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 comple-
tions. Select the one that is best in each case and then fill in the corresponding circle on the answer sheet.

Note: To simplify calculations, you may use g = 10 m/s? in all problems.

1. A battery and lightbulb are connected in series to form a closed circuit. A student observes that the potential difference
across the battery is constant. The student also observes that the brightness of the lightbulb decreases over time. Which
of the following best explains one of these observations?

Observation Explanation
(A) Decreasing lightbulb brightness Decreasing internal battery resistance
B) Decreasing lightbulb brightness Increasing lightbulb resistance

©) Decreasing lightbulb brightness Decreasing resistances of the wires connecting the lightbulb and the battery
(D) Constant battery potential difference Decreasing lightbulb resistance

(E) Constant battery potential difference Increasing potential difference across the lightbulb



3. Four parallel wires are oriented perpendicular to the
plane of the page and located at the corners of a square.
Equal amounts of current pass through each wire. Point
P is located at the center of the square. Which of the
following diagrams shows directions of the currents that
would result in a magnetic field of zero at Point P?

g

2. A section of a straight wire with current / is curved into @_ _________ @
a semicircle of radius R, as shown. What is the direction,
if any, of the magnetic field at Point P?

(A) Upward in the plane of the page

g

(B) Downward in the plane of the page

((g; IOl:t (t)tf1 the page B) @_ _________ @
nto the page
@@

(E) The magnitude of the magnetic field is zero.

g

g

g
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4. A small sphere with charge +g¢, is held at the midpoint

between the plates of a parallel plate capacitor, as shown.
Gravitational forces are negligible. Which of the fol-
lowing correctly describes the acceleration, if any, of the
sphere after it is released from rest?

(A) The magnitude of the acceleration is constant as the
sphere moves to the right.

(B) The magnitude of the acceleration increases as the
sphere moves to the right.

(C) The sphere does not accelerate.

(D) The magnitude of the acceleration is constant as the
sphere moves to the left.

(E) The magnitude of the acceleration increases as the
sphere moves to the left.
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. A battery with potential difference AV is connected in a

circuit with two resistors of resistance R and a solenoid of
length L with N turns, as shown. The solenoid has neg-
ligible resistance, and the length of the solenoid is much
longer than the radius of the solenoid. Which of the fol-
lowing expressions represents the magnitude of the mag-
netic field at the center of the solenoid after the circuit
has reached steady-state conditions?
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6. The series circuit shown consists of a 3 uF capacitor, a 7. A small sphere of mass m and with charge 4e travels to-

6 uF capacitor, a 6 Q resistor, and an 18 V battery. The ward the top of the page with speed and enters a magnetic
capacitors are fully charged. Which of the following val- field of magnitude B that is directed out of the page, as
ues represents the charge on the positive plate of the 3 uF shown. Which of the following expressions represents
capacitor? the radius of the circular path on which the sphere trav-
els?
(A) 12 uC -
(B) 24 uC ™ 1EB
(C) 36 uC ®)
2EB
(D) 54 uC o
(E) 162 uC © £
2mv
D) —
D) ==
4my
E) —
E) z5



Dielectric Slab
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8. A capacitor is connected in series to a resistor, a closed 9. An isolated, thin, conducting spherical shell of radius R
switch, and a battery. After a long time, a dielectric slab is shown. The total charge on the sphere is +Q. Point
is fully inserted between the plates of the capacitor while A is at the center of the sphere. Points B and C are at
the battery remains connected in the circuit, as shown.
Which of the following correctly describes the effect, if
any, on the charge on the top plate of the capacitor and
the potential difference across the capacitor a long time
after the dielectric slab has been fully inserted? (A) E4 < Eg < Ec

(B) Ex4 <Eg=E¢

R R
distances — and —, respectively, from the center of the

sphere. Which of the following expressions compares the
magnitude of the electric field E at points A, B, and C?

Charge Potential Difference
A b S ) (C) Ea=Ep=Ec
t t

(A) ecreases ays the same (D) E4 = Ep < Ec
(B) Stays the same Decreases (E) E¢ < Eg < Ec
(C) Stays the same Increases

(D) Increases Increases

(E) Increases Stays the same



11. A student uses wires to connect a battery with poten-

+y tial difference AV to three lightbulbs with different re-
sistances to form a closed circuit. The lightbulbs have

resistances R, 2R, and 3R. The student must construct

+x the circuit in order to maximize the power supplied to

€ the lightbulbs. Which of the following represents the cir-

o cuit that would maximize the power supplied to the light-
bulbs?

10. A solid conductor with a half-circular shape has a net
positive charge. An electron is held at a position that is
a distance ry from all points along the inner edge of the
conductor, as shown. Which of the following correctly
describes the electric force Fg exerted on the electron?

(A) Fg points in the +y direction.
(B) Fg points in the —y direction.

(C) Fg points in a direction that is in between the +y
and +x directions.

(D) Fg points in a direction that is in between the —y
and —x directions.

(E) Fg has no direction, because the magnitude of Fg is
Zero.
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12. An experiment is designed to show that a positively

charged particle will strike Point P on a screen after
the particle is launched into an area of uniform mag-
netic field of magnitude B. When the experiment is con-
ducted, the particle actually strikes the screen at Point
Q, as shown. Which of the following could explain this
result?

(A) The mass of the particle is smaller than expected.
(B) The speed of the particle is larger than expected.

(C) The charge of the particle is larger than expected.

(D) The magnitude of the magnetic field is larger than
expected.

(E) The screen has a uniform negative charge distribu-
tion.

Wire Y
Region
1
_r
Wire X
Region
! 2

13. Two long, straight, insulated wires, X and Y, carry iden-

tical currents of magnitude /. Wire X passes just above
Wire Y at a right angle, as shown. What are the direc-
tions, if any, of the net magnetic fields B; and B; in re-
gions 1 and 2, respectively?

Direction of By  Direction of B,

(A)  Into the page Into the page
(B) Intothe page  Out of the page
(C) Outofthe page  Into the page

(D) Out of the page Out of the page
(E) B =0 B, =0



Scenario 2

14. Scenario 1 shows two small spheres with charges +Q
and —Q that are held a distance d apart and exert an elec-
tric force of magnitude F on each other. In Scenario 2,
the charge of the negatively charged sphere is changed to

d
—20, and the spheres are held a distance 5 apart. Which

of the following expressions represents the magnitude of
the electric force that the positively charged sphere exerts

on the negatively charged sphere in Scenario 2?

F
(A) B}
B) F
(C) 2F
(D) 4F
(E) 8F

10



Questions 15-16

Side View of Coil

Power Supply

PP

Top View of Coil

Note: Figures not drawn to scale.

Coils of varying radii R, lengths L, and numbers of turns N are connected to a variable power supply and a resistor, as shown in
the Side View of Coil. When the power supply is turned on, a magnetic field of magnitude B is produced, as shown in the Top

View of Coil.
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15. In an experiment, a student connects the variable
power supply to different coils of wire. The student
measures and plots the magnitude of the magnetic
field as a function of an unknown variable while keep-
ing all other variables constant. Which of the follow-
ing identifies the unknown variable that is changed in
the experiment and plotted on the horizontal axis of
the graph?

(A) Current in the coil

(B) Potential difference of the power supply
(C) Length of the coil

(D) Cross-sectional area of the coil

(E) Number of turns in the coil

11

Top View of Coil with Loop

16. A square metal loop of side length a, where a < r, is

inserted into the middle of one of the coils. The loop
is perpendicular to the magnetic field, as shown in the
Top View of Coil with Loop. Starting at time ¢ = 0,
the potential difference across the variable power sup-
ply is increased so that the magnitude of the mag-
netic field through the coil is given by the equation
B = By + Dt, where By = 0.10 T and D = 0.020 T/s.
Which of the following is the expression for the in-
duced emf in the loop at time t = 5 s?

