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 1
Form Code 40BP4-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""17J

Electron charge magnitude,

1 electron vollt,

Speed of light, ¢ = 3.00 x 10® m/s
Universal gravitational G =667 %107 (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,

1u=1.66x10" kg = 931 MeV/c?
h=663%x10"*J.s =414 x107 eV.s
he =1.99 X107 J.m = 1.24 x 10* eV.nm
gy =8.85x107"> C*/(N.m?)
k =1/(4ze) = 9.0 x10° (N-m? ) /C?
o = 47 x 107" (T.m)/A
K = uy/(4m) =1x 107 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, W farad, F
UNIT kilogram, kg hertz, Hz coulomb, C tesla, T
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 o 30° 37° 45° 53° 60° 90°
10° giga G sin6 0 1/2 35 | V22 | 4/5 | 3)2 1
10° | mega M cos@ 1 /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 = Vyo + axt

- 2
X=Xyt Vvt +oat

5(1

Vi = vx()2 + 2ax (x - xO)

J=|Fdt = Ap
p = mp
|| < wlFi]

K:%mv2

dE
p=4%

dt
P=Few
AU, = mgAh

2
GCZTZQ)I’
T=FxF
a_z%_%net
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
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= phase angle
F, = —kAx
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ELECTRICITY AND MAGNETISM
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B
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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

electric potential

velocity or speed

resistivity
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= 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 = %n’r3

S = 4mr?

Right Triangle
a® +b* =
sinf =

cos@ =

oo o

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

- ~

-~ -

) 90°

CALCULUS

df _df du
dx  du dx

%(x") = nx" !
d

a(eax) = ge™

d 1
“ ==
(1nax) = 4

dx

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

d .
a[oos(ax)] = —asin(ax)

Ix"dx - o -1

n+1
Je”xdx=leax
a
dx :ln|x+a|
xX+a

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

AeB = ABcos
|A X 1§| = ABsin0




PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION I
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 1. If the magnitude of the electric field at point X
is E, what is the magnitude of the electric field
at point Y?

¥ (A) E/4
(B) E/2
/T © E
C (D) 2E
/ (E) 4E
2. A positive point charge +¢ is released from rest
at point X. If the magnitude of the electric field

Note: Figure not drawn to scale. at point X is E, what is the kinetic energy of the
charge at point Y?

QU
s
QU

The figure above shows a thin, square,

nonconducting sheet of positive charge uniformly (A) qEd
distributed over its area. The length of each side of (B) ~2qFd
the sheet is a. Point C is at the center of the sheet. (©) 2qEd
Point X is a distance d above the center of the sheet,

and point Y is a distance 2d above the center of the (D) 2V2qEd
sheet. Assume a >> d. The effect of gravity is (E) 4qEd
negligible.

Unauthorized copying or reuse of

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




3. Capacitors C; and C, are connected as shown in
the circuit above. The capacitance of C; is C, and
the capacitance of C, is C/3. The equivalent

capacitance between points A and B is Cgq . A

dielectric is inserted into capacitor C, , and the

equivalent capacitance between points A and B is
now 2Cyq . What is the value of the dielectric

constant for this dielectric?

(A) 2

B) 3

©) 4

D) 5

(E) The value cannot be determined without
knowing the value of C.

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

4. Which of the following could be true for a
Gaussian surface through which the net flux
is zero?

I. There are no charges inside the surface.
II. The net charge enclosed by the surface is
Zero.
III. The electric field is zero everywhere on the
surface.

(A) Tonly

(B) I only

(C) HI only

(D) Iand II only
(E) L 1I, and IIT

GO ON TO THE NEXT PAGE.



B
(directed out
of the page)

—x (cm)

5. A square coil with sides of length 1.0 cm is moved through a region of uniform magnetic field at a constant
speed, as shown in the figure above. Which of the following graphs best shows the current / in the coil as a
function of the position x of the right edge as the coil moves through the magnetic field, where counterclockwise

current is positive?

(A) 1(A)

=X (cm)

x (cm)

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

»x (cm)

B) 1(A)

0 1 . ; »x (cm)
D 1)

ol : 3 »x (cm)

GO ON TO THE NEXT PAGE.



X

Area = 2.0 m?
Coil:Resistance = 6.0 Q
y-position = 2.0 cm

—_ i
1
1
~
~
Y fg
< >
itk lts
N
< >
A
1

6. The y-component of the magnetic field Bis
given as a function of time ¢ by the equation
B, = —o+ ft, where o = 4.0 T and
f =3.0 T/s. A coil of wire with an area of

2.0 m? and a resistance of 6.0 Q is placed in this

field, parallel to the xz-plane at y= 2.0 cm. The

current in the coil at time 7 = 1.2 s is most nearly

(A) 0
(B) 0.60 A
©) 1.0A
(D) 3.6 A
(E) 6.0 A

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

Resistor
Power Supply

Inductor

. An inductor with inductance L = 0.30 H is

connected in series with a resistor and both
are connected to a power supply, as shown
above. The power supply generates a current /
that is given as a function of time ¢ by the
equation I = I, (1 — t/k), where I, = 4.0 A
and k£ = 2.0 s. What is the magnitude of the
potential difference across the inductor
induced by the changing current?

(A) 0.15V
(B) 0.30 V
(C) 0.60 V
(D) 12V
(E) 2.4V

. A parallel plate capacitor with air between the

plates is charged and then disconnected from the
source of emf. If the space between the plates is
now filled with a dielectric, what happens to the
capacitance of the capacitor and the magnitude of
the electric field between the plates?

