AP’ Physics C: Electricity
and Magnetism Exam

SECTION I: Multiple Choice

DO NOT OPEN THIS BOOKLET UNTIL YOU ARE TOLD TO DO SO.

f At a Glance )

Total Time
45 minutes

Number of Questions
35

Percent of Total Score
50%

Writing Instrument
Pencil required

Electronic Device
Calculator allowed

Instructions

Section I of this exam contains 35 multiple-choice questions. For these questions, fill in
only the circles for numbers 1 through 35 on your answer sheet. A table of information
and lists of equations that may be helpful are in the booklet. Calculators, rulers and
straightedges may be used in this section.

Indicate all of your answers to the multiple-choice questions on the answer sheet. No
credit will be given for anything written in this exam booklet, but you may use the booklet
for notes or scratch work. After you have decided which of the suggested answers is best,
completely fill in the corresponding circle on the answer sheet. Give only one answer to
each question. If you change an answer, be sure that the previous mark is erased
completely. Here is a sample question and answer.

Sample Question ~ Sample Answer

Chicago is a OF XCOICIG

(A) state
(B) city

(C) country
(D) continent
(E) village

Use your time effectively, working as quickly as you can without losing accuracy. Do not
spend too much time on any one question. Go on to other questions and come back to
the ones you have not answered if you have time. It is not expected that everyone will
know the answers to all of the multiple-choice questions.

Your total score on the multiple-choice section is based only on the number of questions
answered correctly. Points are not deducted for incorrect answers or unanswered
questions.

Form I
Form Code 4ANBP4-S
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 107 kg

Neutron mass, m, = 1.67 x 107’ kg
Electron mass, m, = 9.11x 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 J/K

e=160x10"" C
leV=160x10""7J

Electron charge magnitude,

1 electron vollt,

Speed of light, ¢ =3.00 x 10° m/s
Universal gravitational G =667 %10 (N- m2 ) /kg2
constant,

Acceleration due to gravity

- 2
at Earth’s surface, g=98 m/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*/(Nem?)
k =1/(4ze) = 9.0 x10° (N-m? ) /C?
o = 47 x 107" (T.m)/A
K =y /(4m) =1x 107 (T-m)/A
latm = 1.0 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, \Y farad, F
UNIT kilogram, kg hertz, Hz coulomb, C tesla, T
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 6 o 30° 37° 45° 53° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 45 | B2 |
10° mega M cos6 1 V3/2 | 45 | V2/2 | 3/5 1/2 0
10° kilo k tan @ 0 V33 | 3/4 1 4/3 Ne) oo
1072 centi c
107 milli m The following assumptions are used in this exam.
1076 micro M I. The frame 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

Ve = Vi + axt
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= 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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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
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electric potential

velocity or speed
resistivity

= flux
dielectric constant
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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 = twh
Cylinder
V= narit

S = 2mrl + 211’

Sphere

V = %ﬂ'l"3

S = 4mr?

Right Triangle
a® +b* = ¢

sin@ =

oo o

cos@ =

tan@ = a

A =area

C =circumference
V =volume

S =surface area
b =base

h =height

¢ =length

w =width

r =radius

s = arc length
6 =angle

P

~~ -

) 90°

CALCULUS

df _df du
dx  du dx

%(xn) —

d ax ax
a(@ ) = ae

d 1
1 _——
(1nax) = 1

dx

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

d .
a[oos(ax)] = —asin(ax)

Ix"dx - o -1

n+1
Je”xdx=leﬂ
a
dx :ln|x+a|
x+a

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

AeB = ABcosO
|A X 1§| = ABsin0




PHYSICS C: ELECTRICITY AND MAGNETISM

SECTION 1

Time —45 minutes

35 Questions

Directions: Each of the questions or incomplete statements below is followed by five suggested answers or
completions. Select the one that is best in each case and then fill in the corresponding circle on the answer sheet.

Questions 1-2
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In the figure above, two small spheres, each with
charge +Q, are fixed in place at the corners of an
equilateral triangle. Point I is at the third corner, and
point II is midway between the charges.

Unauthorized copying or reuse of
any part of this page is illegal.

1. A small particle with charge +¢, where g << Q,

is moved from point I to point II at constant
speed v by an external force. Wy is the work
done by the external force on the moving charge,
and Wy is the work done by the electrostatic

force. Which of the following correctly identifies
the signs of these quantities?

Wexr Werec
A + +
B) + -
© - +
D) - -

(E) None of the above, since the work done
by both the external force and the
electrostatic force is zero.

. Which of the following best describes the

relationship between the electric potentials V; and
Vy; at points I and II, respectively?

(A) i <Wp

B) Vi =Wy

© Vi>W

(D) It cannot be determined without knowing
the magnitudes of the charges.

(E) It cannot be determined without knowing
the distance between points I and II.

GO ON TO THE NEXT PAGE.