(A) Zero

(B) (0.02 V/m?)a?
(©) (0.10 V/im?)a?
(D) (0.12 V/m?)a?
(E) (0.20 V/m?)a?



Questions 17-18

+

AV =

The series circuit shown consists of a battery of potential difference AV, a resistor of resistance R, an inductor of inductance L,
and Switch S that is initially open. Switch S is then closed.

17. Which of the following statements is true immediately
after Switch S is closed?

(A)

(B)

©)

D)
(E)

The potential difference across the inductor is
Zero.

The potential difference across the resistor is
AV.

The current in the circuit is at its maximum
value.

The current in the circuit is zero.

The rate of change of the current in the circuit is
zero.

12

18. Which of the following is true about the current in the

circuit after Switch S is closed?

(A) The current is at its maximum value when the
potential difference across the resistor is zero.

(B) The current is zero when the potential difference
across the resistor is AV.

(C) The current is at its maximum value when the
potential difference across the inductor is zero.

(D) The current is zero when the potential difference
across the inductor is zero.

(E) The current is constant at all times.



Questions 19-20

e

An initially uncharged, air-filled capacitor of capacitance C consists of metal plates that are a distance d apart. The capacitor is
connected in series with a battery of potential difference AV, a resistor of resistance R, and an open switch S, as shown.

19. The metal plates of the capacitor are returned to their 20. The distance between the metal plates is then reduced
original separation distance d. Switch S remains
closed for a long time and is then opened. A dielectric
with dielectric constant kK = 5 is then inserted between
the metal plates. Which of the following represents
the new potential difference across the capacitor?

d . o .
to — while the capacitor is still connected to the cir-

cuit. Switch S is then closed for a long time. Which of
the following represents the new potential difference
across the capacitor?

AV
@ 7 Ry

AV
(B) ATV ®)
(©) AV (C) AV
(D) 2AV (D) 2AV
(E) 5AV (E) 4AV

13



Questions 21-23
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Two ideal batteries, switches S| and S, and resistors Rj, R», and R3 are connected in the circuit shown. Each battery has an emf
of 3V, and each resistor has a resistance of 4 Q. Switches S| and S; are both initially open.

21. Both switches are closed. Which of the following val- 23. With both switches open, Resistor R3 is replaced with
ues represents the current in Resistor R,? a capacitor of capacitance 9 uF. Both switches are
then closed. Which of the following values represents
(A) 0.00 A . . .
the current in Resistor R, after a long time?
(B) 0.25 A
(C) 0.50 A (A) 0.000 A
D) 1.75A (B) 0.250 A
(E) 1.50 A (C) 0.375 A
22. Switch S, is closed, while Switch S| remains open. (D) 0.500 A
Which of the following values represents the current (E) 0.750 A
in Resistor R, ?
(A) 0.00 A
(B) 0.25 A
(C) 0.50 A
D) 1.75A
(E) 1.00 A

14



Questions 24-26

Object A
-3.0nC

-0

—— U

Object B
+1.0nC

0

Q—»x (cm)

0.50

Object A and Object B have the same mass and are positioned on the x-axis, as shown. Object A is located at x = 0 and has a net
charge of —3.0 nC. Object B is located at x = 0.50 cm and has a net charge of +1.0 nC. Point P is halfway between the objects.

24. Which of the following most nearly represents the

25.

value of the electric potential at Point P?

(A)
(B)

—14,400 V
—7200 V
(C) —3600 V
(D) 3600 V

(E) 7200 V

The objects are no longer fixed and are released from
rest at time t = 0. Object B has an acceleration of
magnitude ap at time t = 0. Which of the following
represents the magnitude and direction of the acceler-
ation for Object A at time t = 0?

Magnitude of Acceleration Direction of Acceleration

(A) ap/3 +x
B) ao/3 —x
© ap +x
(D) ao —x
(E) 3ay +x

15

26. Other than infinitely far away from either object,

which of the following, if any, indicates a region on
the x-axis where the magnitude of the electric field
could be zero?

(A) In the regionx <0

(B) In the region 0 < x < 0.25 cm

(C) In the region 0.25 cm < x < 0.50 cm

(D) In the region x > 0.50 cm

(E) There is no location on the x-axis other than in-
finitely far away where the electric field is zero.



Sphere 1 Sphere 2

Conducting
Wire

Note: Figure not drawn to scale.

27. Conducting spheres 1 and 2 on insulating stands have radii 2R and R, respectively. The spheres are very far apart. Sphere
1 has an initial net charge +Q and Sphere 2 is initially neutral. The spheres are then connected by a conducting wire, as
shown. The wire is then removed. Which of the following represents the value of the net charge on Sphere 1 after the
wire is removed?

A) ;0
(B) 70
© 0

D) 0
E) 0

16
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28. The circuit shown consists of a battery, two resistors, an uncharged capacitor, an inductor, and a switch that has been open
for a long time. The switch is closed at time t = 0. Which of the following pairs of graphs best represents the potential
differences V¢ and V across the capacitor and the inductor, respectively, as functions of time starting immediately after

time t = 0?
Capacitor Inductor
Ve Ve
A
Ve VL
A
(B) t t
VL Ve
A
43 43
A
(D) t > [
Ve Ve
A \
(E) t t

17
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29. A long cylindrical conductor of radius 0.05 m carries a current. The current is distributed over the cross-sectional area of
the conductor with a uniform current density. The graph represents the magnetic field B at various distances r measured
radially outward from the center of the conductor. Which of the following correctly identifies the proportionality between
B and r for r > 0.05 m and explains how the data illustrate Ampere’s law?

(A)
(B)
©)
(D)
(E)

Proportionality Explanation

Bo1/r
Bocl/r
Boc1/r?
Boc1/r?
Bo1/r?

The circumference of the Amperian circle is proportional to r.

The current density enclosed by the Amperian circle is proportional to .r
The current density at the Amperian surface is proportional to .72

The area of an Amperian circle of radius r is proportional to 2.

The area of a spherical Amperian surface is proportional to 2.

18



X | X X | X Vertically Down

30. A conducting bar is connected so that it can move with negligible friction along two long vertical conducting rails of
negligible resistance. The bar is placed in a uniform magnetic field that is directed into the page. The rails are connected
by a resistor, as shown. The bar is released from rest, and initially accelerates downward. A current is induced in the bar
as the bar falls. After a long time, which of the following best describes and explains the motion of the bar?

Acceleration of Bar Explanation

(A) Zero The electric force will eventually balance the gravitational force.
(B) Zero The magnetic force will eventually balance the gravitational force.
(C) Nonzero The magnetic force will eventually balance the gravitational force.
(D) Nonzero The current in the bar will eventually become constant.

The magnitude of the gravitational force will always be greater than
(E) Nonzero

the magnitude of the magnetic force.

19



31. Anisolated, solid, conducting sphere of radius R has a net positive charge. Which pair of graphs represents the magnitude
of the electric field E and the electric potential V as functions of the radial distance r from the center of the sphere?

Electric Field Electric Potential
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32. The graph shows the electric potential V as a function of position x in a region of space. Points Q, R, S, T, and U are
indicated on the graph. Which of the following indicates a point where the electric field E;, = 0 and a point where E has
the greatest magnitude?

E, =0 E, has the greatest magnitude

(A R Q
B) R U
© S R
D S T
() U R

21
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Scenario 1 Scenario 2

33. In Scenario 1, two halves of a thin, nonconducting, circular ring each have uniform charge of equal value and opposite
sign. Point Py is at the center of the ring where the net electric field is E7. In Scenario 2, the first circular ring is replaced
by a thin, nonconducting, circular ring that has uniform negative charge. The net electric field at Point P; is E,. Which
statement best describes £} and E»?