Magnitude of the
Capacitance  Electric Field
(A) Increases Increases
(B) Increases Remains constant
(C) Increases Decreases
(D) Decreases Increases
(E) Decreases Decreases

GO ON TO THE NEXT PAGE.



Questions 9-11

r——————a

Fr——————a

/) /| /] /|
7 7 7 7
f—r————+ b—pr————~
[ [ [ [
| X | | Y |
| : [ ) l : | : (] | :
: PR :——J [ S g

/ / Iy Iy
17 I/ I/ 4
Ve _ v Ve v

+®, —4@,

The figure above shows two charged spherical
conductors, X and Y, which are equal in size.
When each conductor is isolated and surrounded
by a closed cubical surface, the total electric flux
through the surfaces is +®, for conductor X and

—4®, for conductor Y.

/1 /1
7 7
;‘—r————-lf I
| :X Y | |
e @ 1
[ _
[ [
17 (3
V. v

9. Conductor Y is brought into contact with

conductor X and then separated. If the separation

is small so that both conductors are inside the
same closed cubical surface, as shown above,

what is the total electric flux through the surface?

() 3
B) -2,
©) -o,
™ o,

(E) It cannot be determined without knowing the
distance separating the two conductors and

the individual charges on each.

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

-10-

r——————a

10. After being brought into contact with conductor

X, conductor Y is moved a very large distance
away from conductor X. What is the total electric
flux through a closed cubical surface surrounding
conductor X, as shown above?

(A) 30,
®) -3,
© 1o,
© @
® o,

r——————a

/1 /1
R
o b
[ X | Y
| | . | |.
[ _

[ Iy

I/ I/

Ve v

. Conductor Y is then moved closer to

conductor X until it is just outside a closed
cubical surface containing conductor X, as shown
in the figure above. How would the total electric
flux through the cubical surface change as
conductor Y is moving?

(A) It would increase.

(B) It would decrease.

(C) It would change sign.

(D) It would remain constant, with the flux
through each side of the surface also
remaining constant.

(E) It would remain constant, but the flux
through each side of the cubical surface
would change.

GO ON TO THE NEXT PAGE.



Conducting Rod

Top View

12. A conducting rod of resistance Ris 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, the
power dissipated in the rod is

(A) P/4
(B) P/2
< r
(D) 2P
(E) 4P

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

-11-

13. Which of the following will increase the magnetic

field on the axis of a long solenoid?

I. Increasing the current in the solenoid
II. Increasing the cross-sectional area of the
solenoid
III. Inserting an iron core into the solenoid

(A) Tonly

(B) I only

(C) Iand III only
(D) II and IIT only
(E) L1I, and IIT

GO ON TO THE NEXT PAGE.



y=+4m
y=+2m
y=—-1lm

y
i
Wire R |, 41
|
|
|
Wire S Lo 21
|
|
|
|
—————————————————— e ]
Wire T |
! 21

14. Three long wires, R, S, and T, are in the positions and
carrying the currents indicated in the figure above. All
currents are in the plane of the page and in the direction
indicated. What are the magnitude and direction of the
magnetic field at the origin?

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

Magnitude

(A)
(B)
©)
D)

(E)

Mol
V4
Mol
V4
2401
T
24yl

4yl

Direction

Into the page
Out of the page
Into the page
Out of the page

Out of the page

GO ON TO THE NEXT PAGE.
-12-



Region 2

Region 1 .
—
s

|

15. A positively charged particle travels along the
path shown in the figure above through region 1
and between two parallel plates in region 2. A
magnetic field exists in region 1, and one of the
plates in region 2 is at a higher potential than the
other. What is the direction of the magnetic field
in region 1, and which plate is at a higher
potential in region 2 ?

Region 1 Plate at Higher Potential
(A) Out of the page Top plate
(B) Out of the page Bottom plate
(C) Into the page Top plate
(D) Into the page Bottom plate
(E) To the right Bottom plate

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

-13-

Wire X

l— Q_—>
~Y

Wire Y

21

16. Two long, straight parallel wires X and Y are

separated by a distance d and carry currents / and
21, as shown in the figure above. The force on
wire X has magnitude F. If the current in each
wire is both doubled and reversed in direction,
which of the following is true of the magnitude
and direction of the new force on wire X?

Magnitude Direction
(A) F Unchanged
(B) 2F Reversed
© 2F Unchanged
(D) 4F Reversed
(E) 4F Unchanged

GO ON TO THE NEXT PAGE.



Questions 17-18 19. The magnetic field at a perpendicular distance r
from a long, straight current-carrying wire is

f directly proportional to
A (A) r
| (B) r’
Sphere 3! _0 B ©) 1/r
| (D) 1/
/" Y (E) In(r)
Ao N
/ +C AN
+0 /1 \#0 g
——— —_——de——-———- -~ -
Sphere 1 D Sphere 2

Three identical spheres are equally spaced from
one another. Spheres 1 and 2 have charge +Q, and
sphere 3 has a charge of —Q, as shown in the figure
above. Five different positions are labeled A, B, C, D,
and E. Positions A, B, and C are all the same distance
from sphere 3. Positions C, D, and E are all the same
distance from sphere 2. All spheres and points lie in
the same plane.

17. The electric potential is highest at position

A) A
(B) B
© C
(D) D
(E) E

18. At which of the five positions are the horizontal
and vertical components of the electric field
directed toward the left and the top of the page,
respectively?

