere C comes to rest.

i. In the original experiment, when the centers of spheres A and B are a vertical distance H, apart, the
spring is compressed a distance y,. In the modified experiment, when the centers of spheres A and C are a
vertical distance H, apart, the spring is compressed a distance y,.

Is Y, greater than, less than, or equal to Y ?

— Y >N Y <) V=)

Justify your answer.

ii. Sphere C is then grounded with a wire. On the following figure, draw an arrow indicating the direction
that the platform will move immediately after being grounded. If the platform remains stationary, write
“does not move.”

Sphere A
+q

Sphere C

Wire

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Begin your response to QUESTION 2 on this page.

Ty

+x
+2

B,

, //\Qr//
Ve

Perspective View (at time ¢t = 0)

e o o o o o o o T

R .Bl. e o |le o o o B, d
— ] Y VY VYV

H I I I I I x
0 *o X B X2 X3 X4

Top View (at time #5)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.20 ) connects
the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails. Frictional forces and the resistances of the bar and rails are negligible.

At time ¢ = 0, the bar is released from rest from position x and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time #;, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude B; = 0.40 T that is directed in the
+y-direction.

* At time ?,, the bar reaches position x, and enters a region with no magnetic field.

* At time 3, the bar reaches position x5 and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.

* At time #4, the bar reaches position x, and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time fg such that f; < 15 < t5.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(a) On the following diagram of the bar, as observed from the Top View, draw an arrow indicating the direction of
the net force F., exerted on the bar at time tg. If the net force is zero, write F, = 0.

(b) At time tg, the speed of the bar is v = 2.5 m/s.

i. Calculate the magnitude of the current in the bar at time #g.

ii. Calculate the magnitude of the net force F,., exerted on the bar at time #g.

(c) On the following axes, sketch a graph of the speed v of the bar as a function of time ¢ between ¢ = 0 and #4.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(d) The original scenario is repeated but with a new bar that has the same mass but with a nonnegligible
resistance R = 0.20 Q. The new bar is released from rest and smoothly transitions to the horizontal section of
the rails and enters the first uniform magnetic field.

1. Determine the total resistance of the closed circuit.

ii. In the original scenario, the magnitude of the acceleration of the bar immediately after the bar enters the
first uniform magnetic field is @jgjna1- In the new scenario, the magnitude of the acceleration of the bar
immediately after the bar enters the first uniform magnetic field is @,y IS @y, greater than, less than, or
equal to dgiging) ? Justify your answer.

(e) Describe a modification to H, By, or d that will result in a larger induced current in the new bar immediately
after the bar enters the first uniform magnetic field. Justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Begin your response to QUESTION 3 on this page.

Switch
oy o
A B

Resistor 1 Capacitor 2 ——

+
M\

Capacitor | Z——

NN
Resistor 2

3. The circuit shown consists of an ideal battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors are uncharged.

At time ¢ = 0, the switch is closed to Position A.

(a) Write, but do NOT solve, a differential equation that can be used to determine the charge Q on the positive
plate of Capacitor 1 as a function of time ¢ after the switch is closed to Position A. Express your answer in
terms of £, R, C, O, t, and fundamental constants, as appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(b) On the axes shown, sketch graphs of the current I in Resistor 1 and the energy U stored in Capacitor 1 as

functions of time ¢ from time ¢ = 0 until steady-state conditions are nearly reached.

Iy

A

A

0

Uc

0

A

A long time after the switch is closed to Position A, the total charge on the positive plate of Capacitor 1 is 0, and

Capacitor 2 is uncharged.

(c) At time 7, the switch is closed to Position B.

i. Immediately after 7, is the direction of the current in Resistor 1 directed up, directed down, or is there no
current? Briefly justify your answer.

ii. Determine an expression for the total charge on the positive plate of Capacitor 2 a long time after #.

Express your answer in terms of Q) and fundamental constants, as appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.

iii. Derive an expression for the total energy dissipated by Resistor 1 immediately after time # until new
steady-state conditions have been reached. Express your answer in terms of C, Q,, and fundamental
constants, as appropriate.

With the switch still closed to Position B, a dielectric material with dielectric constant x = 2 is inserted between
the plates of Capacitor 2.