(A) |E| = |E2| =0, and E; has no direction

(B) |E1| > |E>2| =0, and E; points in the +y-direction

(C) |E1| > |E2| =0, and E; points in the —y-direction

(D) |Ei| = |E2|, E points in the +y-direction, and E; points in the —y-direction
(E) |E1| = |E2|, E; points in the —y-direction, and E; points in the +y-direction

22
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34. The circuit shown consists of a battery, a resistor, an uncharged capacitor, and a switch. Points A and B represent locations
on each side of the capacitor where electric potentials V4 and Vp can be measured, respectively. The switch is initially
closed to Position 1, and current is in the resistor at time ¢;. The switch is later closed to Position 2, and current is in the
resistor at time #,. Which of the following describes how the sign of the potential difference AV = Vp — V4 changes, if at
all, and how the direction of the current I in the resistor changes from time #; to time #,?

Change in AV¢ Change in direction of I
(A) From positive to negative From down to up
(B) From negative to positive From down to up
(C) From negative to positive From up to down
(D) No change From down to up
(E) No change From up to down

23



35. A solid nonconducting sphere has radius r = a and uniform volume charge density pp. The sphere is surrounded by a
conducting shell with inner radius » = b and outer radius r = ¢, as shown. The conducting shell has a net charge of zero.
Which of the following represents the magnitude of the electric field E in region r < a and in region b < r < ¢?

Eforr<a Eforb<r<c

Por

(A) 36 Zero

Por por

B = Lkl

(B) 3g 3g
© o
3g 3gor?

3
a

(D) fgorz Zero
® P i
380 r2 38()

STOP
END OF SECTION I
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PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION I1
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.

ST T T T T T % +y

oP

I .
1

+ + + + + + + + *Z
F 4+ + 4+ + + + +

Perspective View

Note: Figure not drawn to scale.

1. Two thin, flat, metallic sheets lie in the xz-plane. The top sheet has uniform charge density —c and the bottom sheet has
uniform charge density +0. The sheets are separated by distance d and Point P is halfway between the centers of the
sheets, as shown in the Perspective View.

(a) 1. Draw an appropriate Gaussian surface on the following Front View that can be used to determine the magnitude
of the electric field E at Point P.

+y

+x
oP +z

Front View

ii. Using Gauss’s law and the surface drawn in part (a)(i), derive an expression for the magnitude of the electric
field E at Point P. Express your answer in terms of &, d, and fundamental constants, as appropriate.

iii. Using integral calculus, derive an expression for the magnitude of the potential difference V between the sheets.
Express your answer in terms of ¢, d, and fundamental constants, as appropriate.
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Perspective View

Note: Figure not drawn to scale.

A uniform magnetic field (not shown) is added in the region between the sheets.

A small sphere with negative charge —Q and mass m enters the region between the sheets with velocity v in the
+x-direction. The velocity of the sphere remains constant.

(b) The electric field in the region between the sheets has magnitude E. Gravitational forces are NOT negligible.
i. On the following dot, which represents the sphere, draw and label the forces (not components) that act on the

sphere as the sphere travels in the region between the sheets. Each force must be represented by a distinct arrow
starting on, and pointing away from, the dot.

ii. State the direction of the magnetic field in the region between the sheets such that the sphere travels in the
+x-direction with constant velocity v. Express your answer according to the given coordinate axes.

iii. Derive an expression for the magnitude of the magnetic field B; in the region between the sheets such that the
sphere travels with velocity v in the +x-direction. Express your answer in terms of O, m, v, E, and fundamental
constants, as appropriate.

27



(c) In a new scenario, at time ¢t = 0, a small sphere with positive charge +Q and mass m is moving with velocity vy at
an angle 6 from the +x-axis in a region of space with uniform magnetic field B,, as shown. The magnitude of B; is
large enough so that all other fields are negligible.

i. On the following axes, sketch a graph of the x-component of the velocity of the sphere as a function of time ¢
as the sphere travels through the magnetic field. The initial x-component of the velocity of the sphere is vo,.

28



ii. The motion of the sphere as the sphere is moving in the magnetic field is observed from a point on the x-axis,
as shown. Describe the motion of the sphere as observed from the point on the x-axis.
iii. During the time in which the sphere travels in the magnetic field, does the kinetic energy of the sphere always
increase, always decrease, remain the same, or vary periodically as a function of time?
always increases
always decreases
remains the same
varies periodically as a function of time
Justify your answer.

29



Nonideal Battery

2. The circuit shown consists of a nonideal battery, a switch, and a resistor with resistance R. The emf of the nonideal battery
is €, and the internal resistance of the nonideal battery is r;.

(a) 1. Derive an expression for the current / in the resistor of resistance R when the switch is closed. Express your
answer in terms of R, €, r;, and fundamental constants, as appropriate.

ii. Determine an expression for the power P dissipated by the resistor of resistance R. Express your answer in
terms of R, €, r;, and fundamental constants, as appropriate.

iii. In the circuit shown, the potential difference across the terminals of the nonideal battery is AV;. The resistor of
resistance R is replaced with a resistor of resistance 2R. The new potential difference across the terminals of the
nonideal battery is AV,. Explain why AV, is greater than AV/.

(b) Draw a schematic diagram of a circuit that can be used to experimentally determine r;. The following equipment
must be used: the nonideal battery, a variable resistor, a voltmeter, an ammeter, and wires.

Nonideal Battery Variable Resistor Voltmeter Ammeter

30



(c) Students create a circuit with the nonideal battery, variable resistor, voltmeter, ammeter, and wires. The students
conduct an experiment to determine r;. In the experiment, the students change the resistance of the variable resistor,
correctly measure the current / from the nonideal battery, and correctly measure the potential difference AV across
the terminals of the nonideal battery. The students plot AVr as a function of /, as shown in the graph.

/
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1(A)

i. Draw the best-fit line for the data.
ii. Using the best-fit line, calculate r;.
(d) The original nonideal battery is replaced with a new nonideal battery that has emf 2¢ and internal resistance r;. The

experiment described in part (c) is repeated. A new graph (not shown) is plotted of AVr as a function of / for the
new nonideal battery.

i. Indicate by what factor the vertical intercept from the new graph will increase or decrease, if at all, as compared
to the original graph in part (c).

ii. Indicate by what factor the slope from the new graph will increase or decrease, if at all, as compared to the
original graph in part (c).

(e) It is discovered that the wires that connect the resistor to the battery have nonnegligible resistance. How does the
actual internal resistance of the battery compare to the value calculated in part (c)(ii)? Briefly justify your answer.
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3. A conducting bar of mass m and resistance R slides to the right along a pair of parallel, horizontal conducting rails. At
time ¢+ = 0, the bar is at position xp and has speed vg. The rails are a distance L apart and are connected by a vertical
conducting rail at one end. The bar and the rails are in a uniform magnetic field that points into the page with magnitude
B, as shown. Frictional forces and the resistances of the rails are negligible.

(a) i. Derive an expression for the value of the current induced in the bar at time t = 0. Express your answer in terms
of m, R, xo, vo, L, B, and physical constants, as appropriate.

(BL)?

“mR
a function of time ¢ as the bar slides along the rails starting at time ¢t = 0.

iii. Using integral calculus, derive a solution to the differential equation of part (a)(ii) for the speed of the bar as a
function of time ¢ as the bar slides along the rails starting at time ¢t = 0. Express your answer in terms of m, R,
Xo, Vo, L, B, t, and physical constants, as appropriate.

(b) On the following axes, sketch the induced current / in the bar as a function of time ¢ as the bar slides along the rails.