Questions 3-4 3. The magnitude of the electric flux through A is
® , . The magnitude of the electric flux through
surface B is @ . The ratio ® , /@, is

(A) 41
(B) 2/1
©) 1/1
(D) 1/2
(E) 1/4

4. The magnitude of the electric field at surface A

A small sphere has a charge +¢. Spherical Gaussian is E . The magnitude of the electric field at
surfaces A and B are concentric with the sphere, as . . .
surface B is E. Theratio E,/Ejy is

shown in the figure above. The radii of surfaces A
and B are r and 2r, respectively. (A) 4/1
(B) 2/1
©) 1/1
(D) 1/2
(E) 1/4

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE




5. Each of the following figures shows three
identical capacitors connected to a battery.
Which arrangement has the greatest equivalent
capacitance?

(A) 4: 4:

B)

© —|

(D) | |
I

M

(E)

M

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE




6. A copper wire of length L and diameter D
dissipates energy at a rate £y when the current

in the wire is 10 A. A second copper wire of
length L has diameter 2D. What current in the

second wire would dissipate energy at a rate £ ?

(A) 25A
(B) 5.0A
(C) 10 A
(D) 20 A
(E) 40 A
S R
o
E= L

7. Time ¢t is the time it takes the current of an LR
circuit with an inductor of inductance L and a
resistor of resistance R to reach half of its
maximum value. What is the new time if the
original inductor is replaced with an inductor of
inductance 2L ?

(A) 4t
(B) 2t
) 1t
(D) t/ 2
(E) t/ 4

Unauthorized copying or reuse of
any part of this page is illegal.
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8. A loop of wire lies in the plane of the page in a

region with a uniform magnetic field B directed
into the page, as shown in the figure above. In
which of the following cases, if any, will an emf
be induced in the loop at the moment shown in
the figure?

(A) The loop is moving toward the right.

(B) The loop is moving toward the top of
the page.

(C) The loop is moving out of the plane of the
paper so that the loop’s plane remains
perpendicular to the magnetic field.

(D) The loop is moving into the plane of the
paper so that the loop’s plane remains
perpendicular to the magnetic field.

(E) An emf cannot be induced in the loop
without changing its orientation relative
to the magnetic field.

GO ON TO THE NEXT PAGE.
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Top View

9. A copper rod of resistance R is in electrical
contact with a frictionless U-shaped rail of
width L and negligible resistance. The rod is
pulled to the right at a constant velocity v. A

magnetic field B is directed into the page, as
shown in the figure above. Under these
conditions, the electric power dissipated in the
rod is P. If the velocity of the rod is doubled and
the magnetic field strength is reduced by half, the
power dissipated in the rod is

(A) P4
B) P/2
(C P
(D) 2P
(E) 4P

Unauthorized copying or reuse of
any part of this page is illegal.
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Figure 1
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Figure 2

10. Three capacitors are connected in series to an

ideal voltage source and charged, as shown in
Figure 1 above. The capacitors are identical
except that capacitor X has air between its
plates, whereas capacitors Y and Z each have a
dielectric slab of dielectric constant x> 1
between their plates. If the dielectric slab is
removed from capacitor Z, as shown in Figure 2,
which of the following describes what will
happen to the voltage across each capacitor?

Voltage across Voltage across Voltage across

Capacitor X

Capacitor Y

Capacitor Z

(A) Increases
(B) Increases
(C) Increases
(D) Decreases
(E) Decreases

Increases
Decreases
Decreases
Increases
Decreases

Decreases
Decreases
Increases
Decreases
Increases

GO ON TO THE NEXT PAGE.



Questions 11-12

A parallel-plate capacitor connected to a battery is
fully charged with the switch S closed, as shown in
the circuit above. A slab of dielectric constant x > 1

is slowly inserted between the plates of the capacitor.

Unauthorized copying or reuse of
any part of this page is illegal.

-11-

11. If the switch remains closed when the slab is
inserted, what changes, if any, occur?

12.

(A)
(B)
©)
D)
(E)

Potential Difference
Across the Plates

Charge on
Positive Plate

Remains the same
Remains the same
Increases
Decreases
Decreases

Increases
Decreases
Remains the same
Increases
Remains the same

If, instead, the switch is open with the capacitor
still fully charged when the slab is inserted, what
changes, if any, occur?

A)
(B)
©
(D)
(E)

Potential Difference
Across the Plates

Charge on
Positive Plate

Remains the same
Remains the same
Increases
Decreases
Decreases

Increases
Decreases
Remains the same
Increases
Remains the same

GO ON TO THE NEXT PAGE.



13.

14.

Three long wires perpendicular to the page are
equidistant from each other, as shown in the
cross-sectional view above. Two wires carry
current into the page, and the third carries
current out of the page. All the currents are
equal in magnitude. What is the direction of

the net magnetic force on wire A due to the other
two wires?

(A) Into the page

(B) Toward the bottom of the page
(C) Toward the top of the page
(D) Toward the left

(E) Toward the right

A beam of particles travels at a right angle to a
uniform magnetic field. Particles can be separated
into different trajectories based on which of the
following properties?

