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 uniformly charged, nonconducting sphere is held at
a fixed position. When a proton is outside the sphere
at a distance D from the center of the sphere, the mag-
nitude of the acceleration of the proton is a. If an elec-
tron is at a distance 2D from the center of the same
sphere, what is the magnitude of the acceleration of
the electron in terms of a?

1833
(A) —= 4
a
B _
(B) 1
(C) 458a
(D) 917a
(E) 1833a 2. A nonconducting rod of charged material has a uni-

form positive charge density +A. The rod is formed
into a semicircle with point A at its center, as shown in
the figure above. What is the direction of the electric
field at point A?

(A)

(B)

©

(D)

(E) There is no direction because the electric field is
Zero.



3. A student who is holding a charged plastic rod walks
at a constant velocity past a stationary student. The
stationary student is holding sensors that are capable

R A R
of detecting electric and magnetic fields. Which of —AVW\———@
the following should the stationary student expect to
(7
detect? e-L B L

(A) A changing magnetic field only, because moving
charges only create magnetic fields

(B) A constant electric field only, because the charge
on the plastic rod is constant

(C) A changing electric field only, because the dis-
tance between the plastic rod and the sensors is

changing 4. A circuit has two identical resistors, each with resis-
(D) Both a constant magnetic field and a constant tance R, a battery, and an inductor with inductance
electric field, because the charge on the plastic L, as shown. The switch is initially open and then
rod and the velocity of the plastic rod are con- switched to position A. It takes time 74 for the cur-
stant rent in the inductor to reach 63% of the steady-state
(E) Both a changing magnetic field and a changing current /;. After a long time, the switch is moved to
electric field, because the distance between the position B, and it takes time 7p for thf; current in the
plastic rod and the sensors is changing inductor to reach 37% of I;. The ratio té is equal to
B
(A) 0.50
(B) 0.60
©) 1.0
(D) 1.6
(E) 2.0



Questions 5-6
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Note: Figure not drawn to scale.

An 830 pF parallel-plate capacitor has plates of length 6.0 cm and width 30 cm. The plates are 0.92 mm apart, as shown. There
is a plastic dielectric that fills the space between the plates.

5. What is the value of the dielectric constant of the plas- 6. The capacitor is connected to a battery and allowed
tic dielectric? to reach equilibrium. A charge of magnitude Q is on
each of the capacitor’s plates. The same battery is

(A) 1835 then connected to a new capacitor with identical di-
(B) 19.6 mensions but with a dielectric that has three times the
(C) 4.8 dielectric constant of the original. When equilibrium
(D) 0.05 is reached, what is the magnitude of the charge on one

plate of the new capacitor?

1
4) 50

1
(B) 39
© Q0
(D) 30
(E) 90

(E) 4.2x 10711
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7. The arm of a neutral electroscope is vertical, as shown in Figure 1. The electroscope is given a charge, and the arm
moves to the position shown in Figure 2. Then a uniformly charged non-conducting rod is brought near the top of the
electroscope, and the arm of the electroscope moves to the position shown in Figure 3. Which of the following must be
true about the charge on the electroscope and the rod?

(A) Both the electroscope and the rod are positively charged.
(B) Both the electroscope and the rod are negatively charged.
(C) The electroscope is positively charged, and the rod is negatively charged.
(D) The electroscope is negatively charged, and the rod is positively charged.

(E) The electroscope and the rod have opposite types of charge, but it cannot be determined which is positively charged
and which is negatively charged.



Questions 8-9

20 Q B
AWV
40 Q
AV e

A battery and two resistors are connected in series, as shown. Four points in the circuit are labeled A, B, C, and D.

8. Which of the following is true of the absolute value of
the potential difference between points A and B ?
(A) Itis less than that between C and D.
(B) Itis the same as that between C and D.
(C) Itis greater than that between C and D.
(D) It is the same as that between D and A.
(E) Itis greater than that between D and A.

9. If the amount of energy dissipated each second by the

20 Q resistor is E, what is the energy dissipated each
second by the 40 Q resistor and why?

(A) 4E, because the currents through the resistors
are the same

(B) 2E, because the currents through the resistors
are the same

(C) E, because the currents through the resistors are
the same and the potential differences across the
resistors are the same

(D) 2E, because the potential differences across the
resistors are the same

(E) 4E, because the potential differences across the
resistors are the same



10. In the circuit shown above, the two resistors are iden-

tical and the battery has negligible internal resistance.
Before the switch S is closed, the battery delivers a
current / and a power P. After the switch is closed,
what are the current and power delivered by the bat-
tery?

(A) The current is 2/ and the power is 2P.

1
(B) The current is 27 and the power is EP.

(C) The current is I and the power is P.
(D) The current is I and the power is 2P.

1
(E) The current is 51 and the power is P.

11.

In the circuits shown above, all resistors have the same
resistance R and all capacitors have the same capaci-
tance C. Which of the following circuits will have the
same time constant as the circuit shown in the figure
above?

—l C C
(A)
R
h AL_‘_AL
E= C C
(B)
|::R: : ]
E—+ R —
©)
A
L C
E— I c
(D) 1
R R
AN AN
E=+ C — T C

(B)




Questions 12-13

Students are to perform an experiment using a 15 cm long solenoid, a magnetic field probe, a bar magnet, a power supply,
connecting wires, and meters for collecting voltage and current data.

Note: Figure not drawn to scale.

12. The students disconnect the solenoid from the power

supply and connect the solenoid to the voltmeter.