(A) A
(B) B
© C
D) D
(E) E

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
-14-




Questions 20-21 21. All switches are open, and there is no stored
energy in the capacitor or the inductor. Switch S,

‘S}‘ is glosed. After the capacito.r is fully. charged,
Sz\ [Sl switch S, is opened and switch S, is closed.
Which of the following expressions represents the
R maximum current in the LC circuit?
L — P
T € A %
®) £
A circuit is constructed using a battery of 7
emf &£, aresistor of resistance R, a capacitor of © & \/g
capacitance C, an inductor of inductance L, and ec
three switches, as shown in the figure above. (D) L
The three switches are labeled S,, S,, and S5, E) EL
and they can be operated independently. C

20. All switches are open, and there is no stored
energy in the capacitor or the inductor.
Switch S;is closed. What is the current in the

inductor after steady state has been reached?

£
LR
ER
L
EL
R

A)
®)
©
o) £

(E) Zero

Unauthorized copying or reuse of

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




Questions 22-23

L=50H R=20kQ
411 MW

o o

Iy
II
E =20V Switch
After the switch is closed in the circuit above, the
current in the circuit is given by i = / (1 —e T) ,

where [ and 7 are constants.

22. What is the value of I ?

(A) 0

(B) 0.001 A
(C) 0.80 A
(D) 1.0 A
(E) 4.0 A

23. What is the value of 7 ?

(A) 1.0x107 s
(B) 2.5x107* s
(C) 1.0

(D) 4.0%x10° s
(E) 1.0x10° s

Unauthorized copying or reuse of
any part of this page is illegal.
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24. Two stationary point charges of unknown

magnitude and sign are isolated from all other
charges. If the electric field strength is zero at the
midpoint of the line joining them, which of the
following can be concluded about the charges?

(A) They are equal in magnitude but opposite in
sign.

(B) They are equal in magnitude and have the
same sign.

(C) They are not necessarily equal in magnitude
but have opposite signs.

(D) They are not necessarily equal in magnitude
but have the same sign.

(E) None of the above can be concluded without
additional information.

GO ON TO THE NEXT PAGE.



Outer Wire Loop

Inner
Wire Loop

S

25. A charged capacitor C, resistor R, and switch S
are connected in series. Voltmeter V is connected
in parallel with the resistor, as shown in the figure
above. At time ¢ = 0, the switch is then closed.

Which of the following shows the potential

difference AV reading on the voltmeter as a 26. Two concentric circular wire loops carry equal

function of time ¢ after the switch is closed? currents / in opposite directions, as shown in the
figure above. The inner loop has a radius a and

(A) AV carries a counterclockwise current. The outer loop

has a radius b and carries a clockwise current.
What is the magnitude and direction of the
magnetic field at the center of the loops?

K

Magnitude Direction
AV /‘_Ol(l _ l)
(B) (A) > 7 7B Out of the page
1
I\ t (B) %(% - %) Into the page
0
\% (C) Zero Undefined since
© 3 magnitude is zero
&ol(l _ l)
/ D) 7 \a "D Out of the page
t
0]
1
(E) %(% - %) Into the page
o 4
0 t
AV
(E)

V

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
-17-




27

28.

o Uniform Magnetic Field
Positively

Charged _
Particle

®—

. A positively charged particle moves in the

positive x-direction in a uniform magnetic field
directed in the positive y-direction. The net force
on the particle could be zero if there is also an
electric field present in the

(A) positive z-direction
(B) negative z-direction
(C) positive x-direction
(D) negative x-direction
(E) negative y-direction

C C
| |
I
— A B
||
[
C

Three identical capacitors with capacitance C are
arranged as shown above. What is the equivalent
capacitance between points A and B?

(A /3
(B) 2C/3
© C
(D) 3C/2
(E) 3C

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

30.

PN PN
LS LS
Al Al/2
R 3R
NN NN

When a battery is connected to an external
resistance R, as shown above on the left,
there is a current / in the circuit. When the
external resistance is changed to 3R, the
current changes to 1/2, as shown above on

the right. What is the internal resistance r
of the battery?

(A) R/4
(B) R/2
€ R
(D) 2R
(E) 4R

The advantage of using a dielectric in a capacitor
is that it

(A) increases the capacitance of the capacitor
(B) increases the conductivity of the capacitor
(C) decreases the charging time of the capacitor
(D) makes the capacitor dissipate less power
(E) eliminates the electric field in the capacitor

GO ON TO THE NEXT PAGE.



Questions 31-33

S "

Two small spheres have charges +Q and —Q and
are located at the bottom corners of an equilateral
triangle, as shown in the figure above. The equilateral
triangle has sides of length a, and point P is at the top
corner of the triangle.

31. The potential energy stored in the charge
configuration shown is

Q2
&) dreya
® —2
4reya
© Zero
D) -—2
dreya
Q2
®) _47zsoa

Unauthorized copying or reuse of
any part of this page is illegal.
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32. The electric potential at point P due to the two

33.

spheres is

(A) zero

0

4neya

B)

) —2

471'80612
20

4reya
20

4dreqa

D)

(E)

2

The direction of the electric field at point P due to
the two spheres is

(A) to the left

(B) to the right

(C) toward the bottom of the page

(D) toward the top of the page

(E) undefined, because the magnitude of the
electric field at point P is zero

GO ON TO THE NEXT PAGE.



4.0 mH
211

60V=

6.0 kQ2 12.0 kQ
: 3

34. An inductor and two resistors are connected to
an ideal battery, as shown in the figure above.
What is the time constant for the circuit?

(A) 0.22 us
(B) 0.33 us
(C) 0.67 us
(D) 1.0 us
(E) 72 us

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

35. A bar magnet with its south pole pointing down is

released from rest and falls through a wire coil, as
shown above. A resistor is connected across the
two ends of the coil. What current would be
produced in the coil, as observed by a person
directly above the coil?