I. The charge of the particle
II. The mass of the particle
III. The velocity of the particle

(A) Tonly

(B) I only

(C) Iand II only
(D) I and III only
(E) I, I and III

Unauthorized copying or reuse of
any part of this page is illegal.

-12-

15.

My

Six 2 € resistors are connected to a 12 V battery,
as shown in the figure above. What is the current
in the resistor labeled R ?

(A) 2.6A
(B) 3.7A
(C) 4.0A
(D) 4.3A
(E) 6.0A

. A resistor of resistance R is connected in a circuit

to two identical batteries. The circuit also contains
switch § and ideal voltmeter V, as shown in the
figure above. The batteries both have an emf £
and internal resistance r. The reading of the
voltmeter is noted with the switch in the open
position. Which of the following best represents
how the voltmeter reading after the switch is
closed compares to the reading before the switch
is closed?

(A) The reading of the voltmeter is the same.

(B) The reading of the voltmeter is higher.

(C) The reading of the voltmeter is lower.

(D) Cannot be determined without knowing the
internal resistance of the batteries.

(E) Cannot be determined without knowing the
emf of the batteries.

GO ON TO THE NEXT PAGE.



R, Questions 18-19

R2 A I:
AV _
®e
£ An electron is placed near a wire carrying current /,

II as shown in the figure above, and released from rest.
Both the electron and the wire are in the plane of the

17. In the circuit shown, R, =6 Q, R, =3 Q, and page.

the emf & of the battery is 30 V. The reading of

. 18. Which of the following is true about the direction
the ammeter A is most nearly

of the magnetic field produced by the current at
(A) 1.6A the position of the electron?

(B) 3.3A (A) It is toward the top of the page.

E]():)) 1(5).OAA (B) It is toward the bottom of the page.
(E) 15A (C) Itis out of the page.

(D) Itis into the page.
(E) It has no direction since there is no magnetic
field at that point.

19. Which of the following is true about the direction
of the initial magnetic force acting on the electron
due to the current in the wire?

(A) It is toward the top of the page.

(B) It is toward the bottom of the page.

(C) Itis out of the page.

(D) Itis into the page.

(E) It has no direction because the magnitude
of the initial magnetic force on the electron
is zero.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
-13-




Questions 20-22

2d d

| | |
| 1 |

‘@ ‘O @
qa qp dc
Three small spheres, A, B, and C, have charges

with magnitudes ¢4, g5, and g, respectively.

The three spheres are aligned along a straight line, as

shown in the figure above. At the instant shown, the

net force on sphere A is zero.

Unauthorized copying or reuse of
any part of this page is illegal.

-14-

20. The ratio g /qp is

(A) 9/4
(B) 1/1
(C) 4/9
(D) 1/4
(E) 1/9

21. Which of the following statements must be true of
the signs of the charges?
(A) Only charges g, and g have the same sign.
(B) Only charges g, and g, have the same sign.
(C) Only charges g and g, have the same sign.
(D) Charges g and g, have different signs.
(E) Charges q,, qp,and g, all have the

same sign.

22. Which of the following is true about the sign of
charge g, ?

(A) The sign of charge g, must be the same as
that of ¢ .

(B) The sign of charge g, must be the same as
that of g .

(C) The sign of charge g, must be the same as
that of either g or g, whichever has the

greater magnitude.
(D) The sign of charge g, must be the same as

that of either g5 or g, whichever has the

lesser magnitude.
(E) Itis possible that g, could be either positive

or negative.

GO ON TO THE NEXT PAGE.



£ Questions 24-25

S 10Q
« —AW
2R L
My €L
V= 20Q%  30pF
R
21 ) X
An uncharged 3.0 UF capacitor is placed in a
23. Three resistors are connected to an ideal battery, circuit with an ideal battery, two resistors, and an
as shown in the figure above. The battery has open switch S, as shown in the figure above. The
an emf £ . Two of the resistors have known switch is then closed.

resistances R and 2R. The third resistor has
unknown resistance X. The current in two of the

branches is shown. What is the value of the 24. What is the current in the 10 Q resistor
unknown resistance X ? immediately after the switch is closed?
(A) R/5 (A) Zero
(B) R/4 B) 10A
© 15A
© R/2 (D) 3.0A
(D) R (E) 10 A
(E) 2R

25. What is the current in the 20 € resistor a long
time after the switch is closed?

(A) Zero
B) 1.0A
© 15A
D) 30A
(E) 10A

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
-15-




26. A parallel-plate capacitor connected to an ideal
battery has charge + Q on its top plate. The

energy stored in the capacitor is U .. While the

capacitor remains connected to the battery, the
separation between the two plates is doubled.
Which of the following gives the new charge on
the top plate and the new energy stored in the

capacitor?
Charge Potential Energy
(A) +20 20,
B) +20 Uc/2
<© +0 Uc
(D) +0J2 22U,
(E) +0/2 Uc/2

Unauthorized copying or reuse of
any part of this page is illegal.

