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.

1. The circuit shown consists of four identical lightbulbs and a battery. Which of the following diagrams best
represents the circuit?

(A)

©)

(E)

—wW—|I—
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2. A solid, nonconducting sphere of radius R has
charge Q distributed uniformly throughout its

volume. Which of the following is equal to the
R
magnitude of the electric field at distance 2

from the center of the sphere?

(A) Zero

1k
®) 53—
© =
(D) 2—

E) 44—
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3. A resistor of resistance R and a capacitor of capacitance C are connected to an ideal battery, as shown. This

circuit has time constant 7. Which of the following circuits also has time constant 7 ?

2R 2¢ ’ I 2R G
—i|- — ~J—
©) R ¢ (D) R (9
2 2
5 C
N ‘-‘-‘ 2
[ -
|| l L
| | I
C
= R 2
¢
2
lily
Ul
Unauthorized copying or reuse of -8-
any part of this page is illegal. GO ON TO THE NEXT PAGE.




4, A conducting spherical shell has a net positive
charge +Q, as shown. Which of the following
indicates the net charge on the inner surface of

the shell and the net charge inside of the

shell (shaded region)?
Inner Surface Inside Shell

A Zero Zero
B -0 -0
C Zero -0
D -Q Zero
E +Q Zero
(A) A

(B) B

©) C

(D) D

(E) E

Unauthorized copying or reuse of
any part of this page ls lllegal,

5. An air-filled parallel plate capacitor

stores 8.85 x 10710 of energy when the
potential difference across the plates is 20.0 V

and the plates are separated by a distance
of 1.00 x 10”3 m. What is the area of each plate

of the capacitor?

(A) 1.25x 10”4 m?
(B) 2.50 % 10~%m?
(C) 5.00 x 10™*m?

(D) 1.00 x 10~3m?

(E) 1.50 x 1073 m?

GO ON TO THE NEXT PAGE.



d (m) a (m/s?)
0.1 90
0.2 90
03 90
04 90

6. Identical nonconducting spheres 1 and 2, each

with equal amounts of positive net charge, are

initially held at rest near each other so that the
force between the spheres is nonnegligible.

Sphere 2 is then released while Sphere 1
remains at rest. The table shows the
acceleration a of Sphere 2 along a straight path
as a function of the separation distance d
between the centers of the spheres. Which of the
following claims can be supported by data in the
table?

(A) The spheres are isolated from other objects
and fields.

(B) The spheres are in a region of external
uniform electric field only.

(C) The spheres are in a region of external
nonuniform electric field only.

(D) The spheres are in a region of external
uniform magnetic field only.

(E) The spheres are in a region of external
uniform electric and magnetic fields only.

Unauthorized copying or reuse of
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7. The figure shows equipotential lines in a plane.
A, B, C, D, E, and F are points in the plane.
Which of the following claims is correct?

(A) The electric field at Point A is directed
toward Point B.

(B) The electric field at Point C is directed
toward Point D.

(C) The magnitude of the electric field is
greater at Point B than at Point E.

(D) The magnitude of the average electric field
is greater between points F and E than

between points A and B.

(E) The magnitude of the average electric field
is greater between points B and C than

between points E and D.
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8. Nonconducting Sphere 1 has a positive net
charge and is held at rest. Conducting Sphere 2,
which is near Sphere 1, has no net charge and is

given an initial speed moving away from
Sphere 1. All forces other than the electric force

are negligible. Which of the following claims is
correct for when Sphere 2 moves away from
Sphere 1 ?

(A) The acceleration of Sphere 2 is toward
Sphere 1.

(B) The momentum of Sphere 2 is increasing.
(C) The net force exerted on Sphere 2 is zero.
(D) The kinetic energy of Sphere 2 is constant.

(E) The electric potential energy of the
Sphere 1-Sphere 2 system is decreasing.

Unauthorized copying or reuse of -11- GO ON TO THE NEXT PAGE.
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9. A conducting loop is beneath a long, straight, insulated wire. The loop and the wire are in the plane of the page.
At the instant shown, the current in the wire and the current in Segment PQ of the loop are / in
the +x-direction. Which of the following indicates the direction, if any, of the net magnetic force F,s exerted on
Segment RS of the loop and provides a valid justification?

(A) +y, because the currents in Segment RS and the wire create magnetic fields that produce an attractive

force.

(B) +y, because the currents in segments RS and PQ create magnetic fields that produce an attractive force.
(C) No direction, because the currents in Segment RS and the wire are constant,
(D) —y, because the currents in Segment RS and the wire create magnetic fields that produce a repulsive

force.

(E) -y, because in the region between Segment RS and the wire, the magnetic field from Segment RS is
directed in the opposite direction from the magnetic field from the wire.

Unauthorized copying or reuse of
any part of thie page Is lllegal.
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10. Circuits 1 and 2 shown each consist of an ideal battery of emf € and resistors with resistances of R, 2R,
and 3R. The rates at which thermal energy is dissipated by the resistor with resistance R in circuits 1 and 2

are P; and P,, respectively. Which of the following correctly compares P, to P, and provides a valid
justification?

(A) P, = P, because the resistance of the resistor is the same in each circuit.

(B) P, > Py, because the equivalent resistance of Circuit 1 is smaller than the equivalent resistance of
Circuit 2.

(C) P, > P, because the current in the resistor for Circuit 1 is smaller than the current in the resistor for
Circuit 2.

(D) P, < Py, because the equivalent resistance of Circuit 1 is larger than the equivalent resistance of Circuit 2.

(E) P, < P, because the current in the resistor for Circuit | is larger than the current in the resistor for
Circuit 2.

Unauthorized copying or reuse of -1 3- GO ON TO THE NEXT PAGE.
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11. The resistance between the left side X and right side Y of two separate pieces, 1 and 2, of the same resistive
material is measured. The dimensions of the pieces are shown. The resistances of pieces 1 and 2 are R;
and Ry, respectively. Which of the following correctly relates R, and R; ?

(A) Ry= %Rl
(B) Ry= : R
2
©) R=R
(D) Ry =2R
(E) Ry=4R

Sy por o1 i page s legal. U4 GO ON TO THE NEXT PAGE-
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12. Wires T, U, and V each carry current and are

oriented perpendicular to the plane of the page.
Wire T carries current / out of the page.
Wire U carries current 2/ into the page. The

value and direction of the current in Wire V are

unknown. The line integral of the magnetic
field B taken counterclockwise around the

dashed path shown, § B-d Z, is equal to 2u].

Which of the following indicates the value and
direction of the current in Wire V ?

(A) I out of the page
(B) 2I out of the page
(C) 2I into the page
(D) 3I out of the page
(E) 3I into the page

Unauthorized copying or reuse of
any part ot this page Is lllegal.
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13. A metal rod of mass m and resistance R is in

contact with the rails of a U-shaped conductor of
width d and negligible resistance. The rails rest
on a horizontal surface. The coefficient of
kinetic friction between the rod and rails is fi.

The rod and rails are in a uniform magnetic field
of magnitude B that is directed into the surface,

as shown. An external force of magnitude F is
exerted on the rod so that the rod has constant

speed v to the left. Which of the following
expressions is equal to the power delivered to the

rod by the force?

By
R

Bdv
(B) R +umgy

(A)

B2d2v2
R

BZ d2v2

©

(D) + umgv

B%d%?

(E) — pmgy
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Point Direction of E

X No direction

Y Toward Sphere 4

14. The figure shown represents the electric field resulting from the square arrangement of charged spheres 1, 2, 3,
and 4. The directions, if any, of the electric field E at points X and Y are given in the table. Which of the

following identifies the signs of the charges on the spheres, consistent with the collected data?