(d) Determine the charge on the positive plate of Capacitor 2 a long time after the dielectric has been inserted.
Express your answer in terms of 0, and fundamental constants, as appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.

Switch
. ] [ o
A B

Dielectric
Resistor 1

+
M\

Capacitor 2 =

Capacitor | Z——

NN
Resistor 2

With the switch still closed to Position B, a wire of negligible resistance is connected between two corners of the
circuit, as shown.

(e) Express your answers to part (¢)(i) and part (e)(ii) in terms of R, C, O, and fundamental constants, as
appropriate.

i. Derive an expression for the current in Resistor 2 immediately after the wire is connected to the circuit.

ii. Determine the current in Resistor 2 a long time after the wire is connected to the circuit.

GO ON TO THE NEXT PAGE.
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STOP

END OF EXAM
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg

Neutron mass, m, = 1.67 X 1077 kg
Electron mass, m, = 9.11 x 107! kg

Avogadro’s number, N, = 6.02 x 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 x107!! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Barth’s surface, 8~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x107% J.s =414 x107" eV.s
he =1.99 x 107 J.m = 1.24 x 10* eV.nm
gy =8.85x107"> C*/(N.m?)
k =1/(47ey) = 9.0x10° (Nom?)/C?
ty =47 x 1077 (T.m)/A
k' = u,/(47) = 1x 1077 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, w farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 4/5 | J3)2 1
10° | mega M cos@ 1 V32 | 45 | J2/2 | 35 1/2 0
10° kilo k tan 0 0 | V33| 34 1 43 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1070 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS
Ve =V tat a = acceleration
1 5 E = energy
X = Xp + Vol +§axt F = force
= frequenc
vii= vt +2a, (x - xp) J;l _ hei(;ht Y
O I = rotational inertia
a= 2F = Foes J = impulse
" " K = kinetic energy

_ 7 k = spring constant
= % ¢ = length

L = angular momentum
J=|Fdt = Ap m = mass

P = power
p = mv p = momentum

r = radius or distance
|Ff| < #|F‘N| T = Period

t = time
AE = W = J' Feodi U = potential energy

v = velocity or speed

= —my

dE
p=%

dt
P=Fev
AU, = mgAh

V2
GCZTZCOV
T=FxF
—~_2?_?net
ST T

V=re
L=Fxp=1Ib
K:%]wz

w0 =, + ot

W = work done on a system
X = position
i = coefficient of friction
6 = angle
T = torque
® = angular speed
o = angular acceleration
¢ = phase angle
F, = —kAx
1 2
Uy = 5k(Ax)

l/'2
U Gmym,
G- r

ELECTRICITY AND MAGNETISM

= 1 919
Fp| = —— 242
| E| 47[80 r2
E=-fe
q
CJ}E.d”: Q9
200
dv
Ee =~
AV = —jE-df
__lya
drey “ 1,
1 99
U. = =
E dmey r
Y
AV =<
C
_ KeyA
¢= d
Ly L
Cs zi:Ci
do
] —=
dt
Ue = Loav = Le(avy
¢ 2 2
pl
R=—
A
E=pJ
I = Nev,A
AV
=2
R

= area

= magnetic field

= capacitance

= distance

= electric field

= emf

= force

= current

= current density

= inductance

= length

= number of loops of wire
per unit length

= number of charge carriers
per unit volume

= power

= charge

= point charge

= resistance

= radius or distance

= time

= potential or stored energy

= electric potential

velocity or speed

resistivity

= flux

= dielectric constant

= ,Uold?x;'
dB = 72—
dr
F:jld?xB
. dod
E=0Eedl =——2
dt
dl
£=-L
dt
1,2
U, ==LI
L=




AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions
ADVANCED PLACEMENT PHYSICS C EQUATIONS

Rectangle
A = bh
Triangle
1
A=—=bh
2
Circle
A=nr’
C=2nr
s=r0
Rectangular Solid
V = {wh
Cylinder
V =nmrt

S =2nrl + 211

Sphere

Right Triangle

a’ +b* =¢?