-16-
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Questions 27-28

+30

A hollow conducting sphere is surrounded by a
larger concentric spherical conducting shell, as shown
above. The inner sphere has a net charge of —Q, and
the outer sphere has a net charge of +30.

27. What is the net charge on the inner surface of the
spherical shell?

@\ -0

B 0

<€ +0

D) +20

(E) +30
28. What is the net charge on the outer surface of the
spherical shell?

A 0
(B) +0Q
©) +20
(D) +30
(E) +4Q

Unauthorized copying or reuse of
any part of this page is illegal.
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Questions 29-30

+40Q

Two small spheres are arranged along a line and
carry charges of +4Q and —3(Q, as shown in the figure
above. The vertical lines are equally spaced.

29. At which of the labeled points does the electric
field point toward the right with the smallest
magnitude?

A A
(B) B
(ONe
D) D
(E) E
30. At which of the labeled points does the electric
potential have the largest positive value?

A A
(B) B
(ONe
D) D
(E) E

GO ON TO THE NEXT PAGE.



31. Object A and object B are separated by distance d. 32. A variable voltage source is connected to an

Object A has charge +¢, and object B has inductor of inductance L. The voltage V as a
charge —2¢. Object A has a force of magnitude F function of time 7 is given by the equation
exerted on it by object B. What are the magnitude V(t)= [t*, where [ is a constant in units of

and direction of the force exerted on object B? ) ) ' )
V/ s” . The current in the inductor at time ¢ =0

Magnitde Direction is zero. Which of the following equations gives

(A) F/2 Away from object A the magnitude of the current in the inductor as a
(B) F Away from object A function of time?
© 2F Away from' object A (A) I ( t) ~0
(D) F Toward object A
(E) 2F Toward object A (B) I(t) _ %t
L
B
©) I(t)==~t
()=~
B
(D) I(t)="—t
(=7,

s

(E) I(t)zztz sin (@)

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
-18-




B
L ] [ ]
L] [ ]
L] L] [ ] L]

Figure 1

B(T)
0.4+

0.21

-0.21

~0.44

Figure 2

33. A metal wire of resistance 10 € is bent into a
circular hoop of radius 0.10 meter and placed in a
uniform magnetic field, as shown in Figure 1
above. The magnetic field strength B as a function
of time is shown in Figure 2, where positive refers
to a magnetic field directed out of the page. What
are the magnitude and direction of the current
induced in the ring at time ¢ = 6 s?

Magnitude Direction

(A) 3.8 mA Clockwise

(B) 3.8 mA Counterclockwise
(C) 042 mA Clockwise

(D) 0.42 mA Counterclockwise
(E) 0 No direction

Unauthorized copying or reuse of
any part of this page is illegal.
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34. A negatively charged ion is moving toward the

top of the page when it enters a region of space

with a uniform magnetic field B directed to the
right, as shown above. The direction of the force
that the magnetic field exerts on the ion is

(A) toward the top of the page
(B) to the right

(C) to the left

(D) out of the page

(E) into the page

GO ON TO THE NEXT PAGE.



Segment 2

X X X X X
B
X X X X
X /X X X X\ X
X[ x x x x |x
X X | x X X X
X X | X X X X
Segment 1

35. A semicircular loop with a clockwise current is placed in a uniform magnetic field that is directed into the page,
as shown in the figure above. F, is the net force on segment 1, the straight portion of the loop. F, is the net
force on segment 2, the curved portion of the loop. Which of the following correctly indicates the directions and
relative magnitudes of the forces 7 and F, ?

Direction of £ Direction of F, Magnitudes
(A) Toward the bottom of the page Toward the top of the page |Fi| = |F2|
(B) Toward the bottom of the page Toward the top of the page |151| < |F2|
(C) Toward the bottom of the page Toward the top of the page |151| > |F2|
(D) Toward the top of the page Toward the bottom of the page |Fi| = |F2|
(E) Toward the top of the page Toward the bottom of the page |151| < |F2|
STOP

END OF ELECTRICITY AND MAGNETISM SECTION I

IF YOU FINISH BEFORE TIME IS CALLED,
YOU MAY CHECK YOUR WORK ON ELECTRICITY AND MAGNETISM SECTION | ONLY.

DO NOT TURN TO ANY OTHER TEST MATERIALS.

MAKE SURE YOU HAVE DONE THE FOLLOWING.

e PLACED YOUR AP NUMBER LABEL ON YOUR ANSWER SHEET

e WRITTEN AND GRIDDED YOUR AP NUMBER CORRECTLY ON YOUR
ANSWER SHEET

e TAKEN THE AP EXAM LABEL FROM THE FRONT OF THIS BOOKLET
AND PLACED IT ON YOUR ANSWER SHEET

Unauthorized copying or reuse of
any part of this page is illegal.
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AP’ Physics C: Electricity
and Magnetism Exam
(SECTION II: Free Response )

DO NOT OPEN THIS BOOKLET UNTIL YOU ARE TOLD TO DO SO.