They move the bar magnet into, through, and out of

the solenoid at constant speed, as shown. The length

of the bar magnet is much smaller than the length of

the solenoid. When will the voltmeter detect an emf?
I. When the bar magnet is entering the solenoid

II. When the bar magnet is moving through the cen-
ter of the solenoid

III. When the bar magnet is leaving the solenoid

(A) Tonly
(B) I only
(C) ITand I
(D) Iand III
(E) O and III

B (X103 T)

20.04———F——4———t——————+-
|

13. The students insert the magnetic field probe along the

axis of the solenoid at the midpoint of the solenoid.
The solenoid is connected to the power supply, and
measurements are recorded for the magnitude B of
the magnetic field at that location as a function of the
current / passing through it. The data are taken for
five different power supply settings, and the plot of
the data is shown in the graph. Which of the follow-
ing is correct for the total number of loops for this
solenoid?

(A) 3200
(B) 480
(©) 250
(D) 60

(E) The number of loops cannot be determined with-
out knowing the radius of the solenoid.



Questions 14-15

Side View of Coil End View of Coil

Power
Supply

A coil of wire of radius R = 10 cm is connected to a variable power supply and a resistor, as shown. The power supply is
initially off. At time ¢t = 0, the power supply is set to a nonzero voltage and turned on. As a result, a uniform magnetic field with
magnitude B is created inside the coil.

Coil i I

Loop

Power
Supply W
14. A loop of wire of radius r = 5 cm and resistance

R; = 2 Q is inserted into the coil, as shown above. ) ' )
The power supply is adjusted so that the magnitude of 15. A rectangular loop of wire with a counterclockwise
the magnetic field B in the coil as a function of time ¢ current is inserted into the coil, as shown above, and
is B(t) = B+ at, where f =25 uT and & = 12 uTJs. released. Which of the following best describes the
The current induced in the loop is most nearly resulting motion of the loop?
(A) 37 % 1076 A (A) It will not rotate.
(B) 2.0x 106 A (B) It will rotate clockwise in the plane of the page.
(€) 52x 107 A (C) It will rotate counterclockwise in the plane of

the page.
D) 1.9%x 107 A © page

3 (D) It will rotate such that the right side of the loop
(E) 47x107° A

will rotate out of the page.

(E) It will rotate such that the right side of the loop
will rotate into the page.

10



Questions 16-17
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Four point charges are located at the corners of a square of side a, as shown in the figure above. Point P is at the center of the
square.

16. Which of the following best represents the direction 17. What is the electric potential V at point P?
of the electric field at point P?
(A) V= 20
\ V2reya
0
(A) B) V=
V27epa
- 0
© V=
(B) 2V 2mepa
0
D) V=—rt—
© T 4\ 2mepa
(E) V=0
(D) /
e
(E)

11



18. The diagram shows the electric field near a charged metallic triangular plate. The dashed lines are paths of equal length
along which an integral may be evaluated. Integrating the electric field along a certain path can provide information about

the changes in electric potential along the path. Which of the following equations correctly relates integrals along the
paths AB, BC, and CD?

(A) /BE-d?Jr/CE-d?—/DE-d?:O
(B)/E dr+/ E- dr—/ E-di>0
(C)/Edr—i—/ / dF =0

(D)/E-d?Jr/ E-d?+/ E-di<0
A B C

B c D
(E) / E-d?—/ E~d?—/ E-dr=0
A B c

12
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Note: Figure not drawn to scale.

19. Nonconducting Sphere X is fixed in place and has a charge +Q. Conducting Sphere Y is electrically neutral and starts at
a distance 3d away from Sphere X, as indicated in Figure I above. Sphere Y is then brought toward Sphere X to a new
position d away from Sphere X, as indicated in Figure II above. Which of the following is true of the electric force on
Sphere Y from Sphere X and the electric potential energy of the two-sphere system as Sphere Y is brought toward Sphere

X?
(A) The electric force on Y is attractive and the electric potential energy decreases.
(B) The electric force on Y is attractive and the electric potential energy increases.
(C) The electric force on Y is repulsive and the electric potential energy decreases.
(D) The electric force on Y is repulsive and the electric potential energy increases.

(E) The electric force on Y is nonexistent and the electric potential energy remains the same.

13
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20. An electron is emitted from a metal plate with an initial nonzero kinetic energy Ky. The electron is accelerated to the right
by a variable voltage AV,,, and then deflected by a magnetic field B through a circular arc of radius r as shown in the
figure. The potential difference AV, that needs to be applied for the electron to be deflected through a circular path of

radius r is
eB2r?
A
(A) .
eB*r? K,
(B) P
m, e
eB*r* K
(©) + =2
2m, e
eB’r* Ky
(D) -
2m, 2e
eB’r* K,
(E) . 2%
m, 2e

14
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21. The figure shows a uniform magnetic field, B, directed into the page. At the instant shown, an electron of mass me is
moving with velocity v perpendicular to the field, toward the top of the page. As a result of this motion, the electron

moves in a circular path. Which of the following gives an expression for the radius of the path and the direction of circular
motion?

(A) The radius is m—;} and the direction is clockwise.
e

. . mev . . . .
(B) The radius is —; and the direction is counterclockwise.
e

mev?

(C) The radius is and the direction is clockwise.

e

mev?

(D) The radius is and the direction is counterclockwise.

e
eB

(E) The radius is and the direction is counterclockwise.

meV

15



Questions 22-23

> 2d -
)
B
T Ae-——------ & ————-——- o

2d +Q¢ ________ ___ *+Q

Two spheres with charge 40 are positioned a distance 2d apart, as shown. Points A, B, C, and D are labeled. The dashed line
connecting B to D bisects the line joining the two spheres.