1
A

. : : . . . dv .
ii. Using Newton’s second law, derive the differential equation ik v, where v is the speed of the bar as
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(c) In a new situation, the resistance of each rail is NOT negligible. Each rail has cross-sectional area A and resistivity
p. At time ¢ = 0, the bar is at position xy and has velocity v to the right. At time ¢, the bar is at position xo + 2L, as
shown.

i. Compared to the sketch in part (b), is the value of the vertical intercept of the new sketch larger, smaller, or the
same? Justify your answer.

ii. Compared to the sketch in part (b), is the absolute value of the slope of the new sketch at time ¢ = 0 larger,
smaller, or the same? Justify your answer.

iii. Derive an expression for the total resistance Ryoy Of the closed circuit at time #;. Express your answer in terms
of R, xg, L, A, p, and fundamental constants, as appropriate.

STOP
END OF EXAM
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1. A battery and lightbulb are connected in series to form a closed circuit. A student observes that the potential
difference across the battery is constant. The student also observes that the brightness of the lightbulb decreases
over time. Which of the following best explains one of these observations?

Observation Explanation
A Decreasing lightbulb brightness Decreasing internal battery resistance
B Decreasing lightbulb brightness Increasing lightbulb resistance

Decreasing resistances of the wires connecting

C Decreasing lightbulb brightness the lightbulb and the battery

D Constant battery potential difference Decreasing lightbulb resistance
S I i tential diffc

E Constant battery potential difference t}ri:rleiziltrllailli)o ential Gierence actoss
A) A
(B) B 4
© C
(D) D
(E) E

A section of a straight wire with current I is curved into a semicircle of radius R, as shown. What is the direction, if
any, of the magnetic field at Point P ?

(A) Upward in the plane of the page
(B) Downward in the plane of the page
(C) Out of the page

(D) Into the page v

(E) The magnitude of the magnetic field is zero.

AP Physics C: Electricity and Magnetism Page 1 of 50
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3.  Four parallel wires are oriented perpendicular to the plane of the page and located at the corners of a square. Equal
amounts of current pass through each wire. Point P is located at the center of the square. Which of the following
diagrams shows directions of the currents that would result in a magnetic field of zero at Point P ?
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A small sphere with charge +-g, is held at the midpoint between the plates of a parallel plate capacitor, as shown.
Gravitational forces are negligible. Which of the following correctly describes the acceleration, if any, of the sphere

after it

is released from rest?

(A)

v

The magnitude of the acceleration is constant as the sphere moves to the right.

(B)
©
(D)
(E)

The magnitude of the acceleration increases as the sphere moves to the right.
The sphere does not accelerate.
The magnitude of the acceleration is constant as the sphere moves to the left.

The magnitude of the acceleration increases as the sphere moves to the left.

Solenoid
a1 (LTLTTITTTTTINIR
[e—L—=]

SR 2R

AV

|||I
+1'

A battery with potential difference AV is connected in a circuit with two resistors of resistance R and a solenoid of
length L with N turns, as shown. The solenoid has negligible resistance, and the length of the solenoid is much
longer than the radius of the solenoid. Which of the following expressions represents the magnitude of the magnetic
field at the center of the solenoid after the circuit has reached steady-state conditions?

Page 4 of 50
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) S
B) LR
© Brpt
() 5=
(E) 2u0£\;%AV N

4

18V = 220

The series circuit shown consists of a 3 pF capacitor, a 6 iF capacitor, a 2 € resistor, and an 18 V battery. The
capacitors are fully charged. Which of the following values represents the charge on the positive plate of the 3 pF
capacitor?

(A) 12uC

(B) 241uC

(©) 36nC v
(D) 541nC

(B) 162nuC

AP Physics C: Electricity and Magnetism Page 5 of 50
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A small sphere of mass m and with charge 4e travels toward the top of the page with speed v and enters a magnetic
field of magnitude B that is directed out of the page, as shown. Which of the following expressions represents the

radius of the circular path on which the sphere travels?

) 5 v
(B) 25
© <5
D)
(E) 461%1)
Page 6 of 50 AP Physics C: Electricity and Magnetism



éCollegeBoard . .
Scoring Guide

2023 Form I

Dielectric Slah

£

(s

A capacitor is connected in series to a resistor, a closed switch, and a battery. After a long time, a dielectric slab is
fully inserted between the plates of the capacitor while the battery remains connected in the circuit, as shown.
Which of the following correctly describes the effect, if any, on the charge on the top plate of the capacitor and the
potential difference across the capacitor a long time after the dielectric slab has been fully inserted?

Charge Potential Difference
A Decreases Stays the same
B Stays the same Decreases
C Stays the same Increases
D Increases Increases
E Increases Stays the same
A) A
(B) B
© C
(D) D
(E) E 4
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9.
C
———————— -—— —’ ——
An isolated, thin, conducting spherical shell of radius R is shown. The total charge on the sphere is +Q). Point A is
at the center of the sphere. Points B and C are at distances %
and %, respectively, from the center of the sphere. Which of the following expressions compares the magnitude of
the electric field E at points A, B, and C ?
(A) Ep < Ep < E¢
(B) Ex < Ep = E¢
(C) Esy=Ep=Ec
(D) Ea = Ep < Ec v
(BE) Ec < Ep < Ep
10.

+X

i)

A solid conductor with a half-circular shape has a net positive charge. An electron is held at a position that is a
distance 7y from all points along the inner edge of the conductor, as shown. Which of the following correctly
describes the electric force F'g exerted on the electron?
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(A) FFE points in the +y direction.

(B) F'g points in the —y direction.

(C) FE points in a direction that is in between the +¥y and +a directions.
(D) FE points in a direction that is in between the —y and —a directions.

(E) Fg has no direction, because the magnitude of F'g is zero.

11. A student uses wires to connect a battery with potential difference AV to three lightbulbs with different resistances
to form a closed circuit. The lightbulbs have resistances R, 2R, and 3 R. The student must construct the circuit in
order to maximize the power supplied to the lightbulbs. Which of the following represents the circuit that would
maximize the power supplied to the lightbulbs?

AP Physics C: Electricity and Magnetism Page 9 of 50
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(B)

©

(D)

(E)
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12.
Screen

Top View

An experiment is designed to show that a positively charged particle will strike Point P on a screen after the particle
is launched into an area of uniform magnetic field of magnitude B. When the experiment is conducted, the particle
actually strikes the screen at Point (), as shown. Which of the following could explain this result?

(A) The mass of the particle is smaller than expected.

(B) The speed of the particle is larger than expected. v

(C) The charge of the particle is larger than expected.
(D) The magnitude of the magnetic field is larger than expected.

(E) The screen has a uniform negative charge distribution.

AP Physics C: Electricity and Magnetism Page 11 of 50
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Wire Y

Region

Wire X

Region

Scoring Guide

Two long, straight, insulated wires, X and Y, carry identical currents of magnitude I. Wire X passes just above
Wire Y at a right angle, as shown. What are the directions, if any, of the net magnetic fields By and Bs in regions
1 and 2, respectively?

Direction of B;

Direction of By

A Into the page Into the page
B Into the page Out of the page
C Out of the page Into the page
D Out of the page Out of the page
E B; =0 By, =0
(A) A
(B) B
©) C v
(D) D
(BE) E

Page 12 of 50
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14.
+0 -0
[ [
[ d -
Scenario |

+0 -20
L d L ]
|-'_T _"l

Scenario 2

Scenario 1 shows two small spheres with charges +() and —( that are held a distance d apart and exert an electric
force of magnitude F' on each other. In Scenario 2, the charge of the negatively charged sphere is changed to —2(@),
and the spheres are held a distance % apart. Which of the following expressions represents the magnitude of the
electric force that the positively charged sphere exerts on the negatively charged sphere in Scenario 2 ?