Positively Charged Negatively Charged
A 1,2, 3,and 4 None
B 1,2,and 3 4
C 1 and 4 2 and 3
D 2 and 3 1 and 4
E None 1,2, 3,and 4
(A) A
(B) B
©) C
D) D
(E) E
Unauthorized copying or reuse of -16- Go ON TO THE NEXT PAG E.
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Sphere 1

Sphere 2

Note: Figure not drawn to scale.

15. Conducting spheres 1 and 2 are each on an
insulating stand. The distance between the
spheres is large compared to their diameters.
Sphere 1 has a known amount of charge on it,
and Sphere 2 is initially neutral, A wire is then
connected between the spheres for a long time,
as shown, Which of the following indicates the
fewest measurable quantities necessary to

calculate the electric potential at the surface of
each sphere?

(A) The diameter of Sphere 1

(B) The diameter of Sphere 2
(C) The diameters of both spheres

(D) The diameters of both spheres and the
length of the wire

(E) The diameters of both spheres, the length
of the wire, and the heights of both stands

Unauthorized copyling or reuse of
any part of this page Is lilegal.
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16. A long, cylindrical-shaped solenoid has length ¢

and N loops. The diameter of one loop is d.
Which of the following expressions is equal to
the inductance of the solenoid?

1 N;tozrd2
4 ¢

(A)

(B)

©)

(D)

B ———

GO ON TO THE NEXT PAGE.



17. The circuit shown consists of a battery and four identical resistors. Which of the following circuits correctly
shows how a fifth identical resistor can be added to the circuit such that the equivalent resistance of the circuit

is doubled?
(A) (B)
©) (D)
= 3 =
(E)
=3
'1 <
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18. The circuit represented in Figure 1 consists of a battery, a resistor, a switch that has been closed for a long time,
and a capacitor. Electric potentials Vi and Vy are measured at positions X and Y, respectively, at the terminals
of the battery. Figure 2 shows the direction of the electric field E between plates 1 and 2 of the capacitor.
Which of the following correctly indicates whether Plate 1 or Plate 2 contains positive charge and indicates the
correct sign, if any, of the potential difference AVxy =Vx — Vg ?

Plate Containing Positive Charge Sign of AVxy
A 1 +
B 1 -
C 2 None
D 2 ¥
E 2 B
(A) A
(B) B
) C
(D) D
(E) E
-19- GO ON TO THE NEXT PAGE.
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19. A sphere of charge +2.0 X 1078 C is launched with different speeds v in the +x-direction toward a region of
external uniform magnetic field of magnitude B represented by the dashed square in Figure 1. The magnetic
field is perpendicular to the velocity of the sphere but not shown. The resulting magnetic force exerted on the
sphere has magnitude Fj, and is directed in the +y-direction immediately after the sphere enters the region.
The trend line in Figure 2 represents the best-fit line to the graph of Fy, as a function of v immediately after
the sphere enters the region. Which of the following best approximates B and indicates the direction of the

magnetic field?
B (T) Direction
A 0.5 +2Z
B 0.5 =
(5 1.0 +2
D 1.0 -z
E 1.0 +y
A) A
(B) B
©€) C
(D) D
(E) E
a borof e puge s Hogal “20- GO ON TO THE NEXT PAGE.




21. Spheres 1, 2, and 3 each have net positive
charge +Q and radius r. Sphere 1 is a thin
conducting shell. Sphere 2 is a solid conductor.

Sphere 3 is a solid nonconductor with uniform

charge distribution throughout its volume. Each

sphere is isolated from the other spheres. The

; 3 , r
magnitudes of the electric fields at a distance —

5
from the centers of the spheres are E,, E,,
and Ej; for spheres 1, 2, and 3, respectively.
Which of the following correctly
20. An external force moves a sphere with negative
charge —Q at a constant speed through a compares E), E;,and E3?
uniform electric field of magnitude E that is
directed 60° above the horizontal, as shown. (A) E;=E,=E;
\];Vhtil:h oftthe f{)ilowirig represalllts thhe work done (B) (E;=E,) < E;
y the external force to move the sphere a &
horizontal distance L ? ©) E<(Ez=Ej
(D) El < E2 < E3
3 E,>(E,=E
(A) —%QEL (B) E;>(Ex=Ej)
(B) —QEL
1
——QEL
© 2 o
(D) > QEL
2
3
(E) ] QEL
2
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22. A student connects resistors R; and R, separately to a power supply of variable potential difference AV For
each circuit, the student measures the current / in the power supply for different values of AV. The student
then creates the graph shown of AV as a function of / for Circuit 1, which contains only Resistor R, and
Circuit 2, which contains only Resistor R,. The student then creates Circuit S with resistors R; and R; in
series and Circuit P with resistors R; and R, in parallel and repeats the measurements. Which of the following
graphs best represents AV as a function of / for circuits S and P ? (The lines for circuits 1 and 2 are included
for reference.)

(A) A‘V (B) AV

| 1
(C) AV
1
Unauthorized copying or reuse of '22' GO ON TO THE NEXT PAGE.
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23. A parallel plate capacitor is connected to a
battery for a long time and stores 5J of energy.

The separation distance between the plates is d.
The battery is then disconnected from the

capacitor. Which of the following is equal to the
work required to move the plates to separation
distance 2d ?

(A) —10J
(B) -51]
(©) 0J

(D) +51J
(E) +101]

Unauthorized copying or reuse of
any part of this page is illegal.
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24. A conducting loop with labeled sides 1 and 2 is held at rest in a region of an external uniform magnetic field of
magnitude B that is directed in the —z-direction, as shown. Starting at time ¢ = 0, B is increased linearly as a
function of 7. The magnetic forces exerted on sides 1 and 2 are Fj and F;, respectively. Which of the following
best describes F; and F, immediately after r = 0 ?

R F

A In the +x-direction and increasing In the —y-direction and increasing
B In the +y-direction and increasing In the +x-direction and increasing
£ In the —y-direction and increasing In the —x-direction and increasing
D In the +x-direction and decreasing In the —y-direction and decreasing
E In the —y-direction and decreasing In the —x-direction and decreasing

(A) A

(B) B

© C

(D) D

(E) E

Unauthorized copying or reuse of -24- GO ON TO THE NEXT PAGE.
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25. Small spheres 1, 2, and 3 of charges +Q, ~Q, and +0, respectively, are held at rest on the x-axis. When the
centers of spheres 1 and 2 are distance r apart and the centers of spheres 1 and 3 are 2r apart, as shown in
Figure 1, the magnitude of the net electric force exerted on Sphere 1 is F. Sphere 3 is then moved in
the +x-direction and held at rest so that the centers of spheres 1 and 3 are 3r apart, as shown in Figure 2.
Which of the following is equal to the magnitude of the resulting net electric force exerted on Sphere 1 in

Figure 2 ?

(A)

(B)
©)
(D) SF

(E) 3F

.25- GO ON TO THE NEXT PAGE.
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26. A rectangular loop of wire has side lengths of 0.40 m and 0.20 m, as shown in Figure 1. The loop is placed in a
uniform magnetic field B of magnitude 10.0mT that is directed at an angle of 37° to the plane of and through
the loop, as shown in Figure 2. What is the magnetic flux through the loop?

(A) 0.48 mT - m?
(B) 0.60mT - m’
(C) 0.64mT - m?

(D) 0.80mT -m?

(E) 1.39mT-m?

27. Parallel-plate capacitors 1 and 2 each have
identical plate areas. Capacitor 1 is filled with
air, has a plate separation of 4.0 x 103 m, and
has a capacitance of 2.0 pF. Capacitor 2 is filled
with a material of dielectric constant ¥ = 3, and
the plates are separated by a distance
of 2.0 x 10”3 m. Which of the following is
equal to the capacitance of Capacitor 2 ?