(A) A clockwise current only

(B) A counterclockwise current only

(C) A current that is first clockwise and then
counterclockwise

(D) A current that is first counterclockwise and
then clockwise

(E) No current would be produced.

GO ON TO THE NEXT PAGE.



STOP

END OF ELECTRICITY AND MAGNETISM SECTION |

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
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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

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

Month Day Year connection with my free-response

materials. | understand that | am free to

Writing Instrument |

Either pencil or pen with
black or dark blue ink

Electronic Device 3. Six-digit school code mark “No” with no effect on my score or
Calculator allowed | | | | | | | its reporting.
Weight _ No, I do not grant the College Board
The questions are these rights
weighted equally. \_ ' J
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 40BP4-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""17J

Electron charge magnitude,

1 electron vollt,

Speed of light, ¢ = 3.00 x 10® m/s
Universal gravitational G =667 %107 (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,

1u=1.66x10" kg = 931 MeV/c?
h=663%x10"*J.s =414 x107 eV.s
he =1.99 X107 J.m = 1.24 x 10* eV.nm
gy =8.85x107"> C*/(N.m?)
k =1/(4ze) = 9.0 x10° (N-m? ) /C?
o = 47 x 107" (T.m)/A
K = uy/(4m) =1x 107 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, W farad, F
UNIT kilogram, kg hertz, Hz coulomb, C tesla, T
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 o 30° 37° 45° 53° 60° 90°
10° giga G sin6 0 1/2 35 | V22 | 4/5 | 3)2 1
10° | mega M cos@ 1 /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 = Vyo + axt

- 2
X=Xyt Vvt +oat

5(1

Vi = vx()2 + 2ax (x - xO)

J=|Fdt = Ap
p = mp
|| < wlFi]

K:%mv2

dE
p=4%

dt
P=Few
AU, = mgAh

2
GCZTZQ)I’
T=FxF
a_z%_%net
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

SR8 NTEH TSNS S N XS~ 4D
]

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

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

ELECTRICITY AND MAGNETISM

~1_ 1 |99
|FE|  Ame,y| 2
it
q
$E-di= 2
£
dv
Ex==0e
AV = —jE.df
v
4re, r,-
1 99
U. = __L N7
E drey, r
0
AV ==
C
_ Kkgyd
€= d
Cp = ZC,
l
L _y 1
Cs zi:Ci
do
[ - =
dt
Ue = Loav = Le(avy
) 2
pl
R=£
A
E=pJ
I = Nev,A
AV
[ =2=
R

B
I

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

S SaNSNS~NYOHOEmEAOw
I

= 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 = %n’r3

S = 4mr?

Right Triangle
a® +b* =
sinf =

cos@ =

oo o

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

- ~

-~ -

) 90°

CALCULUS

df _df du
dx  du dx

%(x") = nx" !
d

a(eax) = ge™

d 1
“ ==
(1nax) = 4

dx

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

d .
a[oos(ax)] = —asin(ax)

Ix"dx - o -1

n+1
Je”xdx=leax
a
dx :ln|x+a|
xX+a

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

AeB = ABcos
|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.

MN

6Q
I S
Ry = <
129% %RS‘“!
O,

1. A circuit is created with an ideal battery and five resistors with the values shown in the figure above.
An open switch is shown that can connect points X and Y. A voltmeter V and an ammeter A, are also
shown in the figure.

(a) The switch is in the open position.

i. Calculate the current measured by the ammeter A;.

ii. Calculate the potential difference measured by the voltmeter V.

(b) The switch is now moved to the closed position.

i. Calculate the current measured by the ammeter A, .

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

GO ON TO THE NEXT PAGE.



ii. Calculate the potential difference measured by the voltmeter V.

A student wants to determine if there is a current in the closed switch. The switch is now replaced with
ammeter A, between points X and Y. The ammeter acts as a closed switch and can measure the current,

if any, between the two points.

MV
6 Q

a3

£R3=12§2

SR=60

&)

(©)

i. Calculate the current measured by ammeter A, .

ii. Indicate the direction of the current, if any, through the ammeter A, .

Left Right Undefined, because the current is zero

Question 1 continues on the next page.

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

GO ON TO THE NEXT PAGE.



4"AAY
N S yT"C=12uF
= &E=20V X’—'/'—H—‘Y
R,=
ras SR=6Q
A)

(d) The ammeter A, is replaced with switch S and capacitor C = 12 pF, as shown in the figure above. Switch
S is closed.

i. Calculate the charge stored on the positive plate of capacitor C a long time after switch S is closed.

ii. Which point, X or Y, is at a higher electric potential?
X Y

Justify your answer.

Unauthorized copying or reuse of

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

Central
Conducting
Wire o findrical N
Insulator Cyhndrl_cal Insulating
Conducting Cover
Shell

Circuit Figure

2. A coaxial cable is composed of a central conducting wire surrounded by a cylindrical insulator, and around
that is a conducting cylindrical shell with an insulating cover. A power supply of emf &€ is used at one end
to connect the two conducting regions, and a resistive load of resistance R is connected at the other end of
the cable to complete the circuit, as shown in the schematic diagram and circuit figure above.

Figure 1 Figure 2

A cross section of the cable from the perspective of the power supply end is depicted above as if looking into the
left end of the cable. Point P is inside the cylindrical insulator a distance b from the center of the cable. Point Q
is outside the cable.