A &
(B) F
(C) 2F
(D) 4F

(E) 8F v

AP Physics C: Electricity and Magnetism Page 13 of 50
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Side View of Coil Top View of Coil

Power Supply

\

U

VAVAYAY

Note: Figures not drawn to scale.

Coils of varying radii 7, lengths L, and numbers of turns [N are connected to a variable power supply and a resistor, as
shown in the Side View of Coil. When the power supply is turned on, a magnetic field of magnitude B is produced, as
shown in the Top View of Coil.

15.

()

In an experiment, a student connects the variable power supply to different coils of wire. The student measures and
plots the magnitude of the magnetic field B as a function of an unknown variable while keeping all other variables
constant. Which of the following identifies the unknown variable that is changed in the experiment and plotted on
the horizontal axis of the graph?
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(A) Current in the coil
(B) Potential difference of the power supply

(C) Length of the coil v

(D) Cross-sectional area of the coil
(E) Number of turns in the coil

16.

Top View of Coil with Loop

A square metal loop of side length a,where a < 7, is inserted into the middle of one of the coils. The loop is
perpendicular to the magnetic field, as shown in the Top View of Coil with Loop. Starting at time ¢ = 0, the
potential difference across the variable power supply is increased so that the magnitude of the magnetic field
through the coil is given by the equation B = By + Dt, where By = 0.10 T and D = 0.020 T'/s. Which of the

following is the expression for the induced emf in the loop at time t = 5 ?

(A) Zero

®) (0.02 5)a? v
©) (0.10 5)a’

D) (0.12 %)a’

€ (0.20 %)a’
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AV =

NS
1
11
r‘-‘

The series circuit shown consists of a battery of potential difference AV, a resistor of resistance R, an inductor of
inductance L, and Switch S that is initially open. Switch S is then closed.

17.  Which of the following statements is true immediately after Switch S is closed?
(A) The potential difference across the inductor is zero.
(B) The potential difference across the resistor is AV

(C) The current in the circuit is at its maximum value.

(D) The current in the circuit is zero. v

(E) The rate of change of the current in the circuit is zero.

18.  Which of the following is true about the current in the circuit after Switch S is closed?

(A) The current is at its maximum value when the potential difference across the resistor is zero.

(B) The current is zero when the potential difference across the resistor is AV

(C) The current is at its maximum value when the potential difference across the inductor is zero. v

(D) The current is zero when the potential difference across the inductor is zero.

(E) The current is constant at all times.
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g
A

An initially uncharged, air-filled capacitor of capacitance C consists of metal plates that are a distance d apart. The
capacitor is connected in series with a battery of potential difference AV, a resistor of resistance R, and an open switch S

, as shown.

19. The metal plates of the capacitor are returned to their original separation distance d. Switch S remains closed for a
long time and is then opened. A dielectric with dielectric constant £ = 5 is then inserted between the metal plates.
Which of the following represents the new potential difference across the capacitor?

(A) ﬂ v/
5
AV
(B) 5
(C) AV
(D) 2AV
(E) BAV

20. The distance between the metal plates is then reduced to % while the capacitor is still connected to the circuit.
Switch S is then closed for a long time. Which of the following represents the new potential difference across the

capacitor?
AV
A) ——
(A) 1
AV
B —
(B) 5
© AV v/
(D) 2AV
(E) 4AV
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L
2
o

Two ideal batteries, switches S and So, and resistors Rq, Rs, and Rj3 are connected in the circuit shown. Each battery
has an emf of 3 V, and each resistor has a resistance of 4 2. Switches S; and Ss are both initially open.

21. Both switches are closed. Which of the following values represents the current in Resistor Ry ?

(A) 0.00 A

(B) 0.25A v
(C) 0.50A

(D) 0.75 A
(E) 1.50 A

22. Switch Sy is closed, while Switch S; remains open. Which of the following values represents the current in Resistor

Ry ?
(A) 0.00A
(B) 0.25A v

(C) 0.50A
(D) 0.75 A
(E) 1.00A

23. With both switches open, Resistor R3 is replaced with a capacitor of capacitance 9 pF'. Both switches are then
closed. Which of the following values represents the current in Resistor R after a long time?

(A) 0.000 A v
(B) 0.250 A
(C) 0.375A

(D) 0.500 A
(E) 0.750 A

Page 18 of 50 AP Physics C: Electricity and Magnetism




éCollegeBoard . .
Scoring Guide

2023 Form I

Object A Object B

~3.0nC p +1.0 nC

-—(:} % Q—-J.' {cm)
] 0.50

Object A and Object B have the same mass and are positioned on the x-axis, as shown. Object A is located at z = 0 and
has a net charge of —3.0 nC. Object B is located at = 0.50 cm and has a net charge of +1.0 nC. Point P is halfway

between the objects.

24.  Which of the following most nearly represents the value of the electric potential at Point P ?
(A) —14,400V

(B) —7200V

(C) —3600V

(D) 3600V
(E) 7200V

25. The objects are no longer fixed and are released from rest at time ¢ = 0. Object B has an acceleration of magnitude
ag at time t = 0. Which of the following represents the magnitude and direction of the acceleration for Object A at

timet = 0?

Magnitude of Direction of
Acceleration Acceleration
ag

A 3 +x
ag

B 3 —x

C ag +x

D ag —x

E 3ay +x
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(A) A
(B) B
(©) C v
D
E

(D)
(E)

26. Other than infinitely far away from either object, which of the following, if any, indicates a region on the x-axis
where the magnitude of the electric field could be zero?

(A) Intheregionz < 0
(B) Intheregion0 < z < 0.25 cm
(C) Intheregion 0.25cm < < 0.50 cm

(D) In the region x > 0.50 cm v

(E) There is no location on the z-axis other than infinitely far away where the electric field is zero.

27.

Sphere 1 Sphere 2

Conducting
Wire

Note: Figure not drawn to scale.

Conducting spheres 1 and 2 on insulating stands have radii 2R and R, respectively. The spheres are very far apart.
Sphere 1 has an initial net charge 4+ and Sphere 2 is initially neutral. The spheres are then connected by a
conducting wire, as shown. The wire is then removed. Which of the following represents the value of the net charge
on Sphere 1 after the wire is removed?

A 3Q
B) 2Q v
© %Q
D) $Q
B Q
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28.

|+
|l
I

Wy

The circuit shown consists of a battery, two resistors, an uncharged capacitor, an inductor, and a switch that has
been open for a long time. The switch is closed at time £ = 0. Which of the following pairs of graphs best
represents the potential differences Vi and V1, across the capacitor and the inductor, respectively, as functions of
time ¢ starting immediately after time ¢ = 0 ?
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Capacitor Inductor
Ve Vi
[l |
A
- [ = |
Ve Vi
[l '
B
- [ = |
Ve Vi
[ i
C
- | = [
Ve Vi
A |
D
L -
Ve Vi
[l [
E
- [ |
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(A) A
(B) B v
(C) C
(D) D
(E) E
29.
B (mT)
el B T S S I
081~ i_____i____‘:_ _________
R I T A S S
v I I
0.4 I } }
_____ | _e_1_______1____|
0.2 AR S
B '____J__‘__t_!__“__.._.

A long cylindrical conductor of radius 0.05 m carries a current. The current is distributed over the cross-sectional
area of the conductor with a uniform current density. The graph represents the magnetic field B at various distances
r measured radially outward from the center of the conductor. Which of the following correctly identifies the
proportionality between B and r for > 0.05 m and explains how the data illustrate Ampere’s law?