( At a Glance ) IMPORTANT Identification Information

Total Time PLEASE PRINT WITH PEN:

45 minutes 1. First two letters of your last name D] 4. Unless | check the box below, | grant the
Number of Questions College Board the unlimited right to use,

3 First letter of your first name |:| reproduce, and publish my free-response
Percent of Total Score materials, both written and oral, for

50% 2. Date of birth educational research and instructional

Writing Instrument |
Either pencil or pen with

| | purposes. My name and the name of my
school will not be used in any way in

black or dark blue ink Month Day Year conneption with my free-response
Electronic Device 3. Six-digit school code materlllals.nl understand that | am free to
mark “No” with no effect on my score or
Calculator allowed | | | | | | | its reporting.
W‘I?A?ah;uestions are No, I do not grant the College Board
weighted equally. ) N these rights. J
Instructions

The questions for Section II are printed in this booklet. You may use any blank space in

the booklet for scratch work, but you must write your answers in the spaces provided for
each answer. A table of information and lists of equations that may be helpful are in the

booklet. Calculators, rulers, and straightedges may be used in this section.

All final numerical answers should include appropriate units. Credit for your work
depends on demonstrating that you know which physical principles would be appropriate
to apply in a particular situation. Therefore, you should show your work for each part in
the space provided after that part. If you need more space, be sure to clearly indicate
where you continue your work. Credit will be awarded only for work that is clearly
designated as the solution to a specific part of a question. Credit also depends on the
quality of your solutions and explanations, so you should show your work.

Write clearly and legibly. Cross out any errors you make; erased or crossed-out work will
not be scored. You may lose credit for incorrect work that is not crossed out.

Manage your time carefully. You may proceed freely from one question to the next. You
may review your responses if you finish before the end of the exam is announced.

Form I
Form Code 4ANBP4-S
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 107 kg

Neutron mass, m, = 1.67 x 107’ kg
Electron mass, m, = 9.11x 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 J/K

e=160x10"" C
leV=160x10""7J

Electron charge magnitude,

1 electron vollt,

Speed of light, ¢ =3.00 x 10° m/s
Universal gravitational G =667 %10 (N- m2 ) /kg2
constant,

Acceleration due to gravity

- 2
at Earth’s surface, g=98 m/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*/(Nem?)
k =1/(4ze) = 9.0 x10° (N-m? ) /C?
o = 47 x 107" (T.m)/A
K =y /(4m) =1x 107 (T-m)/A
latm = 1.0 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, \Y farad, F
UNIT kilogram, kg hertz, Hz coulomb, C tesla, T
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 6 o 30° 37° 45° 53° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 45 | B2 |
10° mega M cos6 1 V3/2 | 45 | V2/2 | 3/5 1/2 0
10° kilo k tan @ 0 V33 | 3/4 1 4/3 Ne) oo
1072 centi c
107 milli m The following assumptions are used in this exam.
1076 micro M I. The frame 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

Ve = Vi + axt

1
x=x0 +Vx0t+_at

szﬁdtzAp
p=mv
|| < ulFiy

K:%mv2

dE
p=4%

dt
P=Fe
AU, = mgAh

2
GCZTZQ)I’
T=FxF
4_2%_%}161‘
CETTTT

= 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

SReNTEH TSNS TS N XS~ oD
I

= phase angle
F, = —kAx
1 2
Uy = 5k(4x)

2r 1
T:—:—
o f
14
szzﬂ'g
. Gmym
|Fo| = ==
r
U, = Gmym,

ELECTRICITY AND MAGNETISM

2l 1 199
|FE|  Ame,y| 2
s F
q
qSE.d*= Q9
€o
dv
T
AV = -[ EedF
_ 1 va4
drey ~ 1.
I 419,
U. = = N7
E dmey 1
0
AV =%
C
_ Kkgypd
€= d
Cp =26
l
1 _y1
Cs i Ci
do
] = —=
dt
Ue = Loav = Le(avy
) 2
pl
R =—
A
E=pJ
I = Nev,A
AV
[ ===
R

=
l

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

S saNSNS~NTYOHOEmEAOw
I

electric potential

velocity or speed
resistivity

= flux
dielectric constant

AT T NI YRR T Z
|




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 = twh
Cylinder
V= narit

S = 2mrl + 211’

Sphere

V = %ﬂ'l"3

S = 4mr?

Right Triangle
a® +b* = ¢

sin@ =

oo o

cos@ =

tan@ = a

A =area

C =circumference
V =volume

S =surface area
b =base

h =height

¢ =length

w =width

r =radius

s = arc length
6 =angle

P

~~ -

) 90°

CALCULUS

df _df du
dx  du dx

%(xn) —

d ax ax
a(@ ) = ae

d 1
1 _——
(1nax) = 1

dx

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

d .
a[oos(ax)] = —asin(ax)

Ix"dx - o -1

n+1
Je”xdx=leﬂ
a
dx :ln|x+a|
x+a

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

AeB = ABcosO
|A X 1§| = ABsin0




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.