(a)

i. On figure 1 shown above left, draw an Amperian loop that could be used to determine the magnitude
of the magnetic field at point P in the diagram. Clearly mark this loop as “Loop 1.”

ii. On figure 1, draw an Amperian loop that could be used to determine the magnitude of the magnetic
field at point Q in the diagram. Clearly mark this loop as “Loop 2.”

iii. On figure 2 shown above right, draw an arrow to show the direction of the magnetic field at point P.
The arrow should start on and point away from the point in the direction of the magnetic field.

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

GO ON TO THE NEXT PAGE.
-10-



(b) Using Ampere’s law, derive an expression for the magnitude of the magnetic field at point P. Express your
answer in terms of £ , R, b, and physical constants, as appropriate.

(c) Determine the magnitude of the magnetic field at point Q.

Justify your answer.

Question 2 continues on the next page.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
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Some physics students conduct an experiment with a coaxial cable in which they connect the cable to a
variable power supply and measure the resulting magnetic field strength at point P inside the cylindrical
insulator using a magnetic field sensor. Point P is 0.0050 m from the center of the cable. The plot of the
magnetic field strength B as a function of the emf £ of the power supply is shown below.

25 +———— —— — ——— ———
- —+ 4 -+~ A= —— 4= =t~ A=+ —— 4 — b~ + —
NN ——————————— .G L
B e e T S e e B S At e e S B e e B e e
R o o e e e e E B e s s Tt e B e e e B R

20 +—+—+——+— ——— ———— — ——t
- —+ 4 - =+ - A=~ 4= =t~ A=+ —— 4 — b~ + — |
R N ——————— e L
- —+ 4 -+~ A= —— 4= =t~ A=+ —— 4 — b~ + —

15 NN ——————————— .G L

R L R R R
et T et e T
R o o e N e e e L B e s s T S B e e B B A
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B(x10™7T) -~ —— 4 — =+~ A= T —— + — = L~ A —+ —j— T — =+~
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— —t—t— o —t—t —
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-+~ 4 - =+~ A= —— 4= =t~ A=+ —— 4 — b~ + —
5 R A . b
R L R A R
—t —t—t— ——t —t—t —t—t
F4—+—4—F——+—FA—t——4— =t~ A=+~ — A~ + —
i R i e S R e e e e B e e e e e e e
4=+ 4 — A+ — A~~~ A=t~ A+~ — A~ + —
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EWV)

(d)
1. Draw the best-fit line for the data.

ii. Use the straight line to calculate the resistance R of the resistor used in the experiment.

(e) The lab group uses a multimeter to measure the resistance of the resistor and determines that their
experimental value for R from part (d) is approximately 10% larger than that found with the multimeter.
Describe a physical reason that might account for this result.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
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(f) The lab group notices that when the current is reversed in the cable and the experiment is again performed,
the plot has a positive vertical axis intercept equal in magnitude to the negative vertical axis intercept in the
plot shown before part (d).

i. Describe a physical reason for the vertical axis intercept.

ii. Describe a physical reason that the vertical axis intercept switches from negative to positive when the
current in the cable is reversed.

Unauthorized copying or reuse of

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

-13-



Top Capacitor Plate
l 1 +0

]

Bottom Capacitor Plate

Note: Figure not drawn to scale.

3. A parallel plate capacitor is connected to a battery, fully charged, and then isolated from the battery. The plates
are given equal and opposite charge densities 0, and the separation between the plates is d, as shown in the
figure above. The area of each plate has a value of A.

(a) Derive an expression for the energy stored in the capacitor. Express your answer in terms of 0, d, A, and
physical constants, as appropriate.

[ ] +0

d | Metal Slab | 1«

L ]—-O

While the capacitor is isolated from the battery, an uncharged metal slab of thickness x and area Ais inserted
between the capacitor plates so that it is an equal distance from the two plates, as shown in the figure above.

(b) On the figure above, draw an arrow to indicate the direction of the electric field in the following

three regions of space between the capacitor plates. If the electric field is zero in any region, indicate
this by writing “E = 0” in that region.

i. The region between the top plate and the metal slab
ii. The region inside the metal slab
iii. The region between the metal slab and the bottom plate

(c) On the lines below, rank the regions according to the magnitude of the electric field, with 1 being the largest
magnitude. If any regions have the same magnitude of electric field, give them the same ranking.

The region between the top plate and the metal slab
The region inside the metal slab

The region between the metal slab and the bottom plate

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

GO ON TO THE NEXT PAGE.
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(d) Is the capacitance of the capacitor with the metal slab greater than, less than, or equal to the capacitance of
the original capacitor without the slab?

Greater than Less than Equal to

Justify your answer.

(e) When charged to the original charge density, is the energy stored in the capacitor with the metal slab greater
than, less than, or equal to the original energy stored in the capacitor calculated in part (a) ?

Greater than Less than Equal to

Justify your answer.

Question 3 continues on the next page.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
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12

10
GO ON TO THE NEXT PAGE.

Slab Thickness x (cm)
-16-

capacitor. This experiment is repeated with slabs of different thickness. The plot of the potential difference AV
across the capacitor as a function of the thickness x of the slab is shown below. A best-fit line for the data has

difference, isolate it from the battery, insert the metal slab, and measure the new potential difference across the
been drawn.