16



22. Which of the following graphs best represents the 23. Which of the following graphs best represents the net
magnitude of the y-component of the net electric field electric potential V as a function of position along a
|Ey| as a function of position along a straight horizon- straight path from point B to point D?
tal path from point A to point C?

|%
IE,|
A
| |
| |
o
0 : | > Position
| > Position (A)
Position
= Position (B)
(B)
> Position
Position ©
©)
Position
= Position (D)
(D)
|%
|E,| . |
A I | | |
[r—— | |
| | | |
| | | |
| | | |
o L
I I 0 } }— Position
0 ! I~ Position (E) B b
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24. Two wires carrying equal currents of magnitude / perpendicularly out of the plane of the page are fixed on the x-axis at
x = *a, as shown above. Which of the following graphs best shows the total magnetic field B as a function of position on
the x-axis between —a and +a, assuming that the field is positive when in the +y direction?

B B
, A : : [} .
| | | |
|\/ | | f f |
| | | |
| | | |
} — X X
—d +a —a ta
| | | |
(A) 1 1 (B) 1 1
B B
1 1‘ 1 1 1
I I | |
I I |
I I | |
I I | |
X } —X
—d Vi —a +a
| | | '
(C) 1 1 (D) 1 1
B
. 4 .
| |
| f |
| |
| |
X
-a O\
| |
| |

18
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Figure 1 Figure 2 Figure 3

25. Inductor L, resistor R, and switch S are connected to an ideal battery V, as shown in Figure 1. Switch S can be closed to
either position A or B. Figure 2 above shows a graph of the magnitude of the emf € across the inductor as a function of
time ¢. Figure 3 above shows a graph of the magnitude of the current / in the inductor as a function of time ¢. For which
of the following situations would these graphs be valid representations?

I. The switch has been in position A for a long time and is moved to position B at time ¢ = 0.

II. The switch has been in position B for a long time and is moved to position A at time ¢ = 0.

III. The switch has been open for a long time and is moved to position B at time ¢t = 0.

(A) Tonly

(B) II only

(C) I only

(D) I and III only
(B) LI, and IIT

19



26. Two pairs of long, parallel wires are arranged to pro-

duce a conducting square, as shown. A uniform, con-
stant magnetic field is directed into the page through-
out the region. The top horizontal wire is moving to-
ward the top of the page with speed v and the right
vertical wire is moving to the right with speed v such
that the side length increases at a constant rate, induc-
ing an emf in the square loop. At the instant shown,
the side length is s and the emf induced in the loop is
€. What is the emf induced in the loop when the sides
of the square have length 2s?

(A)

Nfm M

(B)
©) ¢
(D) 2¢
(E) 4¢

20

27.

28.

Y
~N

Two parallel current-carrying wires are in the same
plane as points X and Y. The magnetic fields due to
the wires at points X and Y are By and By, respec-
tively. How do Bx and By compare in magnitude and
direction?

(A) Equal magnitudes, same direction

(B) Equal magnitudes, opposite directions

(C) Each has a magnitude of zero, no direction

(D) Different magnitudes, same direction

(E) Different magnitudes, opposite directions
Two long, parallel wires 30 cm apart carry currents in
the same direction. Wire R has a current of 4 A, and
Wire S has a current of 8 A. In the plane of the wires,
how far from Wire R is the net magnetic field zero?
(A) 10 cm

(B) 15cm

(C) 20cm

(D) 25 cm

(E) There is no position between the wires where the
net magnetic field is zero.



Questions 29-30

+20

+0

~ O

0 Im 2m

— @

3m 4m

5m

6 m

A pair of charged particles having charges +2Q and +Q are arranged along a line, as shown in the figure above.

29. At which of the labeled positions is the electric poten-
tial highest?
(A) 1m
(B) 2m
(C©) 3m
(D) 4m
(E) 6m

30. Which of the following identifies the labeled position
where the electric field is closest to zero and explains

why?

(A)

B)

©

D)

(B

21

2 m, because the electric field is inversely pro-
portional to charge and inversely proportional to
distance.

3 m, because the electric field is directly pro-
portional to charge and inversely proportional to
distance.

3 m, because the electric field is directly propor-
tional to charge and inversely proportional to the
square of distance.

4 m, because the electric field is directly pro-
portional to charge and inversely proportional to
distance.

4 m, because the electric field is directly propor-
tional to charge and inversely proportional to the
square of distance.



31. Three resistors of resistance 8.0 Q, 12 Q, and 24 Q are y (m)

connected in parallel to a battery. The current through 1
the battery is 20 A. What is the potential difference 44P
across this combination of resistors?
(A) 045V 37
(B) 3.0V a1
(©) 40V
(D) 50V 1T
- +10nC
(E) 80V 4nC : | +—x (m)
0 12

32. What is the electric potential at location P due to the
two point charges located along the x-axis as shown?
(A) =9.07°V
B) 135V
(C) 585V
(D) 9.00V
(E) 27.0V

22



f=-d]

IJ\L/l<=2
]
d
2

Before After

33. An isolated, air-filled parallel plate capacitor consists of two metal plates, each of area A, separated by a distance d with
a potential difference V between the plates. The capacitor is disconnected from the battery. The separation is reduced to

a distance of 5 and a dielectric material of k¥ = 2 is inserted between the plates. What is the electric potential difference
of the capacitor after the changes have been made?

(A) V
(B) 2V

1%
(®) B}
(D) 4V

1%
(E) 7

34. The current in a 10 Q resistor is given as a function of time ¢ by the equation I = Ipe™, where I = 4 A and o = 25~
Which of the following represents the rate of energy dissipation in the resistor at time t = 3 s?