sin9zg
c
cos¢9=2
c
a
tan@ = —
ar=g

GEOMETRY AND TRIGONOMETRY

A =area

C =circumference
V =volume

S =surface area
b =Dbase

h =height

¢ =length

w =width

r =radius

s = arc length
6 =angle

- -~

9 90°

CALCULUS

df _df du
dx  du dx

%(x") = nx" !

d ax ax
E(e )zae

4 (1) = L
E(ln ax) = .

d .
a[sm(ax)] = acos(ax)

d .
E[cos(ax)] = —asin(ax)

Jx"dx = %x”“, n#—1

Jeax dx = le“x
a

dx
x+a

= In|x + a
J‘ 1 .
cos(ax)dx = —sin (ax)
J‘ . 1
sin (ax)dx = —Ecos(ax)
VECTOR PRODUCTS

AeB = ABcos@
|A x B| = ABsin®
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Begin your response to QUESTION 1 on this page.

PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION II
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

ty

2OOV 100V

| 300v

300V 00V
soovx\ 100V

Figure 1

1. A nonconducting rod of uniform positive linear charge density is near a sphere with charge —2.0 nC. The rod and
sphere are held at rest on the x-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and the y-axis are 0.40 m apart.

(a) Calculate the absolute value of the electric flux through the Gaussian surface whose cross section is
the —20.0 V equipotential line.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 1 on this page.

A positive test charge (not shown) is placed and held at rest at Position C. An external force is applied to the test
charge to move the test charge to different positions in the order of C—E—D—A. The test charge is momentarily
held at rest at each position.

(b) The bar shown in Figure 2 represents the absolute value of the work Wg done by the external force on the
test charge to move the test charge from Position C to Position E.

i. Complete the following tasks on Figure 2.

* Draw a bar to represent the relative absolute value of the work Wi, done by the external force
on the test charge to move the test charge from Position E to Position D.

* Draw a bar to represent the relative absolute value of the work W, done by the external force
on the test charge to move the test charge from Position D to Position A.

* The height of each bar should be proportional to the value of Wrg. If Wgp = 0 and/or W, = 0,
write a “0” in the corresponding columns, as appropriate.

Work |

Figure 2

ii. Calculate the approximate magnitude of the x-component of the electric field at Position B.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 1 on this page.

The positive test charge is placed at Position D. The test charge is then released from rest.

(c) Indicate the direction (not components) of the net electric force exerted on the test charge immediately after
the test charge is released from rest.

_ tx _+y Directly away from the sphere

- —X - Y

Directly toward the sphere

Without using equations, justify your answer using physics principles.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 1 on this page.

Rod

Figure 3

The sphere and the test charge are removed. The rod has length 4L and uniform positive linear charge
density +A. The rod is held at rest on the x-axis in the orientation shown in Figure 3. Position P (not shown) is
located on the x-axis a distance xp from the origin, where xp > 4L.

(d) The electric potential Vp at xp is Vp = kA In

Ap
XP — 4L '

i. Using integral calculus, derive the expression for Vp provided.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 1 on this page.

ii. On Figure 4, sketch a graph of the x-component £, of the electric field from the rod as a function of x

in the region 4L < x < 12L.

E

X
A

Figure 4

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Begin your response to QUESTION 2 on this page.

Figure 1

2. Students are asked to determine the resistance R of two identical resistors. The resistors are in parallel with each
other and are connected in series to a battery of known emf &£, an inductor of known inductance L, and a switch,
as shown in Figure 1. The students have access to a voltmeter that can measure potential difference as a function
of time. The students are required to measure a quantity that decreases with time to determine R.

()
i. On the circuit diagram shown in Figure 1, draw the voltmeter, using the following symbol, with

connections that would allow the students to correctly measure a potential difference that decreases with
time.

O

Voltmeter Symbol

ii. Describe a procedure for collecting data that would allow the students to graphically determine the
experimental value for R using the measured quantity that decreases with time. Provide enough detail so
that another student could replicate the experiment.

GO ON TO THE NEXT PAGE.

© 2024 College Board.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(b)
i. On the axes shown in Figure 2, produce a graph that represents the expected trend of the data by
completing the following tasks.