1. The electric potential in a region of space as a function of position x is given by the equation

V(x)= ax® + Px —y,where o =2 V/m2 , B =7V/m,and y =15V . All nonelectrical forces are
negligible.

(a) An electron starts at rest at x = 0 and travels to x = 20 m.

i. Calculate the magnitude of the work done on the electron by the electric field during this process.

ii. Calculate the speed of the electron at x = 20 m.

(b) Derive an equation for the x-component of the electric field as a function of position x.

©
i. On the axes below, sketch a graph of the acceleration of the electron a as a function of position x.
a
A
{
|
|
|
|
{
]
0 _______________________________________ =X

Unauthorized copying or reuse of
any part of this page is illegal.

GO ON TO THE NEXT PAGE.



ii. On the axes below, sketch a graph of the kinetic energy of the electron K as a function of position x.
K

0]

A
|
I
|
|
|
|
|
|
L
|
:
|
|
|
|
|
|
|

(d) At which of the following locations will an electron that is released from rest move in
the negative x direction? Check all that apply.

x=-2m x=+1m xX=+3m

Justify your answer.

(e) A charged object, generating its own electric field given by E(x) =7 V/m, is introduced in the region.

What is the potential difference from x = 0 m to x = 20 m caused by the combination of the original
electrical potential and the electric field of the charged object?

Unauthorized copying or reuse of
any part of this page is illegal.

GO ON TO THE NEXT PAGE.



2. A student is to design a circuit using a battery £ with negligible internal resistance, two uncharged capacitors
C, and C,, aresistor R, and a switch S. The circuit should be set up so that when the switch is in one position,

the battery will only charge capacitor C;, and when in the second position, capacitor C; will discharge through
capacitor C, and resistor R.

(a) Using the components shown below, draw a circuit diagram that represents a single circuit that will satisfy
the criteria outlined above.

E

S :

The switch S is initially in position to fully charge capacitor C;. At time ¢ = 0, the switch is moved to the second

position. The charge as a function of time for both capacitors after the switch is moved is plotted on the graph
below.

(b) Label each box to indicate which graph corresponds to C; and C, .
q (uC)

> 1 (S)

Unauthorized copying or reuse of
any part of this page is illegal.

GO ON TO THE NEXT PAGE.



The components of the circuit have the following values: R = 1000 Q, C; =2.0uF, C, =6.0uF, € =12 V.
(c) Calculate the following for a long time after the switch has been moved to the second position.

i. The charges ¢, and ¢, stored on capacitors C; and C,, respectively

ii. The potential differences V| and V, across the capacitors C; and C,, respectively

(d) Calculate the total energy dissipated in resistor R during the time capacitor C; discharges.

©)
i. Write, but do NOT solve, a differential equation that could be used to determine the time constant
associated with the discharge of C;.

ii. Calculate the time constant associated with the discharge of C;.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE




X X X X X
X X X X X
Tx X X X X
§ v
P .
lx X X X X
X! X X X X
|-—s—|-
' X
ol x,

3. A square loop of conducting wire with resistance R and with sides of length s is located in the xy-plane.
The loop is being pushed at constant speed v by an external force of magnitude F,, in the +x-direction through
a region with a magnetic field that is directed perpendicular to the xy-plane into the page, as shown in the figure
above. The magnitude of the magnetic field as a function of position x is given by the equation B(x) = cx + B,
where x is in meters, ¢ is a positive constant in T/ m, and B, is a positive constant in teslas. The effects of
gravity are negligible.
(a) Derive an expression for the magnetic flux through the loop when the left side of the loop is at

position x = x;. Express your answer in terms of s, ¢, By, X;, and physical constants, as appropriate.

(b) Derive an expression for the magnitude of the induced current in the loop, if any. Express your answer in
terms of R, s, v, ¢, By, x, and physical constants, as appropriate.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
-10-




(c) Is the induced current in the loop clockwise, counterclockwise, or zero?
Clockwise Counterclockwise Zero

Justify your answer.

(d) When the left side of the loop is at position x = x;, and moving with constant speed v, what is the direction
of the net magnetic force, if any, on the loop?

Toward the top of the page Out of the page Left
Toward the bottom of the page Into the page Right
Undefined, because the net magnetic force on the loop is zero.

Justify your answer.

(e) Derive an expression for the magnitude of the external force F,, exerted on the loop to keep it moving at a

constant speed when the loop is at position x = x,. Express your answer in terms of R, s, v, ¢, By, X, and
physical constants, as appropriate.

(f) Rank, with 1 being the largest, the magnitude of the magnetic force on the four sides of the loop. If two sides
have the same magnetic force, give them the same numerical ranking.

Left Right Top Bottom

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
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THIS PAGE MAY BE USED FOR SCRATCH WORK.