Some physics students conduct an experiment in which they charge the capacitor to the same potential
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(A) AV d0oUaI_JII( [eNUA0q

O, the charge density on the plates
ii. d, the distance between the capacitor plates

i

(f) Use the best-fit line to calculate the following:

Unauthorized copying or reuse of
any part of this page is illegal.
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AP Physics C Electricity and Magnetism
2018

APPENDIX - ANSWERS

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



Question 1:
Question 2:
Question 3:
Question 4:
Question 5:
Question 6:
Question 7:
Question 8:

Question 9:

Question 10:
Question 11:
Question 12:
Question 13:
Question 14:
Question 15:
Question 16:
Question 17:

Question 18:
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Question 19:
Question 20:
Question 21:
Question 22:
Question 23:
Question 24:
Question 25:
Question 26:
Question 27:
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Question 30:
Question 31:
Question 32:
Question 33:
Question 34:

Question 35:
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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
2018 SCORING GUIDELINES

Question 1

15 points total

Distribution
of points

A circuit is created with an ideal battery and five resistors with the values shown in the figure above.
An open switch is shown that can connect points X and Y. A voltmeter V and an ammeter A, are also

shown in the figure.

(a) The switch is in the open position.

)

3 points

Calculate the current measured by the ammeter A, .

For correct equivalent resistance of the circuit

1 point

Ryy=R, +R, =6Q+12Q =180Q

Rys =Ry +R; =12Q+6Q=18Q

1111 2 1.,
R Ry R 18O 18G 18Q 9qRp=90

Ry =R +Rp=2Q+9Q=11Q

For consistent substitution into a correct equation (i.e., Ohm’s law or Kirchhoff’s law)

1 point

I_K_(20V)
TR (11Q)

For the correct answer with the units

1 point

1=1.824

1 point

Calculate the potential difference measured by the voltmeter V.

For correct substitution (consistent with a(i) ) into a correct equation to calculate the
potential difference across R,

1 point

Vp=&-V,=€-1IR =(20V)-(1.82A)(2Q) =164V

Ve (164 V)

2 - 091 A
Rs - s -7

I35 =

V; = I3sR; = (0.91 A)(12 Q) =109 V

© 2018 The College Board.
Visit the College Board on the Web: www.collegeboard.org.




(b)

AP® PHYSICS C: ELECTRICITY AND MAGNETISM

2018 SCORING GUIDELINES

Question 1 (continued)

Distribution
of points
The switch is now moved to the closed position.
3 points
Calculate the current measured by the ammeter A, .
For the correct equivalent resistance of the circuit 1 point
1 1 1 1 1 3 1
- =4 — = = = SR =4Q
Ry R, R 6Q 120 120 40 "
1 1 1 1 1 3 1
_— _— = = = L R = 4 Q
Ris R, R, 120 6Q 120 40 %
Rg =Ry, +Ris=4Q+4Q =80
Ry =R +Ry =2Q+8Q=100
For consistent substitution into a correct equation (i.e., Ohm’s law or Kirchhoff’s law) 1 point
Vo (20 V)
TRT0Q)
For the correct answer with the units 1 point
I1=20A
1 points
Calculate the potential difference measured by the voltmeter V.
For correct substitution (consistent with b(i) ) into a correct equation to calculate the 1 point

potential difference across R,

© 2018 The College Board.
Visit the College Board on the Web: www.collegeboard.org.




AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2018 SCORING GUIDELINES

Question 1 (continued)
Distribution
of points

A student wants to determine if there is a current in the closed switch. The switch is now replaced with
ammeter A, between points X and Y. The ammeter acts as a closed switch and can measure the current,

if any, between the two points.

R =2Q
%S Ry=12Q
+
=e=20V Xt—A)—Y
1";45 Rs=6Q
®
(c)
i) 2 points

Calculate the current measured by ammeter A, .
For using a correct equation to calculate the current through R, and R4 (or R; and Rs) 1 point

Vs _ (8V)

=—===—=133A
2R, (69)

Vas _ -V -V €-IR -Vy; (20V)-(2A)(2Q)-(8V)
I, =45 = = = =067 A

R, R, R, (12 Q)
For indicating that the current through the ammeter is the difference between the 1 point

currents through the two resistors
Iy =1, -1, =(133A) - (0.67 A) = 0.67 A
i) 1 point

Indicate the direction of the current, if any, through the ammeter A, .

Left Right Undefined, because the current is zero
For selecting “Right” 1 point

Note: If a student calculated /4 in Part ¢(i) to be zero then the consistent answer of
“Undefined” earns 1 point.

© 2018 The College Board.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2018 SCORING GUIDELINES

Question 1 (continued)

Distribution
of points
R =2Q
‘N"
‘%EEE Ry=12Q
C=12yuF
+ S
=e=20V Xt HY
bi3 Fr-eo
®)

(d) The ammeter A, is replaced with switch S and capacitor C = 12 pF, as shown in the figure above.
Switch S is closed.

)

3 points

Calculate the charge stored on the positive plate of capacitor C a long time after switch S is closed.

For calculating the potential at points X and Y 1 point
_Vp _(164V)

Ly = R~ 8q) " 091 A

V, = IR, = (091A)(6 Q) =55V

Vi =€ -V, -V, =(20V)- (1.82A)(2Q) - (55V) =109 V

Vy=€-V, -V, =(20V)-(1.82A)(2Q)-(109V) =55V

For indicating that the potential difference across the capacitor is the difference in 1 point
potential at points X & Y

Ve =Vyx —Vy =(109V)—=(55V) =54V

For substituting into the equation for the charge stored on the capacitor 1 point

0 =CV =(12puF)(54V) =653 pC

1 point

Which point, X or Y, is at a higher electric potential?

X Y

Justify your answer.

Selecting “X”

For a correct justification 1 point

Example: The point X is at higher potential because the current flows to the right. The
current flows from high potential to low potential.

Example: The potential at X is 10.9 V and the potential at Y is 5.5 V. So point X is at the
higher potential.