* Label the quantities graphed on the vertical and horizontal axes.
* Sketch a line or curve that represents the expected trend of the collected data.

* Label any appropriate intercepts and/or asymptotes in terms of the quantities provided.

Figure 2

ii. Describe how the information from the graph in part (b)(i) would be used to determine the
experimental value for R.

GO ON TO THE NEXT PAGE.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.

11




AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(c) Starting with an appropriate application of Kirchhoff’s loop rule, derive, but do NOT solve, a differential
equation that can be used to determine the current / in the inductor at time ¢ after the switch is closed. Express
your answer in terms of R, £, L, t, and physical constants, as appropriate.

After reaching steady state, the absolute value of the potential difference across the inductor is ‘AVl | The students
replace the original inductor with a new inductor that has nonnegligible resistance. The experiment is repeated.

After a long time, the absolute value of the potential difference across the new inductor is ‘AVZ |
(d) Indicate whether |AV2‘ is greater than, less than, or equal to |AV1 |
_jamllan] favuf<fav]  [av)=ay]

Justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Begin your response to QUESTION 3 on this page.

Region 1  Region 2

|
\4 | |
re_————————— _-|—_————— hl
IX X X X X Xle © o o
R I I B I +
-— —MN— IX X X X X Xle o o 0! y
IX X X X X X|e o o o
IX X X X X X|0 0 o o
IX X X X X Xie @ @ ol +7 =
| | I
2L ¢S I F————— =
IX X X X X XIX X X X|
:xxxxxx:xxxx:
IX X X X X X|X X X X|
X IX X X X X XIX X X X|
| | |
~—L— IX X X X X XIX X X XI
f f f f f f t t f } X
0 L 2L 3L 4L
Figure 1

3. A wire is connected to a resistor of resistance R to form a rigid rectangular loop of width L and height 2L. An
external force is exerted on the loop so that the loop always moves with constant speed v in the +x-direction, as
shown in Figure 1. The loop then enters Region 1 of external uniform magnetic field of magnitude B that is
directed in the —z-direction. Region 1 has boundaries x = L and x = 2.5L. The loop later enters Region 2 with
two external, uniform magnetic fields, each of magnitude B, that are parallel but are directed in
opposite z-directions. Region 2 has boundaries x = 2.5L and x = 3.5L. Point S is the midpoint of the leading
edge of the loop and is aligned with the horizontal boundary in Region 2 that separates the two magnetic fields.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(a) On the following axes, sketch a graph of the magnetic flux @ through the rectangular loop as a function of the
position x of Point S from x = 0 to x = 4.5L. The +z-direction indicated in Figure 1 corresponds to +®.

(O]

L B e L R i B e e |
| | | | | 1 | | |
| | | | | | | | |
| | | | | | | | |

fr———+———t+r———"rr——14-———4-—"——4—-——A
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |

———t———r -~~~ ——4—-——7—-——1
| | | | | | | | |
| | | | | | | | |
| | | | |

'___T___]|____l____:____I____:___"[___J[___'I
| | | | | | | | |
I | I | I | I | I
| | | | |

e R S T
| | | | | | | | |
| | | | |

| | | |
| e e E EEL S LR Y EE et R
'L ! 2L 1 3L 1 4L |

I R [ P |
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |

S [ P |
| | | | | 1 | | |
| | | | | | | | |
| | | | | | | | |

ek T e e e e e R s
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |

N BN s
| | | | | | | | |
| | | | | 1 | | |
| | | | | | | | |

T T S DR S N |

(b) Consider the instant when Point S reaches x = 1.5L.

i. Indicate whether the current I that is induced in the rectangular loop when Point S reaches x = 1.5L
is clockwise, counterclockwise, or zero.

Clockwise Counterclockwise Zero

Briefly justify your answer.

GO ON TO THE NEXT PAGE.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.

14




AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 3 on this page.

ii. Derive an expression for Iy when Point S reaches x = 1.5L. If Iz = 0, indicate how the derived
expression shows that Iz = 0. Express your answer in terms of R, L, v, B, and physical constants, as
appropriate.

iii. Derive an expression for the power P dissipated by the resistor when Point S reaches x = 1.5L.
Express your answer in terms of R, L, v, B, and physical constants, as appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 3 on this page.