STOP

END OF EXAM

THE FOLLOWING INSTRUCTIONS APPLY TO THE COVERS OF THE
SECTION Il BOOKLET.

e MAKE SURE YOU HAVE COMPLETED THE IDENTIFICATION
INFORMATION AS REQUESTED ON THE FRONT AND BACK
COVERS OF THE SECTION Il BOOKLET.

e CHECK TO SEE THAT YOUR AP NUMBER LABEL APPEARS IN
THE BOX ON THE COVER.

e MAKE SURE YOU HAVE USED THE SAME SET OF AP
NUMBER LABELS ON ALL AP EXAMS YOU HAVE TAKEN
THIS YEAR.
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AP Physics C Electricity and Magnetism
2017

APPENDIX - ANSWERS

Matching multiple-choice answers and free-response scoring follow.



Practice Exam, Section I

Question 1: B
Question 2: A
Question 3: C
Question 4: A
Question 5: E
Question 6: D
Question 7: B
Question 8: E
Question 9: C
Question 10:

Question 11:

Question 12:

Question 13:

Question 15:
Question 16:
Question 17:

Question 18:

E
A
E
E
Question 14: E
B
C
C
D

Question 19:
Question 20:
Question 21:
Question 22:
Question 23:
Question 24:
Question 25:
Question 26:
Question 27:
Question 28:
Question 29:
Question 30:
Question 31:
Question 32:
Question 33:
Question 34:

Question 35:

Answer Key for AP Physics C: Electricity and Magnetism
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Free-Response Scoring Guidelines

The following contains the scoring guidelines
for the free-response questions in this exam.



AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2017 SCORING GUIDELINES

Question 1

15 points total Distribution
of points
(a)
i) 2 points
For using the equation relating the potential difference to the magnitude of the work 1 point

done on the electron
W = gl|av] = (1.6 x107 €)[((2)(20 m)* + (7)(20 m) - (15)} - (0 + 0 - 15)
For a correct answer with units 1 point

W=150x10""9J =940 eV

il) 2 points

For using the equation relating the magnitude of the work done on the electron to the 1 point
speed of the electron

W =AK = %m(v% - vlz) = %mv2

For correct substitutions 1 point

_\/W_ (2)(1.50 x 107" 1)
PN T (9.11x107" kg)

v=1.82x10" m/s

(b) 2 points
For taking the derivative of the electric potential to calculate the electric field 1 point
_ . dav _ d(,2 B
EX = —E = 3(2)6 +7x 15)
For a correct answer 1 point
E . =-4x-7

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



AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2017 SCORING GUIDELINES

Question 1 (continued)

Distribution
of points
(c)
i) 2 points
a
!
I
0! o
I
For a straight line for x > 0 with non-zero slope 1 point
For a line with positive slope and positive y intercept 1 point
il) 2 points
For a graph starting at the origin and extending into the first quadrant 1 point
For a concave up curve with K >0 1 point
(d) 2 points
For selecting only “x = -2 m” 1 point

For a correct justification 1 point
Example: Electrons accelerate opposite the direction of the electric field. Therefore the

electron will accelerate in the negative direction only if the electric field is directed in

the positive direction. The electric field is positive only for x < —1.75 m.
Note: If incorrect selection is made, justification cannot earn credit.

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



AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2017 SCORING GUIDELINES

Question 1 (continued)

Distribution
of points
(e) 3 points
Starting with the integration of the net electric field to determine the potential difference
For recognizing that £ = E| + E, 1 point
V20 - VO = _IEnet°dx == _[(El + E2).dx
For the substitution of the correct expressions for the electric fields 1 point
x=20
AV = —J.(E1 + E,)dx = —J[(—4x -7)+7]dx = —J.—4xdx = 4 xdx
x=0
For a substitution with the correct limits and signs 1 point
_ 2 x=20 _ 2 _ 2

AV =[2x Lo = (2)(20)* - (2)(0)
AV =800V
Alternate solution Alternate points
For correctly recognizing that the potential difference is equal to the sum of potential 1 point
differences due to each electric field.
AV =AV, + AV,
For determining the potential difference of the original field from part (a) 1 point
AV, = V(20)—V(O) = 925—(—15) =940V
For correctly determining the potential difference due to the field generated by the 1 point
charged object

20 Vv
AV, =—[ E dx=—EAx= —(7—}(20 m)=-140 V

0 m

AV =940 +(~140) =800 V

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



AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2017 SCORING GUIDELINES

Question 2
15 points total Distribution
of points
(a) 4 points

"
A —
g _I_ C,
For drawing a circuit with the battery on a branch by itself 1 point
For having the resistor in series with C, 1 point
For having the switch positioned so that only C; can be charged 1 point
For having the switch positioned so that C; can be discharged to C, 1 point

(b) 1 point
g (uC)
A
0 - 1(8)
For correctly identifying the two curves 1 point

© 2017 The College Board.
Visit the College Board on the Web: www.collegeboard.org.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2017 SCORING GUIDELINES

Question 2 (continued)

3 points

For indicating that the potential difference across the two capacitors is the same