(A) 20e ®W
(B) 40e °W
(C) 160e= W
(D) 40e~ 12 W
(E) 160e~ 12 W

23



Figure 1 Figure 2

C
| |
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d d
2

35. Two identical parallel-plate capacitors are connected in parallel, as shown in Figure 1. Both capacitors have plates that
are a distance d apart and each has a capacitance C. The distance between the plates of the upper capacitor is increased

to 2d and the distance between the plates of the lower capacitor is decreased to 5 as shown in Figure 2. The equivalent
capacitance of the two capacitors in Figure 2 is
5
A) =C
(A) 3
(B) 2C
3
O =C
© 3
D) C
1
E) -C
®) 3

STOP
END OF ELECTRICITY AND MAGNETISM SECTION 1
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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.

+30

4a 4
2

1. Three point charges are brought from very far away and placed at the corners of an equilateral triangle with sides of length
d. The top point charge has a charge of 430, and each of the point charges located on the base of the triangle has a charge
of —2Q. Point P is located at the midpoint of the base of the triangle, as shown. Express all algebraic answers in terms of
0, d, and physical constants, as appropriate.

(a) Derive an expression for the work required to assemble the charges in the configuration shown.

(b) Derive an expression for the magnitude of the electric field at Point P.

(c) On the following charge configuration, draw a Gaussian surface that would have the maximum amount of net electric
flux enter or exit its surface.

26



(d) Derive an expression for the electric potential at Point P.
(e) A positive test charge g is placed at Point P.

i. On the following diagram, draw an arrow to indicate the direction of the net force exerted on the test charge.
The arrow should start on, and point away from, the dot.

ii. The locations of the point charges at the top and bottom right corner of the triangle are switched, as shown in
the following diagram.

d p d 430
2 2

Does the direction of the net force on the test charge change? If the direction changes, indicate the direction of
the new net force, and justify your answer. If the direction does not change, justify your answer.

27



(f) The charges are returned to their initial positions.

i. On the following diagram, put an “x” at a location where an additional negative charge could be placed so the
net force on the +3Q charge would be zero.

d d
2 2

ii. Explain your reasoning for the location indicated in part (f)(1).

28
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2. In alaboratory, a group of students constructs the circuit shown in Figure 1. The circuit includes a power supply, two iden-
tical resistors, a capacitor, three switches, and an ammeter. Initially, all switches are open and the capacitor is uncharged.

The students perform the following procedure.

e Attime t = 0, Switch S3 is closed.
e Attime ¢t = t{, Switch S; is also closed. The students wait a long time for the circuit to reach steady state.

e Attimet =1, S| is opened and Switch S; is closed simultaneously. S3 remains closed.

(a) On the following axes, sketch a graph of the current / measured by the ammeter as a function of time #, from time
t = 0 to a long time after #,. Consider positive direction of current in the ammeter to be toward the top of the page.

1
A

Y
~

29



The students then construct the

(b) The circuit includes a variable

following circuit.

R R
aA'%% Wy

power supply, four identical resistors, and an ammeter, as shown in Figure 2. The

power supply is set to various potential differences €, and the ammeter measures current /. The data plotted by the
students are shown in the following graph.

E W)

/

20.00

\

16.00
12.00

8.00

4.00

0.00

> (A)

0.00 2.00 400 6.00 8.00 10.00

i. Draw a line that represents

the best fit to the data points shown.

ii. Use the best-fit line to calculate the experimental value for the resistance R of one of the resistors.

iii. The power supply is set to
at the bottom left of the cir

20 V. For a time interval of 3 seconds, calculate the energy dissipated by the resistor
cuit in Figure 2.

30



(c) The students add another identical resistor to the circuit, as shown in Figure 3. The experiment is repeated, and the
students plot their new data. Would the slope of the new graph be greater than, less than, or equal to the slope of the
graph in part (b)?

Greater than Less than Equal to
Justify your answer.

31
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Note: Figure not drawn to scale.

3. A pair of long parallel conducting wires labeled Wire 1 and Wire 2 lie in a horizontal plane with their centers located a
distance 2a apart. Point P is located midway between the two wires and Point Q is a distance a directly above Point P, as
shown in the perspective view. Power supplies deliver constant current / to both wires, with the direction of the current
out of the page in Wire 1 and into the page in Wire 2, as shown in the cross-sectional view.

32



(a) 1. On the following diagram, draw an Amperian loop that could be used to find the magnitude of the magnetic
field due to Wire 2 at Point Q.

Q
®

Wire 1@ ®Wire 2

ii. Using Ampere’s law, derive an expression for the magnitude of the magnetic field B, at Point Q due to Wire 2.
Express your answer in terms of /, a, and physical constants, as appropriate.

y

1 ____ Wirel L
2a+ - L
3.1 1

Wire 2
ot — -
1 .
Top View
Wire 1 fQ
O \ 4 )

1 an |

N

\o — )

I Perspective View

Note: Figure not drawn to scale.
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(b) A square loop of wire with nonnegligible resistance is placed in the same plane as Wire 1 and Wire 2. The square
loop has sides of length a and is centered about Point P. The bottom edge of the square loop is parallel to the wires,
as shown.

i. In regions I and II on the following axes, sketch a graph of the magnitude of the net magnetic field B, as a
function of y.