The total energy dissipated by the resistor in the rectangular loop as Point S moves from x = 0 to x = 4.5L
is Eoriginal-

The vertical boundary between regions 1 and 2 is now shifted to x = 1.5L. After the boundary is shifted, the
rectangular loop again moves with speed v in the +x-direction, as shown in Figure 2. The total energy dissipated
by the resistor as Point S moves from x = 0 to x = 4.5L is E ..

Region 1
l\/\v | Region 2 |
_v> |___| ______________ |
IFX Xr. e o o o o ..;
R I I B
- —MA— IX Xle o o o o o 0! +y

IX X|o o o o o o o
:X X:o e o o o o 0:

:X X:o e o o o o o: +2Z A
2L ¢S I Fmmm e e 4
IXXIX X X X X X X X
IX XIX X X X X X X X!
IX XX X X X X X X X|
< Ix XIX X X X X X X X|
~—L— X XIX X X X X X X X|

f f f f f f t t f f X
0 L 2L 3L 4L
Figure 2
(c) Indicate whether E,,, is greater than, less than, or equal to Ejginal-
 — Enew > Eoriginal B — Enew < Eoriginal R — Enew = Eoriginal

Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 3 on this page.

The original magnetic fields are modified so that the region L < x < 3.5L contains an external uniform magnetic
field of magnitude B that is directed in the —z-direction.

A new wire is connected to a resistor of resistance R to form a rigid triangular loop with base length L and
height 2L. An external force is exerted on the loop so that the loop always moves with speed v in
the +x-direction, as shown in Figure 3. Point S represents the lower-leading corner of the loop.

" IX X X X X X X X X_XI
—_— I B ! +
—_ IX X X X X X X X X X! Y
IX X X X X X X X X X|
IX X X X X X X X X X|
| | o +x
IX X X X X X X X X XiI
2L R I |
IX X X X X X X X X XI
:xxxxxxxxxx:
IX X X X X X X X X X|
X S IX X X X X X X X X X|
| |
~—L— IX X X X X X X X X XI
f f f f f f t t f } X
0 L 2L 3L 4L
Figure 3

(d) On the following axes, sketch a graph of the induced current I in the triangular loop as Point S moves
from x = L to x = 3L.

IT
F——+————r———F-—————- |——— "4 ———7———
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |
L i e e e fe iy B B |
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |
B L D e e D |
| | | | | | | | |
| | | | |
____J____}>___I____‘____I___«l___J___*___J
| | | | |
| | | | | | | | |
| | | | | | | | |
p—— - —_—— ] ———]
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |
() el e e e L i o
L 2L 3L 4L

GO ON TO THE NEXT PAGE.
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STOP

END OF EXAM
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg

Neutron mass, m, = 1.67 X 1077 kg
Electron mass, m, = 9.11 x 107! kg

Avogadro’s number, N, = 6.02 x 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 x107!! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Barth’s surface, 8~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x107% J.s =414 x107" eV.s
he =1.99 x 107 J.m = 1.24 x 10* eV.nm
gy =8.85x107"> C*/(N.m?)
k =1/(47ey) = 9.0x10° (Nom?)/C?
ty =47 x 1077 (T.m)/A
k' = u,/(47) = 1x 1077 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, w farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 4/5 | J3)2 1
10° | mega M cos@ 1 V32 | 45 | J2/2 | 35 1/2 0
10° kilo k tan 0 0 | V33| 34 1 43 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1070 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS
Ve =V tat a = acceleration
1 5 E = energy
X = Xp + Vol +§axt F = force
= frequenc
vii= vt +2a, (x - xp) J;l _ hei(;ht Y
O I = rotational inertia
a= 2F = Foes J = impulse
" " K = kinetic energy