Proportionality Explanation
A Bx1/r The circumference of the Amperian circle is proportional to 7.
B Bx1/r The current density enclosed by the Amperian circle is proportional to 7.
C Bx1/ r? The current density at the Amperian surface is proportional to r2.
D Bx1/ r? The area of an Amperian circle of radius 7 is proportional to r2.
E Bx1/ r? The area of a spherical Amperian surface is proportional to r2.
A) A -
(B) B
© C
D) D
(E) E
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X | X X | X Vertically Down

A conducting bar is connected so that it can move with negligible friction along two long vertical conducting rails
of negligible resistance. The bar is placed in a uniform magnetic field that is directed into the page. The rails are
connected by a resistor, as shown. The bar is released from rest, and initially accelerates downward. A current is
induced in the bar as the bar falls. After a long time, which of the following best describes and explains the motion

of the bar?
Acceleration Explanation
of Bar P
A Zero The electric force will eventually balance the gravitational force.
B Zero The magnetic force will eventually balance the gravitational force.
C Nonzero The magnetic force will eventually balance the gravitational force.
D Nonzero The current in the bar will eventually become constant.
The magnitude of the gravitational force will always be greater than the
E Nonzero . .
magnitude of the magnetic force.
(A) A
(B) B -
© C
(D) D
(BE) E
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31.

An isolated, solid, conducting sphere of radius R has a net positive charge. Which pair of graphs represents the
magnitude of the electric field F and the electric potential V' as functions of the radial distance 7 from the center of
the sphere?
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Electric Field Electric Potential

o)
<

Q
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| |
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0 g - 0o =7
E Vv
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| |
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E Vv
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E I I
I I
0 ‘tla - 0 ‘!,3 -
A) A
(B) B
C) C
(D) D v
(E) E
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32.

The graph shows the electric potential V' as a function of position x in a region of space. Points Q, R, S, T, and U
are indicated on the graph. Which of the following indicates a point where the electric field £/, = 0 and a point
where E, has the greatest magnitude?

E, =0 E, has the greatest magnitude
A R Q
B R U
C S R
D S T
E U R
(A) A
(B) B
© ¢ v
(D) D
(E) E
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33.

Scenario 1 Scenario 2

In Scenario 1, two halves of a thin, nonconducting, circular ring each have uniform charge of equal value and
opposite sign. Point P is at the center of the ring where the net electric field is F7. In Scenario 2, the first circular
ring is replaced by a thin, nonconducting, circular ring that has uniform negative charge. The net electric field at
Point Py is F/5. Which statement best describes E and Ey ?

(A) |E1| = |Es| = 0, and E4 has no direction
(B) |E1| > |E3| = 0, and E4 points in the +y-direction

(C) |E1| > |E2| = 0, and E; points in the —y-direction v

(D) |E1| = |Es|, E1 points in the +y-direction, and E» points in the —y-direction
(E) |E1| = |Es|, Ey points in the —y-direction, and Ej points in the +y-direction
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34.

[ 3=3
[ Jus)

The circuit shown consists of a battery, a resistor, an uncharged capacitor, and a switch. Points A and B represent
locations on each side of the capacitor where electric potentials V5 and Vg can be measured, respectively. The
switch is initially closed to Position 1, and current is in the resistor at time £1. The switch is later closed to Position
2, and current is in the resistor at time to. Which of the following describes how the sign of the potential difference
AVc = Vg — Vj changes, if at all, and how the direction of the current I in the resistor changes from time ¢ to

time tg ?
Change in AV Change in direction of I
A From positive to negative From down to up
B From negative to positive From down to up
C From negative to positive From up to down
D No change From down to up
E No change From up to down
A) A
(B) B
© C
(D) D v
(E) E
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3s.

<

A solid nonconducting sphere has radius 7 = a and uniform volume charge density pg. The sphere is surrounded
by a conducting shell with inner radius 7 = b and outer radius 7 = ¢, as shown. The conducting shell has a net
charge of zero. Which of the following represents the magnitude of the electric field £ in region 7 < a and in
regionb < r < c?

Eforr <a Eforb<r<ec

A % Zero
or pr
3eo 3eo
por pod®

C 3eo 3eqr?

3

D :fg;Q Zero
poa’® por

E 3eor2 3eo

(A) A v
(B) B
© C
(D) D
(E) E
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36. Read each question carefully. Show all your work for each part of the question. The parts within the question may
not have equal weight.

P +

P

I
1

+a
+ + + + + + + + 2
T+ 4+ + 4+ + + o+

Perspective View

Note: Figure not drawn to scale.

Two thin, flat, metallic sheets lie in the x 2-plane. The top sheet has uniform charge density —o and the bottom
sheet has uniform charge density +o. The sheets are separated by distance d and Point P is halfway between the
centers of the sheets, as shown in the Perspective View.

(a)

1. Draw an appropriate Gaussian surface on the following Front View that can be used to determine the
magnitude of the electric field £ at Point P.

+x

Front View

ii. Using Gauss’s law and the surface drawn in part (a)(i), derive an expression for the magnitude of the electric
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field E at Point P. Express your answer in terms of ¢, d, and fundamental constants, as appropriate.

iii. Using integral calculus, derive an expression for the magnitude of the potential difference V' between the
sheets. Express your answer in terms of o, d, and fundamental constants, as appropriate.

T +v
~-Q.m

e ——V
+x
+o

+ + + + + + + + +z
F + 4+ + + + + +

Perspective View

Note: Figure not drawn to scale.

A uniform magnetic field (not shown) is added in the region between the sheets.

A small sphere with negative charge —() and mass m enters the region between the sheets with velocity v in the
~+x-direction. The velocity of the sphere remains constant.

(b) The electric field in the region between the sheets has magnitude E. Gravitational forces are NOT negligible.

1. On the following dot, which represents the sphere, draw and label the forces (not components) that act on the
sphere as the sphere travels in the region between the sheets. Each force must be represented by a distinct
arrow starting on, and pointing away from, the dot.
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ii. State the direction of the magnetic field in the region between the sheets such that the sphere travels in the
~+x-direction with constant velocity v. Express your answer according to the given coordinate axes.

iii. Derive an expression for the magnitude of the magnetic field By in the region between the sheets such that
the sphere travels with velocity v in the 4+x-direction. Express your answer in terms of ), m, v, F, and
fundamental constants, as appropriate.

Y

+v

+x

(c) In a new scenario, at time t¢ = 0, a small sphere with positive charge +@) and mass m is moving with velocity
vp at an angle @ from the +x-axis in a region of space with uniform magnetic field By, as shown. The magnitude
of By is large enough so that all other fields are negligible.

1. On the following axes, sketch a graph of the x-component of the velocity v, of the sphere as a function of
time ¢ as the sphere travels through the magnetic field. The initial £-component of the velocity of the sphere is

Vogx-
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ii. The motion of the sphere as the sphere is moving in the magnetic field is observed from a point on the &
-axis, as shown. Describe the motion of the sphere as observed from the point on the x-axis.

iii. During the time in which the sphere travels in the magnetic field, does the kinetic energy of the sphere
always increase, always decrease, remain the same, or vary periodically as a function of time?

always increases
always decreases
remains the same
varies periodically as a function of time

Justify your answer.

Part A

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.

The response accurately includes all the following criteria.

1 point is earned for drawing an appropriate Gaussian surface that encloses a net charge that can be used
to determine the magnitude of the electric field at Point P.

1 point is earned for a correct substitution for the charge enclosed by the Gaussian surface, consistent
with the drawing in part (a)(i).
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1 point is earned for using the area of the Gaussian surface, consistent with the drawing in part (a)(i).

1 point is earned for using an appropriate equation for the potential difference between the sheets with

appropriate limits of integration.

Scoring Note: Limits of integration from 0 to d or limits of integration from d to 0 are acceptable.

1 point is earned for substituting the expression for £ consistent with part (a)(ii) into the expression for

the electric potential difference between the sheets.