B net
A | I

[
[
[
[
[
[
T
[
[
[
]
[
[
[
|
I >
a

0 172a 3/2a 2a

ii. Derive an expression for the total magnetic flux passing through the square loop in terms of I, a, and physical
constants as appropriate.
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(c) The power supplies connected to Wire 1 and Wire 2 are now turned off. At time ¢ = 0 the power supplies are turned
back on, and the current in Wire 1 and Wire 2 increases at a constant rate until steady state currents are reached at
t =t. After t = t1, the current in Wire 1 and Wire 2 remains at steady state.

i. For the time interval + = 0 to r = #;, is the induced current in the square loop (as shown in the top view)
clockwise, counterclockwise, or zero?
Clockwise Counterclockwise Zero
Briefly justify your answer.

y
1 ___ Wirel L
2a+ L L
3 1
—a+
z T
a—+ [ ) a
1, 4
2 ____ Wire2 L
O__ —— — —— —
1

Top View

Note: Figure not drawn to scale.

ii. After time t = #1, is the induced current in the square loop (as shown in the top view) clockwise, counterclock-
wise or zero?
Clockwise Counterclockwise Zero
Briefly justify your answer.

iii. On the following axes, sketch a graph of the magnitude of the magnetic flux ®p through the square loop from
Wires 1 and 2 as a function of time ¢.
@p
A

\)
N
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STOP
END OF EXAM
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AP Physics C Electricity and Magnetism
2022

APPENDIX - ANSWERS

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



3 Answers for Multiple Choice Questions

Question | Answer | Question | Answer | Question | Answer | Question | Answer | Question | Answer
1 C 8 A 15 D 22 A 29 A
2 A 9 B 16 E 23 C 30 C
3 E 10 A 17 B 24 E 31 E
4 A 11 A 18 C 25 D 32 D
5 C 12 D 19 A 26 D 33 E
6 D 13 B 20 B 27 A 34 E
7 E 14 E 21 A 28 A 35 A
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4 Scoring Guidelines
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AP PHYSICS C: ELECTRICITY AND MAGNETISM Scoring Guide

2022 Form I

1. A uniformly charged, nonconducting sphere is held at a fixed position. When a proton is outside the sphere at a
distance D from the center of the sphere, the magnitude of the acceleration of the proton is a. If an electron is at a
distance 2D from the center of the same sphere, what is the magnitude of the acceleration of the electron in terms
ofa?

(A) 1853
B) T
(C) 458a v

(D) 917a
(E) 1833a

A nonconducting rod of charged material has a uniform positive charge density + . The rod is formed into a
semicircle with point A at its center, as shown in the figure above. What is the direction of the electric field at point

A?

(A) v

(B)

©

(D)

(E) There is no direction because the electric field is zero.
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3. A student who is holding a charged plastic rod walks at a constant velocity past a stationary student. The stationary
student is holding sensors that are capable of detecting electric and magnetic fields. Which of the following should
the stationary student expect to detect?

(A) A changing magnetic field only, because moving charges only create magnetic fields
(B) A constant electric field only, because the charge on the plastic rod is constant
(C) A changing electric field only, because the distance between the plastic rod and the sensors is changing

(D)

Both a constant magnetic field and a constant electric field, because the charge on the plastic rod and the
velocity of the plastic rod are constant

Both a changing magnetic field and a changing electric field, because the distance between the plastic v
rod and the sensors is changing

(E)

A circuit has two identical resistors, each with resistance R, a battery, and an inductor with inductance L, as shown.
The switch is initially open and then switched to position A. It takes time £ for the current in the inductor to reach
63% of the steady-state current I5. After a long time, the switch is moved to position B, and it takes time tg for the

current in the inductor to reach 37% of I;. The ratio E_Q is equal to

(A) 0.50 v

(B) 0.60
©) 1.0
(D) 1.6
(E) 2.0
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: ' Plastic
_T_ / Dielectric
6.0 cm
l ﬁ‘?l mim
|——30) cm ——=

Note: Figure not drawn to scale.

An 830 pF parallel-plate capacitor has plates of length 6.0 cm and width 30 cm. The plates are 0.92 mm apart, as
shown. There is a plastic dielectric that fills the space between the plates.

5.  What is the value of the dielectric constant of the plastic dielectric?

(A) 1835

(B) 19.6

(C) 4.8 v
(D) 0.05

(E) 42x 107"

6.  The capacitor is connected to a battery and allowed to reach equilibrium. A charge of magnitude () is on each of the
capacitor’s plates. The same battery is then connected to a new capacitor with identical dimensions but with a
dielectric that has three times the dielectric constant of the original. When equilibrium is reached, what is the
magnitude of the charge on one plate of the new capacitor?

A) $Q
B) 3Q
© Q
D) 3Q v

(E) 9Q
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7.
1 | Charged i Non-conducting
Electroscope ! ,
P€ 1 Electroscope | Rod
i i ———
Arm :
Pig'LII'E I i Figure 2 : Pigurp_. 3

The arm of a neutral electroscope is vertical, as shown in Figure 1. The electroscope is given a charge, and the arm
moves to the position shown in Figure 2. Then a uniformly charged non-conducting rod is brought near the top of

the electroscope, and the arm of the electroscope moves to the position shown in Figure 3. Which of the following
must be true about the charge on the electroscope and the rod?

(A) Both the electroscope and the rod are positively charged.
(B) Both the electroscope and the rod are negatively charged.
(C) The electroscope is positively charged, and the rod is negatively charged.
(D) The electroscope is negatively charged, and the rod is positively charged.

(E)

The electroscope and the rod have opposite types of charge, but it cannot be determined which is v
positively charged and which is negatively charged.

A 200 B

A battery and two resistors are connected in series, as shown. Four points in the circuit are labeled A, B, C, and D.

8.  Which of the following is true of the absolute value of the potential difference between points A and B ?
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(A) Itis less than that between C and D.

(B) It is the same as that between C and D.
(C) Itis greater than that between C and D.
(D) It is the same as that between D and A.
(E) Itis greater than that between D and A.