_ 7 k = spring constant
= % ¢ = length

L = angular momentum
J=|Fdt = Ap m = mass

P = power
p = mv p = momentum

r = radius or distance
|Ff| < #|F‘N| T = Period

t = time
AE = W = J' Feodi U = potential energy

v = velocity or speed

= —my

dE
p=%

dt
P=Fev
AU, = mgAh

V2
GCZTZCOV
T=FxF
—~_2?_?net
ST T

V=re
L=Fxp=1Ib
K:%]wz

w0 =, + ot

W = work done on a system
X = position
i = coefficient of friction
6 = angle
T = torque
® = angular speed
o = angular acceleration
¢ = phase angle
F, = —kAx
1 2
Uy = 5k(Ax)

l/'2
U Gmym,
G- r

ELECTRICITY AND MAGNETISM

= 1 919
Fp| = —— 242
| E| 47[80 r2
E=-fe
q
CJ}E.d”: Q9
200
dv
Ee =~
AV = —jE-df
__lya
drey “ 1,
1 99
U. = =
E dmey r
Y
AV =<
C
_ KeyA
¢= d
Ly L
Cs zi:Ci
do
] —=
dt
Ue = Loav = Le(avy
¢ 2 2
pl
R=—
A
E=pJ
I = Nev,A
AV
=2
R

= area

= magnetic field

= capacitance

= distance

= electric field

= emf

= force

= current

= current density

= inductance

= length

= number of loops of wire
per unit length

= number of charge carriers
per unit volume

= power

= charge

= point charge

= resistance

= radius or distance

= time

= potential or stored energy

= electric potential

velocity or speed

resistivity

= flux

= dielectric constant

= ,Uold?x;'
dB = 72—
dr
F:jld?xB
. dod
E=0Eedl =——2
dt
dl
£=-L
dt
1,2
U, ==LI
L=




AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions
ADVANCED PLACEMENT PHYSICS C EQUATIONS

Rectangle
A = bh
Triangle
1
A=—=bh
2
Circle
A=nr’
C=2nr
s=r0
Rectangular Solid
V = {wh
Cylinder
V =nmrt

S =2nrl + 211

Sphere

Right Triangle

a’ +b* =¢?

sin9zg
c
cos¢9=2
c
a
tan@ = —
ar=g

GEOMETRY AND TRIGONOMETRY

A =area

C =circumference
V =volume

S =surface area
b =Dbase

h =height

¢ =length

w =width

r =radius

s = arc length
6 =angle

- -~

9 90°

CALCULUS

df _df du
dx  du dx

%(x") = nx" !

d ax ax
E(e )zae

4 (1) = L
E(ln ax) = .

d .
a[sm(ax)] = acos(ax)

d .
E[cos(ax)] = —asin(ax)

Jx"dx = %x”“, n#—1

Jeax dx = le“x
a

dx
x+a

= In|x + a
J‘ 1 .
cos(ax)dx = —sin (ax)
J‘ . 1
sin (ax)dx = —Ecos(ax)
VECTOR PRODUCTS

AeB = ABcos@
|A x B| = ABsin®
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Begin your response to QUESTION 1 on this page.

PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION II
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

Ty

-10.0V

Figure 1

1. A nonconducting rod of uniform negative linear charge density is near a sphere with charge +1.0 nC. The rod and
sphere are held at rest on the y-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and on the y-axis are 0.40 m apart.

(a) Calculate the absolute value of the electric flux through the Gaussian surface whose cross section is the 0.0 V
equipotential line.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 1 on this page.

A positive test charge (not shown) is placed and held at rest at Position C. An external force is applied to the test
charge to move the test charge to different positions in the order of C—E—D—A. The test charge is held
momentarily at rest at each position.

(b) The bar shown in Figure 2 represents the absolute value of the work Wg done by the external force on the
test charge to move the test charge from Position C to Position E.

i. Complete the following tasks on Figure 2.

* Draw a bar to represent the relative absolute value of the work Wi, done by the external force
on the test charge to move the test charge from Position E to Position D.

* Draw a bar to represent the relative absolute value of the work W, done by the external force
on the test charge to move the test charge from Position D to Position A.

* The height of each bar should be proportional to the value of Wrg. If Wgp = 0 and/or W, = 0,
write a “0” in the corresponding columns, as appropriate.

Work |

Figure 2

ii. Calculate the approximate magnitude of the x-component of the electric field at Position B.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 1 on this page.

The positive test charge is placed at Position C. The test charge is then released from rest.