(A) 0.20F
(B) 0.304F
(C) 2.0yF
(D) 6.04F
(E) 12yF

Unauthorized copying or reuse of .26_
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28. A long, straight wire is parallel to the y-axis, as shown in Figure 1. The wire carries current . A graph of
the z-component B, of the magnetic field as a function of position x outside of the wire is shown in Figure 2.
Which of the following correctly indicates the direction of / and provides a valid justification?

(A) +y-direction, because B, approaches zero as x approaches .
(B) +y-direction, because B, is negative for positive values of x.
(C) —y-direction, because B, approaches zero as x approaches .
(D) —y-direction, because B, is negative for positive values of x.

(E) —y-direction, because B, has both positive and negative values.

, 27- GO ON TO THE NEXT PAGE.
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29. The graph shows the electric potential V in a
region of space as a function of position x. The
electric field is parallel to the x-axis. Which of

the following claims about the electric field is
correct?

(A) The electric field is zero at x = 1.0 m.

(B) The electric field changes direction
between x = 2.0m and x = 4.0m.

(C) The magnitude of the electric field is a
maximum at x = 4.0m.

(D) The electric field is zero at x = 5.0 m.

(E) The magnitude of the electric field is a
maximum at x = 5.0 m.

Unauthorized copying or reuse of -28- GO ON TO THE NEXT PAG E.
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30. An isolated sphere with positive charge +( is positioned at the origin of an xy-coordinate system. Point P has
coordinates (0, d), as shown in Figure 1. The magnitude of the electric field at Point P due to the sphere is Ej,.
Additional points A, B, C, D, and E and their respective coordinates are labeled in Figure 2. At which of the

E
following labeled points should the sphere be placed so the magnitude of the electric field at Point P is 70 ?

(A) A
(B) B
©) C
(D) D
(E) E

.29- GO ON TO THE NEXT PAGE.
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31. An air-filled capacitor is connected in series to
another capacitor that contains a dielectric
material of dielectric constant x that completely

fills the region between the plates. The plates of

each capacitor are separated by distance d and
each plate has area A, as shown. Which of the

following is equal to the equivalent capacitance
of the capacitors?

1 erA
2 d

EpA
B) ——(1+x)

Leod( x.)
© 2 d \xk+1

D €0A K )
(D) d (x+l

x+1
K

EoA
d

(E)

Unauthorized copying or reuse of
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A charged particle of mass m; charge g, and
with speed v enters a region of uniform
magnetic field of magnitude B, that is directed
into the page. The particle travels in a circular
path of radius Ry, as shown. A second particle of
mass m, charge 3¢g, and with speed % then
enters the field along the same direction as the

first particle. The second particle moves in a

circular path of radius R,. Which of the

following correctly relates R, and R; ?

(A) R,=6R,
3

R, =—R
(B) R, 2N
2

R, =—R
O R, 3 F
(D) R—lR
2=5 N

(E) R—lR
2= g R

GO ON TO THE NEXT PAGE.
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Two resistors, each of resistance R, are
connected to a rectangular loop of wire that has

height h and width w. The loop moves with
speed v toward a region of external uniform

magnetic field of magnitude B that is directed
out of the page, as shown. Point P is located on
the side of the loop that is closest to the
magnetic field, as shown. A magnetic force of
magnitude Fy is exerted on the loop
immediately after Point P enters the magnetic
field. Which of the following expressions is
equal to Fy ?

23

(A) _I_Bzwzv
2 R
Bzwzv

B) 2

(B) R

o) lehzv

) 37%
Bh%y

D) 2

(D) R
Bzwhv

E) 2

(E) R
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34. The circuit in Figure 1 consists of an ideal
battery, two resistors, each of resistance R, and
ammeter A that measures current /;. The circuit
in Figure 2 consists of the battery, three
resistors, each of resistance R, and ammeter A
that measures current /5. Which of the following
isequal to [, ?

1
(A) 3 h

1
(B) 5’1

3
© 3
D) 1

(E)

GO ON TO THE NEXT PAGE.
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35. A circular conducting loop of radius r rotates
with angular frequency @ about a central axis

that is parallel to the y-axis. The loop is in a
region of external uniform magnetic field of

magnitude B that is in the +z-direction, as
shown. Which of the following expressions is
equal to the maximum induced emf in the loop?

1
(A) ZB/rrzw
|
(B) EB," (7]
(C) Brre
(D) 2Brrlo

(E) 4Brr'o
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Question 1

Begin your response to QUESTION 1 on this page.

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

3 Questions

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

T Sphere B

d *Point S

Figure 1

Note: Figure not drawn to scale.

1. Conducting Sphere A of radius 2r and positive net charge +Q is attached to an insulated stand. Neutral
conducting Sphere B of radius r and mass M is suspended by an insulated string so that Sphere B is at rest
directly above Sphere A. The tension force exerted on Sphere B by the string has magnitude 7;. The centers of the
spheres are separated by distance d, as shown in Figure 1, where r < d. Point S is midway between the centers
of the spheres.

Unauthorized copying or reuse of this page s illegal. Page 2 GO ON TO THE NEXT PAGE.
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® Question 1

Continue your response to QUESTION 1 on this page.

(a) The dots in Figure 2 represent the center of Sphere A, Point S, and the center of Sphere B. In Figure 2, draw
a single arrow on each dot to represent the direction of the net electric field at the location of the dot. Each
arrow must start on and point away from the dot. If the net electric field is zero, write “E = 0” next to the dot.

Sphere B

® Point S

Sphere A

Figure 2

Note: Figure not drawn to scale.

Unauthorized copying or reuse of this page Is illegal. Page 3 GO ON TO THE NEXT PAGE.
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Question 1

Continue your response to QUESTION 1 on this page.

Sphere B

(=T Lightbul

Sphere A

Figure 3

Note: Figure not drawn to scale.

At time ¢ = 0, a lightbulb of resistance R and conducting wires are connected between the spheres, as shown in
Figure 3. The lightbulb remains connected between the spheres for a long time .

Unauthorized copying or reuse of this page is illegal. Page 4 GO ON TO THE NEXT PAGE.
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Question 1

Continue your response to QUESTION 1 on this page.

(b) Consider time interval 0 < 7 < 4.

i. On the axes shown, sketch a graph of the electrical power P dissipated by the lightbulb as a function
of ¢ during 0 < ¢ < #. Explicitly label the vertical intercept in terms of r, Q, M, 4, d, R, and physical
constants, as appropriate.

ii. Q4 (#) and Qg(#) represent the net charges on spheres A and B, respectively, as functions of ¢.

Vi (#) and Vp(?) represent the electric potentials at the centers of spheres A and B, respectively, as
functions of 7.

Derive an expression for the potential difference AV/(¢) between the spheres as a function of ¢,

_”80

3
where AV(r) = Vi (1) — Vg(¢), to show that AV(z) = k[—%‘t(—t) - %], where k

Unauthorized copying or reuse of this page is illegal. Page 5 GO ON TO THE NEXT PAGE.
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Question 1

Continue your response to QUESTION 1 on this page.

(c) After #;, the lightbulb and wires are removed without disturbing the charges on spheres A and B. O, is the net
charge on Sphere A, and Qp, is the net charge on Sphere B.

i. Calculate the ratio Q—B.
Oa

ii. The magnitude of the net electric field at Point S is now E,,. Derive an expression for Epey in terms
of r, Q, M, 1, d, R, and physical constants, as appropriate.

Unauthorized copying or reuse of this page is illegal. Page 6 GO ON TO THE NEXT PAGE.
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Question 1

Continue your response to QUESTION 1 on this page.