9.  Ifthe amount of energy dissipated each second by the 20 {2 resistor is F, what is the energy dissipated each second
by the 40 €2 resistor and why?

(A) 4FE, because the currents through the resistors are the same

(B) 2F, because the currents through the resistors are the same

E, because the currents through the resistors are the same and the potential differences across the
resistors are the same

©)
(D) 2FE, because the potential differences across the resistors are the same

(E) 4F, because the potential differences across the resistors are the same

10.

In the circuit shown, the two resistors are identical and the battery has negligible internal resistance. Before the
switch S is closed, the battery delivers a current I and a power P. After the switch is closed, what are the current
and power delivered by the battery?

(A) The current is 21 and the power is 2P. v

1
(B) The current is 21 and the power is EP.

(C) The current is I and the power is P.
(D) The current is I and the power is 2.P.

1
(E) The current is EI and the power is P.

AP Physics C: Electricity and Magnetism Page 5 of 45
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11.

In the circuits shown, all resistors have the same resistance R and all capacitors have the same capacitance C.
Which of the following circuits will have the same time constant as the circuit shown in the figure above?
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Students are to perform an experiment using a 15 cm long solenoid, a magnetic field probe, a bar magnet, a power
supply, connecting wires, and meters for collecting voltage and current data.

AP Physics C: Electricity and Magnetism
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12.

Note: Figure not drawn to scale.

The students disconnect the solenoid from the power supply and connect the solenoid to the voltmeter. They move
the bar magnet into, through, and out of the solenoid at constant speed, as shown. The length of the bar magnet is
much smaller than the length of the solenoid. When will the voltmeter detect an emf?

I. When the bar magnet is entering the solenoid
II. When the bar magnet is moving through the center of the solenoid
III. When the bar magnet is leaving the solenoid

(A) Ionly

(B) III only

(C) TandII

(D) IandIII v

(E) IIand III

Page 8 of 45 AP Physics C: Electricity and Magnetism
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B(x1073T)

20.0 -t
|

il
16.0+

The students insert the magnetic field probe along the axis of the solenoid at the midpoint of the solenoid. The
solenoid is connected to the power supply, and measurements are recorded for the magnitude B of the magnetic
field at that location as a function of the current I passing through it. The data are taken for five different power
supply settings, and the plot of the data is shown in the graph. Which of the following is correct for the total number

of loops for this solenoid?
(A) 3200

(B) 480

©
(D)
(E)

250
60

The number of loops cannot be determined without knowing the radius of the solenoid.
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Side View of Coil End View of Coil

A A

1

Power
Supply

A coil of wire of radius R = 10 cm is connected to a variable power supply and a resistor, as shown. The power supply
is initially off. At time ¢ = 0, the power supply is set to a nonzero voltage and turned on. As a result, a uniform magnetic
field with magnitude B is created inside the coil.

14.

Coil

a

Loop

A loop of wire of radius » = 5 cm and resistance Ry, = 2 (2 is inserted into the coil, as shown above. The power
supply is adjusted so that the magnitude of the magnetic field B in the coil as a function of time £ is
B(t) = B+ at, where 8 = 25 p'T and @ = 12 p'T'/s. The current induced in the loop is most nearly

(A) 3.7x10°%A
(B) 2.0x107%A
(©) 52x1077A
D) 1.9x1077A

(E) 4.7x10°8A v
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15.

Power
supply

A rectangular loop of wire with a counterclockwise current is inserted into the coil, as shown above, and released.
Which of the following best describes the resulting motion of the loop?

(A) It will not rotate.
(B) It will rotate clockwise in the plane of the page.

(C) It will rotate counterclockwise in the plane of the page.

(D) It will rotate such that the right side of the loop will rotate out of the page. v

(E) It will rotate such that the right side of the loop will rotate into the page.

.

|
|
|
|
|
i
|
|
|
|

Four point charges are located at the corners of a square of side a, as shown in the figure above.
Point P is at the center of the square.

16. Which of the following best represents the direction of the electric field at point P ?

AP Physics C: Electricity and Magnetism Page 11 of 45



éCollegeBoard . .
Scoring Guide

2022 Form I

A) N\

®)
© |
o
€& — v

17. What is the electric potential V" at point P ?

W V=g

® V=7 v
© V=1smm

D) V=

(E) V=0

18.

S

The diagram shows the electric field near a charged metallic triangular plate. The dashed lines are paths of equal
length along which an integral may be evaluated. Integrating the electric field along a certain path can provide

information about the changes in electric potential along the path. Which of the following equations correctly relates
integrals along the paths AB, BC, and CD ?
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— — —
@A) [PE-d7 + [ E -d7— [OE -d7 =0
— — —=
® [PE-dv + [ E -d7— [ E -d7 >0
— — —
© [PE-d7+ [ E-d7 +[2E -d7¥ =0 v
— — —
D) [CE-dv + [ E -d7 + [J E-d7 <0
— — —
® [PE.d7— [{E -dv— [0 E-d¥ =0
19.
Sphere X
;SPhErEY
I 3d |
Figure |
Sphere X
‘ ;Sphere}”
—d—|
Figure [I

Note: Figure not drawn to scale.

Nonconducting Sphere X is fixed in place and has a charge +(). Conducting Sphere Y is electrically neutral and
starts at a distance 3d away from Sphere X, as indicated in Figure I above. Sphere Y is then brought toward Sphere
X to a new position d away from Sphere X, as indicated in Figure II above. Which of the following is true of the
electric force on Sphere Y from Sphere X and the electric potential energy of the two-sphere system as Sphere Y is
brought toward Sphere X ?

v

(A) The electric force on Y is attractive and the electric potential energy decreases.