(c) Indicate the direction (not components) of the net electric force exerted on the test charge immediately after
the test charge is released from rest.

+x +y Directly away from the sphere

. —x -y Directly toward the sphere

Without using equations, justify your answer using physics principles.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 1 on this page.

ty
+12L
+10L
-8L
-6L
-4L

Rod 2L
15"

Figure 3

The sphere and the test charge are removed. The rod has length 2L and uniform negative linear charge
density —A. The rod is held at rest on the y-axis in the orientation shown in Figure 3. Position P (not shown) is
located on the y-axis a distance yp, from the origin, where y, > 2L.

Yp
yp— 2L

(d) The electric potential Vp at yp, is Vp = —kA In

1. Using integral calculus, derive the expression for Vp provided.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 1 on this page.

ii. On Figure 4, sketch a graph of the y-component E,, of the electric field resulting from the rod as a

function of y in the region 2L <y < 12L.

E,
A

Figure 4

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Begin your response to QUESTION 2 on this page.

Figure 1

2. Students are asked to determine the resistance R of identical resistors Ry and Rpg. The resistors are connected in
series with each other, a battery of known emf £, an inductor of known inductance L, and a switch, as shown in
Figure 1. The students have access to a voltmeter that can measure potential difference as a function of time. The
students are required to measure a quantity that increases with time to determine R.

(a)
i. On the circuit diagram shown in Figure 1, draw the voltmeter, using the following symbol, with
connections that would allow the students to correctly measure a potential difference that increases with

time.

O

Voltmeter Symbol

ii. Describe a procedure for collecting data that would allow the students to graphically determine the
experimental value for R using a measured quantity that increases with time. Provide enough detail so
that another student could replicate the experiment.

GO ON TO THE NEXT PAGE.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.

10




AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(b)
1. On the axes shown in Figure 2, produce a graph that represents the expected trend of the data by
completing the following tasks.

* Label the quantities graphed on the vertical and horizontal axes.
* Sketch a line or curve that represents the expected trend of the collected data.

 Label any appropriate intercepts and/or asymptotes in terms of the quantities provided.

Figure 2

ii. Describe how the information from the graph in part (b)(i) would be used to determine the
experimental value for R.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(c) Starting with an appropriate application of Kirchhoff’s loop rule, derive, but do NOT solve, a differential
equation that can be used to determine the current / in the inductor at time ¢ after the switch is closed. Express
your answer in terms of R, £, L, t, and physical constants, as appropriate.

After reaching steady state, the absolute value of the potential difference across Ry is |AV1 ‘ The students replace
the original inductor with a new inductor that has nonnegligible resistance. The experiment is repeated. After a

long time, the absolute value of the potential difference across Ry is |AV2 ‘
(d) Indicate whether |AV2‘ is greater than, less than, or equal to |AV1 |
_jamllan] Janl<]an] A=Ay

Justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Begin your response to QUESTION 3 on this page.

| Region 1I Region 2 |
re—=—=—=== I_ __________ !
v : e o 1o o o o o:
- I B : 2B I +y
: L] ° :o e o o 0:
X : | |
: [ ] [ ] :. [ ] [ [ ) .: +x
I | 1 +Z
S : e o :o e o o o:
i e o io e o o oi
P_D_" i ) ® i. e o o .i
I I I
e o lo o o o o
f f f f f f } } f — X
0 D 2D 3D 4D
Figure 1

3. A wire is connected to a resistor of resistance R to form a rigid square loop of side length D. An external force is
exerted on the loop so that the loop always moves with constant speed v in the +x direction, as shown in Figure 1.
The loop then enters Region 1 of external uniform magnetic field of magnitude B that is directed in
the +z-direction. Region 1 has boundaries x = D and x = 2D. The loop later enters Region 2 of external uniform
magnetic field of magnitude 2B that is directed in the +z-direction. Region 2 has boundaries x = 2D
and x = 3.5D. Point S is the midpoint of the leading edge of the loop.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(a) On the following axes, sketch a graph of the magnetic flux ® through the square loop as a function of the
position x of Point S from x = 0 to x = 4.5D. The +z-direction indicated in Figure 1 corresponds to +®.