T,
T % Sphere C

d

I._

Sphere D

Figure 4

(d) Sphere B is replaced with nonconducting Sphere C of the same radius 7, the same mass M, and the same
charge Qp as those of Sphere B in part (c). Sphere A is replaced by nonconducting Sphere D of the same
radius 2r and the same charge O, as those of Sphere A in part (c). The charge is distributed uniformly
throughout the volume of each sphere. Sphere D is moved close to Sphere C. Sphere D is then held at rest
directly underneath Sphere C such that r <« d is no longer assumed, as shown in Figure 4.

i. Describe the changes, if any, in the distribution of charge on Sphere D as Sphere D is moved closer to
Sphere C.

ii. The tension force exerted on Sphere C by the string has magnitude 7, after Sphere D is brought to rest.
Indicate whether T, is greater than, less than, or equal to Tj, the magnitude of the tension force exerted
on Sphere B in Figure 1. Briefly justify your answer.

~
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Question 2

Begin your response to QUESTION 2 on this page.

Connecting
Wires

[~ [ | — -0

Capacitor | Switch | Resistor | Battery Ammeter

2. Students are asked to determine an experimental value for the capacitance Cgxp of an initially uncharged
capacitor. The students use the capacitor, a switch, two 3.3 x 10°Q resistors, a 9.0 V battery, connecting wires,

and an ammeter that measures current as a function of time.

() A circuit is assembled that maximizes the time constant 7 of the circuit. The circuit can be used to

determine Cgxp-
i. Using the symbols shown, draw a schematic diagram of the circuit that includes both resistors.

ii. Describe a procedure for collecting data as the capacitor is being charged that would allow the students
to determine Cgyp. Provide enough detail so that another student could replicate the experiment.

’
Unauthorized copying or reuse of this page is illegal. Page 8 GO ON TO THE NEXT PAGE.
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Question 2

Continue your response to QUESTION 2 on this page.

(b) It is determined that r = 3,1 s, Calculate Cpyp.

At time 1 = 3.1 5, the charge on the positive plate of the capacitor was Q. After the experiment, it is determined
that the ammeter that was used was nonideal, The experiment is repeated with an ideal ammeter. At time ¢ = 3.1 s,

the charge on the positive plate of the capacitor is 0.

(c) Indicate whether Q) is greater than, less than, or equal to ;.

Q, > — 0 < O ST )

Justify your answer.
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Question 2

Continue your response to QUESTION 2 on this page.

Slab
Plate
Plate
[~ —d—]
Trial 1 Trial 2

In a different experiment, students are asked to determine an experimental value for the dielectric constant ¥ of a
type of plastic. The students have two parallel conducting plates and six different slabs made of the plastic. The
slabs differ in thickness. For each trial, one slab is inserted between the plates to make a capacitor. The plate
separation d is adjusted so that d is the slab thickness. The capacitance C of the capacitor is then determined.

The capacitor for two trials is shown.

Collected data are used to plot the following graph of C as a function of %

C(F)
2.0 x 10710

1.5x% 10710

1.0 x 10710 $

0.5x 10710

0.0 1 (m™h
0 50 100 150 200 9

(@)
i. Draw the best-fit line for the data.

Unauthorized copying or reuse of this page s illegal. Page 10 GO ON TO THE NEXT PAGE.
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Question 2

Continue your response to QUESTION 2 on this page.

ii. Using the best-fit line, calculate the experimental value for x. Each plate has area 5.0 x 10~ 2 m?.

Unauthorized copying or reuse of this page Is illegal. Page 11 GO ON TO THE NEXT PAGE.
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Question 3

Begin your response to QUESTION 3 on this page.

rE—— L.
)

Wire 2

4 z

Figure 1. Side View

3. Long parallel wires 1 and 2 are positioned horizontally and are separated by vertical distance d. Wire 1 is fixed in
place and has current J; in the +x-direction. Wire 2 is initially held in place but can be released. Each wire has
linear mass density A and resistance per length % Point P is midway between wires 1 and 2, as shown in the
side view in Figure 1.

(a) Draw your answers to parts (a)(i) and (a)(ii) on the cross-sectional view shown in Figure 2.

@ Wire 1 +y
oP +2Z v—$

+X
O Wire 2

Figure 2. Cross-Sectional View

i. On Figure 2, draw an appropriate Amperian loop that can be used to determine the magnitude of the
magnetic field at the location of Wire 2 due to Wire 1.

ii. On Figure 2, draw an arrow starting on, and pointing away from, the dot representing Point P to show
the direction of the magnetic field at Point P due to Wire 1.

Unauthorized copying or reuse of this page Is illegal. Page 12 GO ON TO THE NEXT PAGE.

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



Question 3

Continue your response to QUESTION 3 on this page.

iii. Using Ampere's law, derive an expression for the magnitude of the magnetic field B at the location of
Wire 2 due to Wire 1. Express your answer in terms of d, J;, and physical constants, as appropriate.

Consider the situation in which Wire 2 has current /, and there is a gravitational force exerted on Wire 2 in
the —y-direction. Wire 2 is then released but remains at rest.

(b) Derive an expression for J, in terms of 4, /;, 4, and physical constants, as appropriate.

N ; R
Consider the situation in which Wire 1 has these properties: /; = 5.0 A and 7 0.12 9
m

(c) Calculate the total energy AE dissipated in a section of Wire 1 of length L = 0.40 m for a time interval
of At =3.0s.

—_
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Question 3

Continue your response to QUESTION 3 on this page.

Wire 1

1,=50A .

v=0.15m/s
+y

Conducting Loop
(L—‘ +x

+2Z

Figure 3. Side View

Wire 2 is removed. Wire 1 has current J; = 5.0 A in the +x-direction. A circular conducting loop is placed
directly below Wire 1. The loop is moved toward Wire 1 in the +y-direction at constant speed v = 0.15 m/s, as
shown in the side view in Figure 3.

(d) Indicate whether the direction of the induced current in the loop is clockwise, counterclockwise, or zero as the
loop is moved toward Wire 1.

Clockwise Counterclockwise Zero
Briefly justify your answer.
Unauthorized copying or reuse of this page s lllegal. Page 14 GO ON TO THE NEXT PAGE.
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Question 3

Continue your response to QUESTION 3 on this page.

The rate of change of the magnitude of the magnetic ficld at the center of the moving loop due to Wire 1 is d—B
The distance between the center of Wire 1 and the center of the moving loop is 4, which varies as a function of

time.

p — . dB _
(e) Derive the relationship between the magnitude of o and h to verify that

dB | _7Tm?|( 1
i , = [1.5 X 10 TJ[};—Z]

Write your expression in terms of numerical values and 4 only.

-,
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AP Physics C Electricity and Magnetism
2024

APPENDIX - ANSWERS

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

Supplied handwritten solutions; nonofficial.



A

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.

1. The circuit shown consists of four identical lightbulbs and a battery. Which of the following diagrams best
represents the circuit?

(A)

©)

(E)

—wW—|I—

Unauthorized copying or reuse of
any part of this page is illegal.
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B 2. A solid, nonconducting sphere of radius R has

charge Q distributed uniformly throughout its

volume. Which of the following is equal to the
R
magnitude of the electric field at distance 2

from the center of the sphere?

(A) Zero

1k
®) 53—
© =
(D) 2—

E) 44—

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

il
L Lo

3. A resistor of resistance R and a capacitor of capacitance C are connected to an ideal battery, as shown. This

circuit has time constant 7. Which of the following circuits also has time constant 7 ?