(B) The electric force on Y is attractive and the electric potential energy increases.
(C) The electric force on Y is repulsive and the electric potential energy decreases.
(D) The electric force on Y is repulsive and the electric potential energy increases.

(E) The electric force on Y is nonexistent and the electric potential energy remains the same.
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Metal Plate

m ® ® {E;‘l
4
= @ A ®
Ky
_____ R O SO Sl O B O
Flectron [ B
Path wm ® ® @®
Al
AVyar

Scoring Guide

An electron is emitted from a metal plate with an initial nonzero kinetic energy K. The electron is accelerated to
the right by a variable voltage AV, and then deflected by a magnetic field B through a circular arc of radius 7 as
shown in the figure. The potential difference AV, that needs to be applied for the electron to be deflected through

a circular path of radius 7 is

eB2r?
A S
(B) 623_27‘2 _ K v
Me e
) 76
© F-+
eB2r? Ky
D) S~ 2
eB?r? Ky
B) Sme T2
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The figure shows a uniform magnetic field, B, directed into the page. At the instant shown, an electron of mass M,
is moving with velocity v perpendicular to the field, toward the top of the page. As a result of this motion, the
electron moves in a circular path. Which of the following gives an expression for the radius of the path and the
direction of circular motion?

.. MeU ... )
(A) The radius is B and the direction is clockwise. v
e
.. MU .. )
(B) The radius is B and the direction is counterclockwise.
e
2
.. Mev . .. )
(C) The radius is 3 and the direction is clockwise.
e
2
.. Mev L. .
(D) The radius is 5 and the direction is counterclockwise.
e
(E) The radius is and the direction is counterclockwise.

mMeV

AP Physics C: Electricity and Magnetism
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Two spheres with charge 4+() are positioned a distance 2d apart, as shown. Points A, B, C, and D are labeled. The
dashed line connecting B to D bisects the line joining the two spheres.

22. Which of the following graphs best represents the magnitude of the y-component of the net electric field |Ey| asa
function of position along a straight horizontal path from point A to point C ?
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(A) v
= Position
(B)
= Position
©
= Position
(D)
= Position
IE,|
[ | .
i i
| 1
(E) I :
| 1
L
0 | = Position
A B C

23.  Which of the following graphs best represents the net electric potential V' as a function of position along a straight
path from point B to point D ?
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(B)
= Position
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1
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| 1
0 [ = Position
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(D)
= Position
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| 1
(E) I i
| ]
| 1
| 1
] [ = Position
B D
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24.

Two wires carrying equal currents of magnitude I perpendicularly out of the plane of the page are fixed on the &
-axis at * = —+a, as shown above. Which of the following graphs best shows the total magnetic field B as a
function of position on the x-axis between —a and +a, assuming that the field is positive when in the +y
direction?
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25.

]

E !
R R
A S A T ,z_"
V = L
0 ! 0 !

Figure | Figure 2 Figure 3

Inductor L, resistor R, and switch S are connected to an ideal battery V, as shown in Figure 1. Switch S can be
closed to either position A or B. Figure 2 above shows a graph of the magnitude of the emf & across the inductor
as a function of time ¢. Figure 3 above shows a graph of the magnitude of the current I in the inductor as a function
of time £. For which of the following situations would these graphs be valid representations?

I. The switch has been in position A for a long time and is moved to position B at time t = 0.
II. The switch has been in position B for a long time and is moved to position A at time t = 0.
III. The switch has been open for a long time and is moved to position B at time ¢ = 0.

(A) Ionly

(B) IIonly

(C) III only

(D) Iand III only v

(E) LIL and IIT
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26.
o x X x b
x x x Tu' x x
X T x| x [x  x
5 .
x L o x X o
X X X X X
el T B
x s X X *
Two pairs of long, parallel wires are arranged to produce a conducting square, as shown. A uniform, constant
magnetic field is directed into the page throughout the region. The top horizontal wire is moving toward the top of
the page with speed v and the right vertical wire is moving to the right with speed v such that the side length
increases at a constant rate, inducing an emf in the square loop. At the instant shown, the side length is s and the
emf induced in the loop is €. What is the emf induced in the loop when the sides of the square have length 2s ?
£
@ £
£
®B) 3
© ¢
(D) 2€ v
(E) 4€
217.

Two parallel current-carrying wires are in the same plane as points X and Y. The magnetic fields due to the wires at
points X and Y are Bx and By, respectively. How do Bx and By compare in magnitude and direction?
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(A)

Equal magnitudes, same direction

(B)
©
(D)
(E)

Equal magnitudes, opposite directions
Each has a magnitude of zero, no direction
Different magnitudes, same direction

Different magnitudes, opposite directions

28. Two long, parallel wires 30 cm apart carry currents in the same direction. Wire R has a current of 4 A, and Wire S
has a current of 8 A. In the plane of the wires, how far from Wire R is the net magnetic field zero?

(A) 10 cm v
(B) 15cm
(C©) 20 cm
(D) 25cm
(E) There is no position between the wires where the net magnetic field is zero.
+20 +Q
,,_. | | | | ’_I_,_
| | I |
0 Ilm 2m 3m 4m Sm 6m
A pair of charged particles having charges +2() and 4@ are arranged along a line, as shown in the figure above.
29. At which of the labeled positions is the electric potential highest?
(A) 1m v
(B) 2m
(C©) 3m
(D) 4m
(E) 6m

30. Which of the following identifies the labeled position where the electric field is closest to zero and explains why?
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(A) 2 m, because the electric field is inversely proportional to charge and inversely proportional to distance.