© 2018 The College Board.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2018 SCORING GUIDELINES

Question 2
15 points total Distribution
of points

Schematic Diagram

J
|

£= R
Central
Conducting

Wi R

ire Cylindrical ’

. Cylindrical
Insulator .

s Conducting
Shell

Insulating
Cover

Circuit Figure

A coaxial cable is composed of a central conducting wire surrounded by a cylindrical insulator, and around
that is a conducting cylindrical shell with an insulating cover. A power supply of emf &£ is used at one end
to connect the two conducting regions, and a resistive load of resistance R is connected at the other end of
the cable to complete the circuit, as shown in the schematic diagram and circuit figure above.

A cross section of the cable from the perspective of the power supply end is depicted above as if looking
into the left end of the cable. Point P is inside the cylindrical insulator a distance b from the center of the
cable. Point Q is outside the cable.

(a)
1) 1 point

On figure 1 shown above left, draw an Amperian loop that could be used to determine the magnitude of
the magnetic field at point P in the diagram. Clearly mark this loop as “Loop 1.”

For properly drawing and labeling a circle concentric with the other circles and through 1 point
point P

i) 1 point

On figure 1, draw an Amperian loop that could be used to determine the magnitude of the magnetic
field at point Q in the diagram. Clearly mark this loop as “Loop 2.”

For properly drawing and labeling a circle concentric with the other circles and through 1 point
point Q

© 2018 The College Board.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2018 SCORING GUIDELINES

Question 2 (continued)
Distribution
of points
(a) Con’t
iii) 2 points

On figure 2 shown above right, draw an arrow to show the direction of the magnetic field at point P. The
arrow should start on and point away from the point in the direction of the magnetic field.

For properly drawing a straight arrow at point P that indicates the magnetic field is 1 point
tangent to Loop 1 from part (a)(i)
For indicating a counter-clockwise magnetic field around Loop 1 from part (a)(i) 1 point

(b) 3 points

Using Ampere’s law, derive an expression for the magnitude of the magnetic field at point P. Express
your answer in terms of & , R, b, and physical constants, as appropriate.

For using Ampere’s law at point P 1 point

For correctly substituting for (ﬁd? 1 point

B(27b) = pyl

For correctly substituting for / 1 point
_ ., € . pn_ M¢

B(27b) = 7 B 2R

(o) 2 points

Determine the magnitude of the magnetic field at point Q.
Justify your answer.

For indictaing that the magnetic field at point Q is zero 1 point

For a correct justification 1 point

Example: Since Loop 2 encloses both the inside wire and the outer conducting shell and
the two of them have equal and opposite currents, the net enclosed current is zero.
Thus the magnetic field at point Q is zero.

© 2018 The College Board.
Visit the College Board on the Web: www.collegeboard.org.
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Question 2 (continued)
Distribution
of points

Some physics students conduct an experiment with a coaxial cable in which they connect the cable to a
variable power supply and measure the resulting magnetic field strength at point P inside the cylindrical
insulator using a magnetic field sensor. Point P is 0.0050 m from the center of the cable. The plot of the
magnetic field strength B as a function of the emf & of the power supply is shown below.

(d)
1) 1 point

Draw the best-fit line for the data.

5 F4-+—+—t——+-FdA—t——4—Fd-F—-Fd—+ -t -+ -+ —F
- A=+~ 4 ===+ = A= —l= A = = T = =+~ =~ + —
-4 —+——4—t—d—+—Fd—t -4 —F -t A —+ - -+ o=+ —
20 4=+ =4 -+ —Fd4=t -4 —F A=t = A=+ -4 ==+ -

AN S S R S 2
-+ =4 - -+ -F4—F 4 —FA=-F A+ - A=+ -
F4-+—+—F——+—-Fd4—f——+—+-d- -4 —+—I— 1 ——+—F -
15 T e e T B e R S e — b=+ =
IS R S A - O S
_ -+ —4—F——+-Fd—ft——+—+-d-T —+——+—F-
B (x 107 T) L =A== A=} 4 — -] —F =t
10 ——4—+—|——|———|—+—|——|—-—|——+§r7|4- —F——+—F-
AN S S R 2 S S O
B R e ol ai e i i Bk P o S e — A=+ =
-4 —+ -+ — -+ - A >F -+ —+——+ —F—+—F
5 ——4—+—|——|———|—+%-—|——+—r——|—-- =+ =
——i—%—i—4—;%i—4—-—i—4—i~—i——- A N A
- =+l =gt~ A= —l— 4= —— 1 — A=+ =
- H4—+ <42+ At -4 — - — A=+~
0 e Bt e e e bk o e Tl el & — A=+ =

0 2 4 6 8 10

EWV)
| For properly drawing a trend line on the graph | | 1point

il) 2 points

Use the straight line to calculate the resistance R of the resistor used in the experiment.

For correctly calculating the slope from the best-fit line and not the data points 1 point
-5
Ap  (20-5)(Tx107) s
lope = — = =242x1 T
SOPE =N T T (94 -32)(V) X107 T/V
For correctly relating the slope to the equation from part (b) 1 point
-7
Cow . owm (47107 Tem/A) B
slope = SR = = : =1.65Q
27bR slope x 276 (2.42x 107 T/V)(27)(0.0050 m)
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Question 2 (continued)

Distribution

(e) 1 point

of points

The lab group uses a multimeter to measure the resistance of the resistor and determines that their

experimental value for R from part (d) is approximately 10% larger than that found with the

multimeter. Describe a physical reason that might account for this result.

For an appropriate explanation for the difference in the resistance values

1 point

Example: There is resistance in the wires, thereby increasing the total experimental
resistance.