2R e ’ I 2R c
1= | _ilt
4l| | || —
C o D) R (9
©) R ( > 5
C C
N r-‘ 2
il
|l l L
| | Il
C
- R 2
¢
2
hils
UL
Unauthorized copying or reuse of -8-
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E 4, A conducting spherical shell has a net positive
charge +Q, as shown. Which of the following
indicates the net charge on the inner surface of
the shell and the net charge inside of the

shell (shaded region)?
Inner Surface Inside Shell

A Zero Zero
B -0 -0
C Zero -0
D -Q Zero
E +Q Zero
(A) A

(B) B

©) C

(D) D

(E) E

Unauthorized copying or reuse of
any part of this page ls lllegal,

C

5. An air-filled parallel plate capacitor

stores 8.85 x 10710 of energy when the
potential difference across the plates is 20.0 V

and the plates are separated by a distance
of 1.00 x 10”3 m. What is the area of each plate

of the capacitor?

(A) 1.25% 10~4 m?
(B) 2.50 % 10~%m?
(C) 5.00 x 10™*m?

(D) 1.00 x 10~3m?

(E) 1.50 x 1073 m?

GO ON TO THE NEXT PAGE.



d (m) a (m/s?)
0.1 90
0.2 90
03 90
04 90

6. Identical nonconducting spheres 1 and 2, each

with equal amounts of positive net charge, are

initially held at rest near each other so that the
force between the spheres is nonnegligible.

Sphere 2 is then released while Sphere 1
remains at rest. The table shows the
acceleration a of Sphere 2 along a straight path
as a function of the separation distance d
between the centers of the spheres. Which of the
following claims can be supported by data in the
table?

(A) The spheres are isolated from other objects
and fields.

(B) The spheres are in a region of external
uniform electric field only.

(C) The spheres are in a region of external
nonuniform electric field only.

(D) The spheres are in a region of external
uniform magnetic field only.

(E) The spheres are in a region of external
uniform electric and magnetic fields only.

Unauthorized copying or reuse of
any part of this page is illegal.
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D 7. The figure shows equipotential lines in a plane.

-10-

A, B, C, D, E, and F are points in the plane.
Which of the following claims is correct?

(A) The electric field at Point A is directed
toward Point B.

(B) The electric field at Point C is directed
toward Point D.

(C) The magnitude of the electric field is
greater at Point B than at Point E.

(D) The magnitude of the average electric field
is greater between points F and E than

between points A and B.

(E) The magnitude of the average electric field
is greater between points B and C than

between points E and D.

GO ON TO THE NEXT PAGE.



A 8. Nonconducting Sphere 1 has a positive net
charge and is held at rest. Conducting Sphere 2,
which is near Sphere 1, has no net charge and is

given an initial speed moving away from
Sphere 1. All forces other than the electric force

are negligible. Which of the following claims is
correct for when Sphere 2 moves away from
Sphere 1 ?

(A) The acceleration of Sphere 2 is toward
Sphere 1.

(B) The momentum of Sphere 2 is increasing.
(C) The net force exerted on Sphere 2 is zero.
(D) The kinetic energy of Sphere 2 is constant.

(E) The electric potential energy of the
Sphere 1-Sphere 2 system is decreasing.

Unauthorized copying or reuse of -11- GO ON TO THE NEXT PAGE.
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9. A conducting loop is beneath a long, straight, insulated wire. The loop and the wire are in the plane of the page.
At the instant shown, the current in the wire and the current in Segment PQ of the loop are / in
the +x-direction. Which of the following indicates the direction, if any, of the net magnetic force F,s exerted on
Segment RS of the loop and provides a valid justification?

(A) +y, because the currents in Segment RS and the wire create magnetic fields that produce an attractive

force.

(B) +y, because the currents in segments RS and PQ create magnetic fields that produce an attractive force.
(C) No direction, because the currents in Segment RS and the wire are constant,
(D) —y, because the currents in Segment RS and the wire create magnetic fields that produce a repulsive

force.

(E) -y, because in the region between Segment RS and the wire, the magnetic field from Segment RS is
directed in the opposite direction from the magnetic field from the wire.

Unauthorized copying or reuse of
any part of thie page Is lllegal.
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3R
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Circuit 1 Circuit 2

t 10. Circuits 1 and 2 shown each consist of an ideal battery of emf € and resistors with resistances of R, 2R,
and 3R. The rates at which thermal energy is dissipated by the resistor with resistance R in circuits 1 and 2

are P; and P,, respectively. Which of the following correctly compares P, to P, and provides a valid
justification?

(A) P, = P, because the resistance of the resistor is the same in each circuit.

(B) P, > Py, because the equivalent resistance of Circuit 1 is smaller than the equivalent resistance of
Circuit 2.

(C) P, > P, because the current in the resistor for Circuit 1 is smaller than the current in the resistor for
Circuit 2.

(D) P, < Py, because the equivalent resistance of Circuit 1 is larger than the equivalent resistance of Circuit 2.

(E) P, < P, because the current in the resistor for Circuit | is larger than the current in the resistor for
Circuit 2.

Unauthorized copying or reuse of -1 3- GO ON TO THE NEXT PAGE.
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11. The resistance between the left side X and right side Y of two separate pieces, 1 and 2, of the same resistive
material is measured. The dimensions of the pieces are shown. The resistances of pieces 1 and 2 are R;
and Ry, respectively. Which of the following correctly relates R, and R; ?

(A) Ry= %Rl
(B) Ry= : R
2
©) R=R
(D) Ry =2R
(E) Ry=4R

Sy por o1 i page s legal. U4 GO ON TO THE NEXT PAGE-
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D 12. Wires T, U, and V each carry current and are

oriented perpendicular to the plane of the page.
Wire T carries current / out of the page.
Wire U carries current 2/ into the page. The

value and direction of the current in Wire V are

unknown. The line integral of the magnetic
field B taken counterclockwise around the

dashed path shown, § B-d Z, is equal to 2u].

Which of the following indicates the value and
direction of the current in Wire V ?

(A) I out of the page
(B) 2I out of the page
(C) 2I into the page
(D) 3I out of the page
(E) 3I into the page

Unauthorized copying or reuse of
any part ot this page Is lllegal.
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13. A metal rod of mass m and resistance R is in

contact with the rails of a U-shaped conductor of
width d and negligible resistance. The rails rest
on a horizontal surface. The coefficient of
kinetic friction between the rod and rails is fi.

The rod and rails are in a uniform magnetic field
of magnitude B that is directed into the surface,

as shown. An external force of magnitude F is
exerted on the rod so that the rod has constant

speed v to the left. Which of the following
expressions is equal to the power delivered to the

rod by the force?

By
R

Bdv
(B) R +umgy

(A)

B2d2v2
R

BZ d2v2

©

(D) + umgv

B%d%?

(E) — pmgy

GO ON TO THE NEXT PAGE.



Point Direction of E

X No direction

Y Toward Sphere 4

( 14. The figure shown represents the electric field resulting from the square arrangement of charged spheres 1, 2, 3,
and 4. The directions, if any, of the electric field E at points X and Y are given in the table. Which of the

following identifies the signs of the charges on the spheres, consistent with the collected data?

Positively Charged Negatively Charged
A 1,2, 3,and 4 None
B 1,2,and 3 4
C 1 and 4 2 and 3
D 2 and 3 1 and 4
E None 1,2, 3,and 4
(A) A
(B) B
©) C
D) D
(E) E
Unauthorized copying or reuse of -16- Go ON TO THE NEXT PAG E.
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Sphere 1

Sphere 2

Note: Figure not drawn to scale.

15. Conducting spheres 1 and 2 are each on an

insulating stand. The distance between the
spheres is large compared to their diameters.
Sphere 1 has a known amount of charge on it,
and Sphere 2 is initially neutral, A wire is then
connected between the spheres for a long time,
as shown, Which of the following indicates the
fewest measurable quantities necessary to

calculate the electric potential at the surface of
each sphere?