Vi=W

4 _ D

¢ G

For correctly relating the final charges on the two capacitors to the original charge on
capacitor C

Qo =t + %

For correctly substituting one of the above equations into the other (note: either equation
can be substituted into the other)

49 _ 9 . q _ D

C, G, (20pF)  (60pF) TN
Ot = + ¢ - Ci& = q; +3q, = 4q,
G = 0Oy —q1 =24 nC-6.0 uC =138 pC

q, = 6.0 pC
1 points

For correct numerical substitution from part ci into correct equation

g, _ (6.0 uC)
V=2 =2""""1=30V
"¢, (20uF)
V, =V, =30V

© 2017 The College Board.
Visit the College Board on the Web: www.collegeboard.org.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2017 SCORING GUIDELINES

Question 2 (continued)

Distribution
of points
(d) 3 points
For indicating that the energy dissipated in the resistor is the difference in the initial and 1 point
final energy stored in the capacitors
E=AU=U; -U;
For indicating the final energy stored is the sum of the energy across the two capacitors 1 point
2 2
_ (1 2 Qi Dy
For correctly substituting numerically into the equation above 1 point
2 2 2 2
1 z) Qy | Dy (1) 2 [ (6.0 uC) (18 pC)
E=(-C& |- |+ |=|=(20pF)(12 V)" - +
(2 1 [2C1 2, |~ \2)20R02Y) (2)(2.0 uF) * (2)(6.0 uF)
E =108 W
(e)
1) 2 point
For an application of Kirchhoff’s loop rule to the circuit with the switch in the second 1 point
position
Ver=Vera =Ve =0
49 _ 49
—-==-1IR=0
¢ G
For a correct differential equation that could be used to calculate the time constant 1 point
associated with the discharging of C
0-q9 ¢ dgq
-—4——-R—+=0
C C, dt
ii) 1 points
For indicating that the time constant, RC, can be calculated using capacitors in series 1 point

1 1,1 1.1 _4

= — 4 — = =
C, G C 626
C,y =1.5pF

z = RC = (1000 Q)(1.5 uF)
7=15ms

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



AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2017 SCORING GUIDELINES

Question 3

15 points total

(a)

(b)

(©)

3 points

For substituting the expression for the magnetic field into the integration to calculate the
magnetic flux

D= jB-dA = I(cx + By) sdx

For integrating the expression above using proper limits or constants of integration

D = {% + Boxrxo“ = {[M + By (xo + S)J - (@ + 8o o )ﬂ

X=X0

2

For a correct answer

D= sz(cxo +%cs + Bo)

2 2 2
+2 +
S( CXy CSXg cs BO X BOS ( C)2CO Boxo Jj

3 points

For using the derivative of the expression from part (a) to calculate the emf
do| _df| »2 1

| E[S (cx + Ecs + Boﬂ

For applying the chain rule and substituting v for dx/dt

&= %% = dii[sz(cx +%cs + BO):|V = VSZ%(CX +%cs + Bo)
2
E=vsc

For dividing by the resistance to calculate the current

2
g _ (vs C) _ vs’e

I'=%="% R

2 points

Selecting “Counterclockwise”

For indicating that the magnetic flux inside the loop is increasing with time

For correctly using Lenz’s law to relate the change in flux to the direction of the induced
current

Example: As the loop moves toward the right, the magnetic field is increasing so the
magnetic flux inside the loop is increasing. According to Lenz’s law, the induced
current must create a magnetic field that is out of the page to oppose this increasing
flux. Therefore, the current in the loop must be counterclockwise.

© 2017 The College Board.
Visit the College Board on the Web: www.collegeboard.org.
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of points

1 point

1 point

1 point

1 point

1 point

1 point

1 point
1 point



(d)

(e)

S

AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2017 SCORING GUIDELINES

Question 3 (continued)

3 points

For correctly selecting “Left”

For indicating that the magnetic forces on the top and bottom parts of the loop are of
equal magnitude

For indicating that the magnetic force on the right side of the loop is greater than the
force on the left side of the loop

Example: The magnitude of the magnetic field is the same for the top and bottom of the
loop so the forces on the top and bottom of the loop are equal in magnitude and
opposite in direction and thus cancel out. The magnitude of the magnetic field is
greater at the right side of the loop than at the left side of the loop thus the net force

is in the direction of the force on the right side of the loop and this would be toward
the left.

3 points

For indicating that the magnetic force on the loop is the difference in the force on the
left and right sides of the loop

F, , =F,—F =ByIL-B,IL

For correctly substituting for the magnetic fields into the above equation
F,, =1L(Bgr —B,)=Is[(c(x+s)+ By)— (cx + By)]

For correctly substituting current from part (b)

2 42
VS C Vs C
F;xt :[ R JS(CS) = R

1 point

For correctly indicating the correct rankings
3 Left 1 _Right 2 Top 2 Bottom

© 2017 The College Board.
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Distribution
of points

1 point
1 point

1 point

1 point

1 point

1 point

1 point
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