(f) The lab group notices that when the current is reversed in the cable and the experiment is again performed,
the plot has a positive vertical axis intercept equal in magnitude to the negative vertical axis intercept in the

plot shown before part (d).
1) 1 point

Describe a physical reason for the vertical axis intercept.

For an appropriate explanation for the vertical axis intercept

1 point

Example: The magnetic field sensor was not zeroed at the start of the experiment to
account for the Earth’s magnetic field

i) 1 point

Describe a physical reason that the vertical axis intercept switches from negative to positive when the

current in the cable is reversed.

For an appropriate explanation for the intercept switching from negative to positive

1 point

Example: When the current is reversed, the cable’s magnetic field switches direction but
the external magnetic field from the Earth remains constant.
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Question 3
15 points total Distribution

of points
Top Capacitor Plate
L ] +a

!
I

I 1-0
Bottom Capacitor Plate

Note: Figure not drawn to scale.

A parallel plate capacitor is connected to a battery, fully charged, and then isolated from the battery. The
plates are given equal and opposite charge densities ¢, and the separation between the plates is d, as shown

in the figure above. The area of each plate has a value of 4.

(a) 3 points

Derive an expression for the energy stored in the capacitor. Express your answer in terms of o, d, A4,
and physical constants, as appropriate.

For using an appropriate equation for calculating the energy stored in a capacitor 1 point
2
q
U=
2C
For substituting correctly into above equation 1 point
y - o)’
goA
d
For a correct answer 1 point
2
U= dAoc
2¢,
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Question 3 (continued)
Distribution
of points

While the capacitor is isolated from the battery, an uncharged metal slab of thickness x and area A4 is
inserted between the capacitor plates so that it is an equal distance from the two plates, as shown in the
figure above.

(b) On the figure above, draw an arrow to indicate the direction of the electric field in the following
three regions of space between the capacitor plates. If the electric field is zero in any region, indicate
this by writing “E = 0” in that region.

[ ]+
T
d [[E=0 Metal Slab | 1x
[ ] -
1) 1 point
The region between the top plate and the metal slab
For properly drawing an arrow between the top plate and the metal slab pointing 1 point
downward
i) 1 point
The region inside the metal slab
| For indicating that E = 0 inside the metal slab | [ 1 point
iii) 1 point
The region between the metal slab and the bottom plate
For properly drawing an arrow between the metal slab and the bottom plate pointing 1 point
downward
(©) 1 point

On the lines below, rank the regions according to the magnitude of the electric field, with 1 being the
largest magnitude. If any regions have the same magnitude of electric field, give them the same
ranking.

The region between the top plate and the metal slab
The region inside the metal slab

The region between the metal slab and the bottom plate

For ranking both regions between a plate and the metal slab as 1 and the region inside 1 point
the metal slab as 2
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Question 3 (continued)
Distribution

of points
2 points
Is the capacitance of the capacitor with the metal slab greater than, less than, or equal to the capacitance
of the original capacitor without the slab?

Greater than Less than Equal to

Justify your answer.

For selecting “Greater than” with an attempt at a relevant justification 1 point

For a correct justification 1 point

Example: Inserting the metal slab effectively decreases the distance over which the
electric field exists in the capacitor. Since the distance between the plates is

effectively smaller, the capacitance is increased.

Example: Inserting the metal slab decreases the extent of the electric field between the
plates, which lowers the electric potential. If the electric potential between plates of
a capacitor is lowered and the charge remains constant, the capacitance is

increased.

2 points

When charged to the original charge density, is the energy stored in the capacitor with the metal slab
greater than, less than, or equal to the original energy stored in the capacitor calculated in part (a) ?

Greater than Less than Equal to

Justify your answer.

For selecting “Less than” with an attempt at a relevant justification or for selecting an 1 point
answer consistent with part (d)

For a correct justification 1 point

Example: Since the equivalent capacitance with the slab is greater than the original

capacitance, and the energy stored is related to capacitance by U = q2 / (2C), the
energy stored on the capacitor will be less with the metal slab.

© 2018 The College Board.
Visit the College Board on the Web: www.collegeboard.org.




AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2018 SCORING GUIDELINES

Question 3 (continued)
Distribution
of points

Some physics students conduct an experiment in which they charge the capacitor to the same potential
difference, isolate it from the battery, insert the metal slab, and measure the new potential difference across
the capacitor. This experiment is repeated with slabs of different thickness. The plot of the potential
difference AV across the capacitor as a function of the thickness x of the slab is shown below. A best-fit
line for the data has been drawn.

Potential Difference AV (V)

Slab Thickness x {cm)

(f) Use the best-fit line to calculate the following:
1) 2 points

o, the charge density on the plate

For correctly calculating the slope using appropriate values from the best-fit line 1 point
15-5)(V
slope = AV _ ( N )2 =232 V/m
AX  (4.1-84)(x107 m)
For correctly relating the slope to the charge density on the plates 1 point
slope = -2 o= —slope x &, = —(-232 V/m)(8.85 x 10712 Cz/(N-mz))
o
o =2.06x10" C/m>

i) 2 points

d, the distance between the capacitor plates

For appropriately using the best fit line 1 point
A i) I R S - P PR
& o
For an answer, with units, consistent with the charge density found above 1 point
20 V)(8.85x 107" C?/(Nem?
d:0.02m+( )( 5 /2( ))
(2.06x107 ¢/m?)
d =10.6 cm
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Question 3 (continued)

Distribution
of points
(f) con’t
i) con’t
Alternate solution Alternate
points
For using the extension of the best fit line to the x-axis 1 point
For an answer, with units, consistent with the extension of the line 1 point
d =10.6 cm
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