(A) The diameter of Sphere 1

(B) The diameter of Sphere 2
(C) The diameters of both spheres

(D) The diameters of both spheres and the
length of the wire

(E) The diameters of both spheres, the length
of the wire, and the heights of both stands

Unauthorized copyling or reuse of
any part of this page Is lilegal.
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16. A long, cylindrical-shaped solenoid has length ¢

and N loops. The diameter of one loop is d.
Which of the following expressions is equal to
the inductance of the solenoid?

1 Nyozrd2
4 ¢

(A)

(B)

©)

(D)

B ———

GO ON TO THE NEXT PAGE.
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D 17. The circuit shown consists of a battery and four identical resistors. Which of the following circuits correctly

shows how a fifth identical resistor can be added to the circuit such that the equivalent resistance of the circuit
is doubled?

(\ ),

(é\ (D)

2R

Il
MV
10
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Batt
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Y
Switch 1_

G0
o d ®

|

Figure | Figure 2

e Plate 2

D 18. The circuit represented in Figure 1 consists of a battery, a resistor, a switch that has been closed for a long time,
and a capacitor. Electric potentials Vi and Vy are measured at positions X and Y, respectively, at the terminals
of the battery. Figure 2 shows the direction of the electric field E between plates 1 and 2 of the capacitor.
Which of the following correctly indicates whether Plate 1 or Plate 2 contains positive charge and indicates the
correct sign, if any, of the potential difference AVyy = Vx — Wy ?

Plate Containing Positive Charge Sign of AVxy
1\ ! #
\Bj\ 1 =
C 2 None

D 2 4

E 2 B
(A) A
(B) B
C) C
(D) D
(E) E

19- GO ON TO THE NEXT PAGE.
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B 19. A sphere of charge +2.0 X 10~8C is launched with different speeds v in the +x-direction toward a region of
external uniform magnetic field of magnitude B represented by the dashed square in Figure 1. The magnetic
field is perpendicular to the velocity of the sphere but not shown. The resulting magnetic force exerted on the
sphere has magnitude Fj, and is directed in the +y-direction immediately after the sphere enters the region.
The trend line in Figure 2 represents the best-fit line to the graph of Fy, as a function of v immediately after
the sphere enters the region. Which of the following best approximates B and indicates the direction of the

magnetic field? / ) ®
B=—==0k
B (T) Direction 2% l 0
A 0.5 +2
B 0.5 -2
LN 10 +2
N 10 2
}\ 1.0 +y
A) A
(B) B
© C
(D) D
(E) E
a borof e puge s Hogal “20- GO ON TO THE NEXT PAGE.




& 21. Spheres 1, 2, and 3 each have net positive

charge +Q and radius r. Sphere 1 is a thin
conducting shell. Sphere 2 is a solid conductor.

Sphere 3 is a solid nonconductor with uniform

charge distribution throughout its volume. Each

sphere is isolated from the other spheres. The

; 2 , r
magnitudes of the electric fields at a distance —

5
from the centers of the spheres are E,, E,,
and Ej; for spheres 1, 2, and 3, respectively.
Which of the following correctly
20. An external force moves a sphere with negative . _ 7
charge —Q at a constant speed through a compares E), E;,and E3? t | — t') — O
uniform electric field of magnitude E that is
directed 60° above the horizontal, as shown. (A) E,=E,=E; —
Which of the following represents the work done (B) (E;=E,) <E; tz > O
by the external force to move the sphere a C) E < (E, = Ej)
horizontal distance L ? ©) E<(E2=E;
(D) El < E2 < E3
3 E > (Ey=E
(A) —%QEL (E) E;>(E;=Ey)
(B) —QEL
1
(C) ——QEL
2
(D) > QEL
2
3
(E) -\2——- QEL
-21- GO ON TO THE NEXT PAGE.
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0 o |

22. A student connects resistors R; and R, separately to a power supply of variable potential difference AV For
each circuit, the student measures the current / in the power supply for different values of AV. The student
then creates the graph shown of AV as a function of / for Circuit 1, which contains only Resistor R, and
Circuit 2, which contains only Resistor R,. The student then creates Circuit S with resistors R; and R; in
series and Circuit P with resistors R; and R, in parallel and repeats the measurements. Which of the following
graphs best represents AV as a function of / for circuits S and P ? (The lines for circuits 1 and 2 are included
for reference.)

(A) A‘V (B) AV

- | 1
(C) AV
1
Unauthorized copying or reuse of '22' GO ON TO THE NEXT PAGE.
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23. A parallel plate capacitor is connected to a

l > battery for a long time and stores 5J of energy. a Z-\ 2

The separation distance between the plates is d.

The battery is then disconnected from the ] & 2
capacitor. Which of the following is equal to the — !

work required to move the plates to separation 2 C
distance 2d ?

(A) —10] C s/ C

(B) -51] -2

(C) 0J

(D) +51]

(E) +10] O =2 :’OJ

Unauthorized copying or reuse oj -23- GO ON TO THE NEXT PAGE.
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D 24. A conducting loop with labeled sides 1 and 2 is held at rest in a region of an external uniform magnetic field of
magnitude B that is directed in the —z-direction, as shown. Starting at time t = 0, B is linearly as a
function of 7. The magnetic forces exerted on sides 1 and 2 are Fj and F;, respectively. Which of the following
best describes F; and F, immediately after r = 0 ?

A R

A In the +x-direction and increasing In the —y-direction and increasing
B In the +y-direction and increasing In the +x-direction and increasing
£ In the —y-direction and increasing In the —x-direction and increasing
D In the +x-direction and decreasing In the —y-direction and decreasing
E In the —y-direction and decreasing In the —x-direction and decreasing

(A) A

(B) B

©) C

(D) D

(E) E

Unauthorized copying or reuse of -24- GO ON TO THE NEXT PAGE.
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25. Small spheres 1, 2, and 3 of charges +Q, —Q, and +0, respectively, are held at rest on the x-axis. When the
D centers of spheres 1 and 2 are distance r apart and the centers of spheres 1 and 3 are 2r apart, as shown in
Figure 1, the magnitude of the net electric force exerted on Sphere 1 is F. Sphere 3 is then moved in
the +x-direction and held at rest so that the centers of spheres 1 and 3 are 3r apart, as shown in Figure 2.
Which of the following is equal to the magnitude of the resulting net electric force exerted on Sphere 1 in

Figure 2 ? . 2 2
wi FohB kRIS
3 - > >~ 2
o 8 r 4r T
9
©) F g) 2
32 F/; k’&l __f'ﬂ— — Agm
Pt L A Lo

(E) 3F

I BV S
FoTAEE
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A 26.

E 27.

—

Loop of Wire

: B
0.40 m H
i 375

020 m /rf//
Figure 1. Top View Figure 2. Edge View

A rectangular loop of wire has side lengths of 0.40 m and 0.20 m, as shown in Figure 1. The loop is placed in a
uniform magnetic field B of magnitude 10.0mT that is directed at an angle of 37° to the plane of and through

the loop, as shown in Figure 2. What is the magnetic flux through the loop?
AN

(A) 0.48mT - m? 0,03 X/oX,O X Sm?ﬁ E

(B) 0.60 mT - m’

(€) 0.64mT-m’

(D) 0.80mT - m?

(E) 1.39mT-m’ G

@, % A
Parallel-plate capacitors 1 and 2 each have 0 = |
identical plate areas. Capacitor 1 is filled with 6) _Z—

air, has a plate separation of 4.0 x 10> m, and
has a capacitance of 2.0 pF. Capacitor 2 is filled
with a material of dielectric constant x = 3, and
the plates are separated by a distance

of 2.0 x 10”3 m. Which of the following is
equal to the capacitance of Capacitor 2 ?