Example Response

Solution 1

Solution 2

%
741? ia -9
€0

%
?{E dA:%

For one sheet For two sheets
- =
74 E.da -2
€0
E(24) = 24

E =

2e

+ + + ]

Fromt View

I

il |

Fromt View
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- =
%E -dA = Q
€0
2B = 2( 5% )
EFE=Z
€0
Solution 2
j{E Py
€0
E(4) =
EFE=Z
€0

AV = - &
AV| = 22

0

Part B

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.

The response accurately includes all the following criteria.

1 point is earned for drawing an upward magnetic force.

1 point is earned for drawing a downward gravitational force and a downward electric force.
Scoring Note: A maximum of 1 point can be earned if extraneous forces are present.

Scoring Guide

1 point is earned for a direction that is consistent with the free body diagram drawn in part (b)(i), or

correctly indicating 4z -direction if no magnetic force is drawn in (b)(i).

1 point is earned for a correct application of Newton’s second law in which the acceleration of the sphere
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is zero that includes all three forces or is consistent with the free body diagram from part (b)(i).
1 point is earned for a correct substitution of the magnitude of the magnetic force.

1 point is earned for a correct substitution of the electric force and the gravitational force with correct
signs.

Example Response

FHagnetic

FEIEl:l:r'i-: FGrawtf

Since the magnetic force is in the 1y -direction and the velocity of the sphere is in the 4+ -direction, by the right-hand-
rule, the magnetic field must point in the 4z -direction.

F Magnetic — F Electric — F Gravity — 0
QUB - FElectric - FGravity =0

F Magnetic — F Electric — F Gravity — 0
FMagnetic - QE —mg = 0

.
&=
%

SF =
$F,=0

F Magnetic — Fgiectric — Fi Gravity — 0
QuB —QE —mg=0
QuB = QFE + mg

_ QE+mg
B = v

Part C

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.
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The response accurately includes all the following criteria.

1 point is earned for sketching a horizontal line starting at vg;, .

1 point is earned for a statement or picture that indicates that the sphere travels in a circular path and/or a
helical path when observed from a point on the x -axis.

1 point is earned for selecting “remains the same” with an attempt at a relevant justification.

1 point is earned for a statement that indicates that the magnetic field does no work on the sphere, or that
because the magnetic force is perpendicular to the velocity, the speed remains constant and therefore the
kinetic energy remains the same.

Example Response

Vit

0 = !

The magnetic force always acts perpendicular to the sphere’s velocity, so the force does no work. Therefore, kinetic
energy is conserved.

OR

The force due to the magnetic field is perpendicular to the sphere’s velocity, which does not change the velocity’s
magnitude, only its direction. Therefore, the kinetic energy remains the same throughout its motion.
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37. Read each question carefully. Show all your work for each part of the question. The parts within the question may
not have equal weight.

Nonideal Battery

r 1
1 |
] II. |
1 j||| 1
1 ]
1 1
1 |

Switch

The circuit shown consists of a nonideal battery, a switch, and a resistor with resistance R. The emf of the
nonideal battery is £, and the internal resistance of the nonideal battery is 7;.

(a)

i. Derive an expression for the current I in the resistor of resistance R when the switch is closed. Express your
answer in terms of R, &, r;, and fundamental constants, as appropriate.

ii. Determine an expression for the power P dissipated by the resistor of resistance R. Express your answer in
terms of R, £, r;, and fundamental constants, as appropriate.

iii. In the circuit shown, the potential difference across the terminals of the nonideal battery is AV;. The
resistor of resistance R is replaced with a resistor of resistance 2 R. The new potential difference across the
terminals of the nonideal battery is A V5. Explain why AV3 is greater than AV

(b) Draw a schematic diagram of a circuit that can be used to experimentally determine 7;. The following
equipment must be used: the nonideal battery, a variable resistor, a voltmeter, an ammeter, and wires.
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Nonideal Battery Variable Resistor Voltmeter Ammeter

I ﬁ?& O) ®

(c) Students create a circuit with the nonideal battery, variable resistor, voltmeter, ammeter, and wires. The
students conduct an experiment to determine 7;. In the experiment, the students change the resistance of the
variable resistor, correctly measure the current I from the nonideal battery, and correctly measure the potential
difference AV across the terminals of the nonideal battery. The students plot AV7 as a functionof I, as shown
in the graph.

I
1.0 —
(|
____________________________ (1T
____________________________ 3T
08T 11 R H N I
| I |
- - |— 4
06— 1T T
AV (V) 1
0.4 : —
——————————— -——'I-———————-.—————--.—I—T—
T T 1~ T~ rT 1~ 71~ rT¢ 7T rf1—177— I~ T T
_________________ B e Al ol B i e Bl i e I
I (R NN IS S ISR
0 -
0 02 04 06 08 10 1.2

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

ii. Using the best-fit line, calculate 7;.
(d) The original nonideal battery is replaced with a new nonideal battery that has emf 2 and internal resistance
;. The experiment described in part (c) is repeated. A new graph (not shown) is plotted of AV as a function of T

for the new nonideal battery.

i. Indicate by what factor the vertical intercept from the new graph will increase or decrease, if at all, as
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compared to the original graph in part (c).

ii. Indicate by what factor the slope from the new graph will increase or decrease, if at all, as compared to the
original graph in part (c).

(e) It is discovered that the wires that connect the resistor to the battery have nonnegligible resistance. How does

the actual internal resistance of the battery compare to the value calculated in part (c)(ii)? Briefly justify your
answer.

Part A

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.

The response accurately includes all of the following criteria.

1 point is earned for correctly using Kirchhoff’s loop rule.

1 point is earned for correct substitutions of given values into all three potentials.

Scoring Note: If the expression used has two potentials, and both are correctly substituted for, they can
earn this point.

1 point is earned for a correct expression for power with a substitution for current consistent with the
response from part (a)(i).

1 point is earned for indicating one of the following:
° ¢ is the same after replacing the resistor of resistance R with a resistor of resistance 2R

o The new potential difference across the internal resistor is smaller than the original potential
difference across the internal resistor

1 point is earned for a statement that the total current that passes through the battery decreases due to an
increase in the total resistance of the circuit.

Example Response

g — AV,«i — AVR =0
g — ITZ' —IR=0

g — I(’I‘i + R) =0

e =I(ri + R)
I= (niR)
P=1I’R

P= () 7

€ is the same before and after replacing the resistor of resistance R with a resistor of resistance 2R .
However, the total current of the circuit is smaller in the new situation because the total resistance of the
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Scoring Guide

circuit is larger in the new situation. So, the potential different across the internal resistor in the battery
is reduced and therefore the potential difference across the battery is larger, AVy > AVj.

Alternate Solution

1 point is earned for a statement that € is constant and equal to the combined potential difference of the
resistor of resistance R and the internal resistor.

1 point is earned for indicating that increasing the resistance of the resistor from R to 2R will cause the
potential difference across the resistor to increase relative to the potential difference across the internal
resistor.

Alternate Example Response

€ is a constant and is equal to the sum of the potential difference of the two resistors. However, the
voltage drop across T; is dependent on the resistance of the external resistor. Increasing the resistance of
the external resistor from R to 2R means the will have a lower voltage drop compared to the external
resistor, therefore AVy > AV].

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.

1 point is earned for a schematic diagram that includes circuit components as listed in the prompt that are
arranged such that the circuit is closed.

1 point is earned for indicating that the ammeter should be connected in series with the nonideal battery
and a variable/external resistor.

1 point is earned for indicating a connection of the voltmeter in the circuit so that the voltmeter is in
parallel to the entire nonideal battery or to a variable/external resistor.