()

L B e L R i B e e |
| | | | | 1 | | |
| | | | | | | | |
| | | | | | | | |

fr———+———t+r———"rr——14-———4-—"——4—-——A
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |

———t———r -~~~ ——4—-——7—-——1
| | | | | | | | |
| | | | | | | | |
| | | | |

'___T___]|____l____:____I____:___T___J[___'I
| | | | | | | | |
I | I | I | I | I
| | | | |

B e e s el
| | | | | | | | |
| | | | |

| | | |
T G e C L e P e LR e e E:
'\ D ! 2D ! 3D | 4D |

I R [ P |
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |

S [ P |
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |

ek T e e e e e R s
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |

L b —— ]
| | | | | | | | |
| | | | | 1 | | |
| | | | | | | | |

T T S DR S N |

(b) Consider the instant when Point S reaches x = 1.5D.

i. Indicate whether the current g that is induced in the square loop when Point S reaches x = 1.5D is
clockwise, counterclockwise, or zero.

Clockwise Counterclockwise Zero

Briefly justify your answer.

GO ON TO THE NEXT PAGE.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.

14




AP® Physics C: Electricity and Magnetism 2024 Free-Response Questions

Continue your response to QUESTION 3 on this page.

ii. Derive an expression for Ig when Point S reaches x = 1.5D. If I = 0, indicate how the derived
expression shows that Ig = 0. Express your answer in terms of R, D, v, B, and physical constants, as
appropriate.

iii. Derive an expression for the power P dissipated by the resistor when Point S reaches x = 1.5D.
Express your answer in terms of R, D, v, B, and physical constants, as appropriate.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 3 on this page.

The total energy dissipated by the resistor in the square loop as Point S moves from x = 0 to x = 4.5D
is Eoriginal'

The vertical boundary between regions 1 and 2 is now shifted to x = 2.5D. After the boundary is shifted, the
square loop again moves with speed v in the +x-direction, as shown in Figure 2. The total energy dissipated by

the resistor as Point S moves from x = 0 to x = 4.5D is E ..

| Region 1 IRegi0n2

) (e o o oo o ol
—_— I B I 2B | +y
R :o e o o]¢ o o :
I ‘

io e o oo o o i

| 1 | +Xx

I I I +z
S :o e o o : e o o :
I
io e o o]0 o o i
) —» I ! 1
b | :o e o o : e o o :
I ! I
le o o o le o o |
S S a
I I I I I I f f I —X
0 D 2D 3D 4D
Figure 2
(c) Indicate whether E\,, is greater than, less than, or equal to Ejginal-
By > Eoriginal — Eney < Eoriginal — Eyy= Eoriginal

Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 3 on this page.

The original magnetic fields are modified so that the region D < x < 3.5D contains an external uniform magnetic
field of magnitude B that is directed in the +z-direction.

A new wire is connected to a resistor of resistance R to form a rigid triangular loop with base length D and
height D. An external force is exerted on the loop so that the loop always moves with speed v in the +x-direction,
as shown in Figure 3. Point S represents the upper-leading corner of the loop.

%I [EERRE I =
Lo

P___D___% [ ° [ [ ° °
° ° ° ° ° °
f f f f f f t t f —> X
0 D 2D 3D 4D
Figure 3

(d) On the following axes, sketch a graph of the induced current /7 in the loop as Point S moves
from x = D to x = 3D.

h’
- ——— ——— —————— |——— = 4 —— 5
I | I I I I I I |
I | I I I I I I |
I | I I I I I I |
it - — — — = — — — |~ — — |~ — — e e TR
I | I I I I I I |
I | I I I I I I |
I | I I I I I I |
D i i e Rt ety Bt R
I | I I I I I I |
I I I I |
____L___+___L___F__J___%___J___4___J
[ I I I ]
I | I | I I I | |
I | I | I I I I |
I T QRO (S St S
I | I I I I I I |
I | I | I I I | |
| | | | | I | | |
0 -——F—-——t+-—t—-——F—-—-F=-=F==l-===-=—=-X
D 2D 3D 4D

GO ON TO THE NEXT PAGE.
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STOP

END OF EXAM
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