(A) 0.20pF
(B) 0.30pF
(C) 2.0pF
(D) 6.0pF
(E) 12pF

Unauthorized copying or reuse of -26-
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28. A long, straight wire is parallel to the y-axis, as shown in Figure 1. The wire carries current /. A graph of
the z-component B, of the magnetic field as a function of position x outside of the wire is shown in Figure 2.
Which of the following correctly indicates the direction of / and provides a valid justification?

(A) +y-direction, because B, approaches zero as x approaches +co.
(B) +y-direction, because B, is negative for positive values of x.
@ —y-direction, because B, approaches zero as x approaches .
(B, —y-direction, because B, is negative for positive values of x.

b\ —y-direction, because B, has both positive and negative values.

, 27- GO ON TO THE NEXT PAGE.
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29. The graph shows the electric potential V in a
region of space as a function of position x. The
electric field is parallel to the x-axis. Which of

the following claims about the electric field is
correct?

(A) The electric field is zero at x = 1.0 m.

The electric field changes direction
between x = 2.0m and x = 4.0m.

) The magnitude of the electric field is a
maximum at x = 4.0m.

(m The electric field is zero at x = 5.0m.

) The magnitude of the electric field is a
maximum at x = 5.0 m.
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D

30. An isolated sphere with positive charge +( is positioned at the origin of an xy-coordinate system. Point P has
coordinates (0, d), as shown in Figure 1. The magnitude of the electric field at Point P due to the sphere is Ej,.
Additional points A, B, C, D, and E and their respective coordinates are labeled in Figure 2. At which of the

E
following labeled points should the sphere be placed so the magnitude of the electric field at Point P is 70 ?

(A) A
(B) B
©) C
(D) D
(E) E

.29- GO ON TO THE NEXT PAGE.
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31. An air-filled capacitor is connected in series to

another capacitor that contains a dielectric
material of dielectric constant x that completely

fills the region between the plates. The plates of
each capacitor are separated by distance d and
each plate has area A, as shown. Which of the

following is equal to the equivalent capacitance
of the capacitors?

1 K€pA l<
pia K+

A
B) 2(1+x)

(A)

d
© %e_?ié( K : 1 )
©) f?i_A( x: 1 )
®) 5‘;—4 = ' o E‘
R= @
%
Unauthorized copying of reuse of -30-
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. A charged particle of mass m, charge g, and

with speed v enters a region of uniform
magnetic field of magnitude B, that is directed
into the page. The particle travels in a circular
path of radius Ry, as shown. A second particle of
mass m, charge 3¢g, and with speed % then
enters the field along the same direction as the

first particle. The second particle moves in a

circular path of radius R,. Which of the

following correctly relates R, and R; ?

(A) R,=6R,
3

R, =—R
(B) R, 2N
2

R, =—R
O R, 3 f
(D) R—lR
2=5 N

(E) R—lR
2= g R

GO ON TO THE NEXT PAGE.
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. Two resistors, each of resistance R, are

connected to a rectangular loop of wire that has

height h and width w. The loop moves with
speed v toward a region of external uniform

magnetic field of magnitude B that is directed
out of the page, as shown. Point P is located on
the side of the loop that is closest to the
magnetic field, as shown. A magnetic force of
magnitude Fy is exerted on the loop
immediately after Point P enters the magnetic
field. Which of the following expressions is

equal to Fyy ?
5= Bhv

(A) lew2v
2 R
e T 2BhY
(B) 2— _]__ A?
o LB
o 5=
2,2 = B h
(D) ZBII;l [ J-
2.2
g 35 — 26 hv
R

Unauthorized cop °'-
ying or reuse
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Figure 1 Figure 2

34. The circuit in Figure 1 consists of an ideal

battery, two resistors, each of resistance R, and
ammeter A that measures current /. The circuit
in Figure 2 consists of the battery, three
resistors, each of resistance R, and ammeter A
that measures current /;. Which of the following
isequalto /5 ?

’2~\>/2
= 5

(A) lll _.],’2

(B) "l“ll —J- /

© -
(D) |

(BE) —ll

GO ON TO THE NEXT PAGE.
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Region of Magnetic Field

‘ ¢ 35. A circular conducting loop of radius r rotates

with angular frequency about a central axis

that is parallel to the y-axis. The loop is in a
region of external uniform magnetic field of

magnitude B that is in the +z-direction, as
shown. Which of the following expressions is
equal to the maximum induced emf in the loop?

1

(A) Zer’a)
|

(B) EB’" ©

(C) Brre

(D) 2Brro

(E) 4Brr’o
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Question 1

Begin your response to QUESTION 1 on this page.

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

3 Questions

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

T Sphere B

d *Point S

Figure 1

Note: Figure not drawn to scale.

1. Conducting Sphere A of radius 2r and positive net charge +Q is attached to an insulated stand. Neutral
conducting Sphere B of radius r and mass M is suspended by an insulated string so that Sphere B is at rest
directly above Sphere A. The tension force exerted on Sphere B by the string has magnitude 7;. The centers of the
spheres are separated by distance d, as shown in Figure 1, where r < d. Point S is midway between the centers
of the spheres.

Unauthorized copying or reuse of this page s illegal. Page 2 GO ON TO THE NEXT PAGE.
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® Question 1

Continue your response to QUESTION 1 on this page.

(a) The dots in Figure 2 represent the center of Sphere A, Point S, and the center of Sphere B. In Figure 2, draw
a single arrow on each dot to represent the direction of the net electric field at the location of the dot. Each
arrow must start on and point away from the dot. If the net electric field is zero, write “E = 0” next to the dot.

=0
° Sphere B
1 Point S
8 phere A

Figure 2

Note: Figure not drawn to scale.

Unauthorized copying or reuse of this page Is illegal. Page 3 GO ON TO THE NEXT PAGE.
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Question 1

Continue your response to QUESTION 1 on this page.

Sphere B

(=T Lightbul

Sphere A

Figure 3

Note: Figure not drawn to scale.

At time ¢ = 0, a lightbulb of resistance R and conducting wires are connected between the spheres, as shown in
Figure 3. The lightbulb remains connected between the spheres for a long time .

Unauthorized copying or reuse of this page is illegal. Page 4 GO ON TO THE NEXT PAGE.
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Question 1

Continue your response to QUESTION 1 on this page.

(b) Consider time interval 0 S 7 < 4.

i. On the axes shown, sketch a graph of the electrical power P dissipated by the lightbulb as a function
of ¢ during 0 < ¢ < 4. Explicitly label the vertical intercept in terms of r, Q, M, 4, d, R, and physical
constants, as appropriate.

ii. Q4 (#) and Qg(#) represent the net charges on spheres A and B, respectively, as functions of ¢.

Vi (#) and Vp(?) represent the electric potentials at the centers of spheres A and B, respectively, as
functions of 7.

Derive an expression for the potential difference AV/(f) between the spheres as a function of ¢,

3
where AV(r) = V(1) — Vg(2), to show that AV (1) = k _QA_(Q ?] where k = Z_l—

| ] 2r
R-Balh) voth)= L8 246)
21 r

oVLL) = V() - VgLt = fﬁ YECTURE)
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Question 1

Continue your response to QUESTION 1 on this page.

(c) After 1,, the lightbulb and wires are removed without disturbing the charges on spheres A and B. Q, is the net
charge on Sphere A, and Qp, is the net charge on Sphere B.

i. Calculate the ratio —Ql

Oy
kBA kB
>r

ii. The magnitude of the net electric field at Point S is now E_,,. Derive an expression for ,Encw in terms
of r, @, M, 1, d, R, and physical constants, as appropriate. k &
>

—

Op+8g = X E = ﬁ)—; (d/)
| >
&A: \%/57»&623&

v

2
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° Question 1

Continue your response to QUESTION 1 on this page.