Example Response

Part C

e s e s o s

I+

I
|
AM—
I
I

o o e e e e s s

oy
® v

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.
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The response accurately includes all the following criteria.

1 point is earned for drawing a single straight line that approximates the trend of the data.

1 point is earned for indicating that the slope of the best-fit line represents the negative of the internal
resistance of the nonideal battery.

Scoring Note: Explicitly indicating the absolute value of the slope is 7; also earns this point.

1 point is earned for a value for the slope between —1.1 {2 and —0.80 €2 , including units.

Scoring Note: This point can be earned if the negative sign is not included with the numerical answer.

Example Response

1.0

0.8

VLS e o W B S R
AVp(V)  Fiooid X ) T G LJ-L]- L]
0.4 : — ’ '

AVT =& — I'I‘i
Slope = —r;
Ay _

Ae = T

(0.45 V — 0.10 V)
(0.40 A — 0.80 A)

—0.88 Q ~ —7r;
r; ~ 0.88 (2

~ __m.
~ T‘l

Part D

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.
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The response accurately includes both of the following criteria.

1 point is earned for indicating that the vertical intercept of the best-fit line will double.

1 point is earned for indicating that the slope of the best-fit line will not change.

Example Response

The vertical intercept will double.

The slope of the best-fit line will not change.

Scoring Note: This point can be earned with numerical responses of either “0” or “1”.
PartE

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.

v

The response accurately includes both of the following criteria.

1 point is earned for indicating actual internal resistance is equal to 7; with an attempt at a relevant
justification.

1 point is earned for a correct justification that may include one of the following:
o Physical explanation of internal resistance
o Referring to graph where the slope represents the internal resistance
o Indicating that the internal resistance of a nonideal battery does not depend upon the total
resistance of the circuit
Example Response
The internal resistance of a nonideal battery is a physical characteristic of the battery alone, so adding wires of

nonnegligible resistance (or any other changes to the total resistance of the circuit) will not impact the value of the
internal resistance.
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38. Read each question carefully. Show all your work for each part of the question. The parts within the question may
not have equal weight.

Read each question carefully. Show all your work for each part of the question. The parts within the question may
not have equal weight.

m

»oooxX X
»oooxX X
X X

A conducting bar of mass m and resistance R slides to the right along a pair of parallel, horizontal conducting
rails. At time ¢t = 0, the bar is at position & and has speed vg. The rails are a distance L apart and are connected
by a vertical conducting rail at one end. The bar and the rails are in a uniform magnetic field that points into the

page with magnitude B, as shown. Frictional forces and the resistances of the rails are negligible.

(a)

i. Derive an expression for the value of the current induced in the bar at time ¢ = 0. Express your answer in
terms of m, R, xg, vg, L, B, and physical constants, as appropriate.

ii. Using Newton’s second law, derive the differential equation — = —

dv (BL)*
dt mR

the bar as a function of time ¢ as the bar slides along the rails starting at time ¢ = 0.

v, where v is the speed of

iii. Using integral calculus, derive a solution to the differential equation of part (a)(ii) for the speed v of the bar
as a function of time ¢ as the bar slides along the rails starting at time £ = 0. Express your answer in terms of
m, R, xq, vg, L, B, t, and physical constants, as appropriate.

(b) On the following axes, sketch the induced current I in the bar as a function of time ¢ as the bar slides along the

rails.

AP Physics C: Electricity and Magnetism
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]
-1
0
m
Txxxxxxxxx X X X
L X X X X X X ||—x X B
l X X X X X X X X X
[ xp+ 2L -

In a new situation, the resistance of each rail is NOT negligible. Each rail has cross-sectional area A and
resistivity p. At time ¢ = 0, the bar is at position ¢ and has velocity vg to the right. At time ¢, the bar is at
position g + 2L, as shown.

(¢c) A new sketch of the induced current I in the bar as a function of time ¢ for the new situation is drawn but not
shown.

i. Compared to the sketch in part (b), is the value of the vertical intercept of the new sketch larger, smaller, or
the same? Justify your answer.

ii. Compared to the sketch in part (b), is the absolute value of the slope of the new sketch at time ¢ = 0 larger,
smaller, or the same? Justify your answer.

iii. Derive an expression for the total resistance Rqta) of the closed circuit at time £1. Express your answer in
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terms of R, xy, L, A, p, and fundamental constants, as appropriate.

Part A

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.

v
0 1 2 3 4 5 6 7
The response accurately includes all the following criteria.
1 point is earned for a correct expression, € = — BLwj, for the induced potential difference across the

bar as the bar slides across the rails.

Scoring Note: The negative sign is not required for this point to be earned. This point can be earned by
starting with the equation € = — B Lwy.

1 point is earned for using Ohm’s law consistent with the derived expression for the induced potential
difference across the bar.

Scoring Note: The negative sign is not required for this point to be earned.

1 point is earned for a substitution of the current consistent with part (a)(i) into a correct expression for
the magnetic force exerted on the bar as the bar slides along the rails.

Scoring Note: The negative sign is not required for this point to be earned.

1 point is earned for using Newton’s second law in differential form and substituting the derived
expression for the magnetic force.

(BL)’

1 point is earned for correctly separating the variables in the relationship % = -7 V.

1 point is earned for integrating both sides of the equation.

1 point is earned for a correct expression for the speed v of the bar as a function of time ¢.

Example Response

— —
€= —%(/B -dA)
e = —4(BLx)

o dx
8——BL%
6:—BL’UO
e=1IR
—BL’UO =1IR
I: _B.}Lz'l)g
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F :/IdZ X B
F=1ILB
F=(%)LB
F=—(£*)LB
F— _(Bé)%

—
7z

%
> F —md

d
Fret = md_:fj
dv _ _ BL*
Mg = R
dv _ _ BL%
dt mR
dv _ _ (BL)’
dt mR
dv __ (BL)2
v T "mR dt
dv _ sy,
v - mR
_ _ (BLY
lIl(’U) = —Wt
(BL)?

v = vge mR

Part B

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.

The response accurately includes both the following criteria.

Scoring Guide

1 point is earned for sketching a graph that has a positive vertical intercept and that always decreases.

Scoring Note: The point can be earned even if the curve does not intersect the vertical axis.

1 point is earned for sketching a curve that is concave up.

Example Response
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Part C

Select a point value to view scoring criteria, solutions, and/or examples and to score the response.

The response accurately includes all the following criteria.

1 point is earned for indicating that the value of the vertical intercept is smaller with an attempt at a
relevant justification.

1 point is earned for indicating that for a given potential difference, the current decreases when the total
resistance of the circuit increases.

1 point is earned for indicating that the value of the slope is smaller with an attempt at a relevant
justification.

1 point is earned for a correct justification.

1 point is earned for using R = % to determine the resistance of the rails.

1 point is earned for a correct expression for the total resistance of the closed circuit.

Example Response

The vertical intercept of the graph represents the initial current in the closed circuit that is formed by the rails and the bar
in the new and original situations. The resistance of the closed circuit in the new situation is greater than the resistance of
the closed circuit in the original situation. For a particular initial potential difference, a greater resistance will result in a
smaller current in the new situation as compared to the original situation, as described by Ohm’s law.

The slope is the rate at which current changes. The acceleration of the bar is inversely proportional to the total resistance

of the rails and the bar. Using [ = — Bévo , the current that passes through the bar is proportional to the speed of the

bar. Therefore, if the acceleration of the bar is smaller in the new situation, then the change in speed is smaller, which
means that the change in current is smaller. The slope of the new sketch at time t = 0 is less steep than in the original
sketch.
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pL 2p(zo+2L)
A + A

oL 2p(zo+2L)
oLy 22l | p

Rrotal = p(2xi)4+5L) +R

RTotal -

Scoring Guide
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