T,
T % Sphere C

d

l._

Sphere D

Figure 4

(d) Sphere B is replaced with nonconducting Sphere C of the same radius 7, the same mass M, and the same
charge Qp as those of Sphere B in part (c). Sphere A is replaced by nonconducting Sphere D of the same
radius 27 and the same charge O, as those of Sphere A in part (c). The charge is distributed uniformly
throughout the volume of each sphere. Sphere D is moved close to Sphere C. Sphere D is then held at rest
directly underneath Sphere C such that r <« d is no longer assumed, as shown in Figure 4.

i. Describe the changes, if any, in the distribution of charge on Sphere D as Sphere D is moved closer to
Sphere C. ‘L’ h& ‘E
r\eg e okmle will z)‘ﬁHwV o OP,

ii. The tension force exerted on Sphere C by the string has magnitude 7; after Sphere D is brought to rest.
Indicate whether T, is greater than, less than, or equal to Tj, the magnitude of the tension force exerted
on Sphere B in Figure 1. Briefly justify your answer.

LT, became the gt Joe to P

16 WFWVA '
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Question 2

Begin your response to QUESTION 2 on this page.

Connecting
Wires

b |~ || i | — | -®-

Capacitor | Switch | Resistor | Battery Ammeter

2. Students are asked to determine an experimental value for the capacitance Cgxp of an initially uncharged
capacitor. The students use the capacitor, a switch, two 3.3 x 10° Q resistors, a 9.0 V battery, connecting wires,

and an ammeter that measures current as a function of time,

(a) A circuit is assembled that maximizes the time constant 7 of the circuit. The circuit can be used to

determine CEXP
i. Using the symbols shown, draw a schematic diagram of the circuit that includes both resistors.

——\ull-—-c/-o

ii. Describe a procedure for collecting data as the capacitor is being charged that would allow the students
to determine Cexp. Provide enough detail so that another student could replicate the experiment.

O close the swilh and mewswe the
(/uWCWl] cuVLes})UV\d;Vj % OIT#W‘E
%‘:m%, ) "QJGJU

(o 0 s ob |ad —
KO Lo A g n v then plet In t
\

' daw the hect bne/ sloye S R 50 ’)9Jc
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3 Question 2

Continue your response to QUESTION 2 on this page.

(b) It is determined that r = 3,1 s, Calculate Cpyp.
L=RC
T 3.1

-6
— =4 [o
CE"? R 3 3x|o5x2 I le F

Attime 1 = 3,1 s, the charge on the positive plate of the capacitor was Q,. After the experiment, it is determined
that the ammeter that was used was nonideal, The experiment is repeated with an ideal ammeter. At time ¢ = 3.1 s,
the charge on the positive plate of the capacitor is 0.

(c) Indicate whether Q) is greater than, less than, or equal to Q.

0> 9 —%Ql — =0

Justify your answer.

R=VC
Ghe wfaciJva & same, the noV\idea' o mmeAer

hawe PWJC o1 the vol-kovae 50 bhe \/bHsnse, of
{he m\ym/*lw)“ Ml be smdler, o BRi<T,
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Question 2

Continue your response to QUESTION 2 on this page.

Slab
Plate
Plate
[~ —d—]
Trial 1 Trial 2

In a different experiment, students are asked to determine an experimental value for the dielectric constant ¥ of a
type of plastic. The students have two parallel conducting plates and six different slabs made of the plastic. The
slabs differ in thickness. For each trial, one slab is inserted between the plates to make a capacitor. The plate
separation d is adjusted so that d is the slab thickness. The capacitance C of the capacitor is then determined.

The capacitor for two trials is shown.

Collected data are used to plot the following graph of C as a function of %

C(F)
2.0 x 10710

1.5x% 10710

1.0x 10710

0.5x 10710

0.0 1 (m™h
0 50 100 150 200 9

(@)
i. Draw the best-fit line for the data.
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Question 2

Continue your response to QUESTION 2 on this page.

ii. Using the best-fit line, calculate the experimental value for x. Each plate has area 5.0 x 10~ 2 m>.

k%A
iy

;%10—’0

o
Slope. =g = | o
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Question 3

Begin your response to QUESTION 3 on this page.

rE—— L.
)

Wire 2

4 z

Figure 1. Side View

3. Long parallel wires 1 and 2 are positioned horizontally and are separated by vertical distance d. Wire 1 is fixed in
place and has current J; in the +x-direction. Wire 2 is initially held in place but can be released. Each wire has
linear mass density A and resistance per length % Point P is midway between wires 1 and 2, as shown in the
side view in Figure 1.

(a) Draw your answers to parts (a)(i) and (a)(ii) on the cross-sectional view shown in Figure 2.

+

+X

Figure 2. Cross-Sectional View

i. On Figure 2, draw an appropriate Amperian loop that can be used to determine the magnitude of the
magnetic field at the location of Wire 2 due to Wire 1.

ii. On Figure 2, draw an arrow starting on, and pointing away from, the dot representing Point P to show
the direction of the magnetic field at Point P due to Wire 1.

Unauthorized copying or reuse of this page Is illegal. Page 12 GO ON TO THE NEXT PAGE.
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Question 3

Continue your response to QUESTION 3 on this page.

iii. Using Ampere's law, derive an expression for the magnitude of the magnetic field B at the location of
Wire 2 due to Wire 1. Express your answer in terms of d, J;, and physical constants, as appropriate.

B- 2710' = /“VL

Mo L

Consider the situation in which Wire 2 has current /, and there is a gravitational force exerted on Wire 2 in
the —y-direction. Wire 2 is then released but remains at rest.

(b) Derive an expression for , in terms of d, Ij, 4, and physical constants, as appropriate.
F=mg=BLL
m§ 27d > d

_]2:—/—\—}\ —_— o e

—_—

BL y M L

Consider the situation in which Wire 1 has these properties: /; = 5.0 A and % =0.12 —,
m

(c) Calculate the total energy AE dissipated in a section of Wire 1 of length L = 0.40 m for a time interval
of At =3.0s.

AE = IRt = 5Z>< 0,12x0.4 X 2

= bW
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Question 3

Continue your response to QUESTION 3 on this page.

Wire 1

{——1,=50A ]

X X X

v=0.15m/s
+y

Conducting Loop
(L—v +x

+2

Figure 3. Side View

Wire 2 is removed. Wire 1 has current J; = 5.0 A in the +x-direction. A circular conducting loop is placed
directly below Wire 1. The loop is moved toward Wire 1 in the +y-direction at constant speed v = 0.15 m/s, as
shown in the side view in Figure 3.

(d) Indicate whether the direction of the induced current in the loop is clockwise, counterclockwise, or zero as the
loop is moved toward Wire 1

Clockwise _\Amterclockwise Zero

Briefly justify your answer.

JUt\e mMssz{i(,vp/wx ‘//rko 'pﬂ.aeys ')naf%ffﬂj/
a&caml/W\é} L onz¢ law, the ndudion

covrend o the L‘ﬁ’f dould be ot of
F so the d diechion i cou#\%ekdxk

Unauthorize: copylng or reuse of this page s lllegal. Page 14 GO ON TO THE NEXT pAGE

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




Question 3

Continue your response to QUESTION 3 on this page.

The rate of change of the magnitude of the magnetic ficld at the center of the moving loop due to Wire 1 is d—B-
The distance between the center of Wire 1 and the center of the moving loop is 4, which varies as a function of
time.

. dB i
(e) Derive the relationship between the magnitude of Z and h to verify that

dB iy T-m2 1
7 , = [1.5 x 10 T [;2-]

Write your expression in terms of numeric ;)alues and h only.

h:v‘t W:V:O~‘$

_Aqnxls 45 XolS [

270 ’h/;
|

- /,&xlo” i

v
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