(B) 3 m, because the electric field is directly proportional to charge and inversely proportional to distance.

3 m, because the electric field is directly proportional to charge and inversely proportional to the square
© of distance.

(D) 4 m, because the electric field is directly proportional to charge and inversely proportional to distance.

(E)

4 m, because the electric field is directly proportional to charge and inversely proportional to the square
of distance.

31. Three resistors of resistance 8.0 €2, 12 €2, and 24 €2 are connected in parallel to a battery. The current through the
battery is 20 A. What is the potential difference across this combination of resistors?

(A) 045V
B) 3.0V
(©) 40V
(D) 5.0V
(E) 80V N4
32.
yim)
44P
3--
-
]..
_il. 11C +] D ['l.C
. . 4——= 1 (m)
0 1 3

What is the electric potential at location P due to the two point charges located along the z-axis as shown?

(A) —9.0x10°V

B) 1.35 V
(C) 585V
(D) 9.00 V N
(E) 27.0 V
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33.

k=2

-d—~|

M|$:..I

Before After

An isolated, air-filled parallel plate capacitor consists of two metal plates, each of area A, separated by a distance d
with a potential difference V' between the plates. The capacitor is disconnected from the battery. The separation is
reduced to a distance of %, and a dielectric material of kK = 2 is inserted between the plates. What is the electric
potential difference of the capacitor after the changes have been made?

a Vv
B) 2V
© ¥
(D) 4V

(E) ¥ v

34. The current in a 10 € resistor is given as a function of time £ by the equation I = Ipe™**, where Iy = 4 A and
a = 2 s~1. Which of the following represents the rate of energy dissipation in the resistor at time t = 3 s ?

(A) 20e W
(B) 40e 5 W
(C) 160e %W
(D) 40e 12 W
(E) 160e 12 W v
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Two identical parallel-plate capacitors are connected in parallel, as shown in Figure 1. Both capacitors have plates
that are a distance d apart and each has a capacitance C'. The distance between the plates of the upper capacitor is
increased to 2d and the distance between the plates of the lower capacitor is decreased to %, as shown in Figure 2.

The equivalent capacitance of the two capacitors in Figure 2 is

A 5C v
(B) 2C
© 3C
(D) C
(E) 5C

Page 26 of 45
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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.

+3Q

Three point charges are brought from very far away and placed at the corners of an equilateral triangle with sides
of length d. The top point charge has a charge of +3(), and each of the point charges located on the base of the
triangle has a charge of —2@). Point P is located at the midpoint of the base of the triangle, as shown. Express all
algebraic answers in terms of (), d, and physical constants, as appropriate.

(a) Derive an expression for the work required to assemble the charges in the configuration shown.

(b) Derive an expression for the magnitude of the electric field at Point P.

(c) On the following charge configuration, draw a Gaussian surface that would have the maximum amount of net
electric flux enter or exit its surface.

+30
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(d) Derive an expression for the electric potential at Point P.
(e) A positive test charge q is placed at Point P.

i. On the following diagram, draw an arrow to indicate the direction of the net force exerted on the test charge.
The arrow should start on, and point away from, the dot.

ii. The locations of the point charges at the top and bottom right corner of the triangle are switched, as shown
in the following diagram.

Does the direction of the net force on the test charge change? If the direction changes, indicate the direction of
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the new net force, and justify your answer. If the direction does not change, justify your answer.

(f) The charges are returned to their initial positions.

i. On the following diagram, put an “Xx” at a location where an additional negative charge could be placed so
the net force on the +3(@) charge would be zero.

ii. Explain your reasoning for the location indicated in part (f)(i).

Part A

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

The response accurately includes three of the following criteria.

1 point is earned for using a correct equation, including a sum over charges, to derive the work done to
assemble the point charges.
Example Response:

k‘h q2 kqiqo kqiq3 kg2q3
e

T12 T13 T23

1 point is earned for correctly substituting correct pairs of charges into the equation for work from the
previous point to assemble the point charges.

Example Response:

W = k(—2Q)(—2Q) + k(+3Q)(—2Q) + k(+3Q)(—2Q)

T12 T13 T23
1 point is earned for correctly substituting appropriate distances into the correct equation for the work to
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assemble the point charges.
Example Response:

W = k20)(-2Q) + k(£3Q)(=2Q) | k(+3Q)(=2Q)

2 d 2 2d + d
_4kQ 6kQ 6kQ
W=—="--="—--=3
_ 8kQ?
W=-=

Part B

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

The response accurately includes three of the following criteria.

1 point is earned for indicating that the net electric field at Point P is the sum of the electric fields from
each point charge.

Example Response:

o - = =

Ewt=E1+Ey+ E3

Scoring Note: This point can be earned if electric field is treated as a scalar quantity

1 point is earned for indicating implicitly or explicitly that the horizontal component of the net electric
field is equal to zero at Point P.

Example Response:
8k 8k
Ez:_ d2Q _<_ 22 )
E, =0
1 point is earned for a correct expression for the vertical component of the electric field at Point P.
Example Response:

kq k k k
E = Ak ke kg
Yy Zr2y r%y+r§y+r§y
_ 3kQ

By = (d(sin 60°))*

(#4)

4k
Ey =—-

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 the following criteria.

1 point is earned for drawing a Gaussian surface of any shape only around the bottom two charges.

Example Response:

PartD

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

v

The response accurately includes two of the following criteria.

1 point is earned for using a correct equation, including a sum over charges, to calculate the electric
potential at Point P.
Example Response:

kg &

— ko ke kg

V_ZT_T1+T2+T3

1 point is earned for correctly substituting charges and distances into the equation used to derive the
electric potential at Point P.

Example Response:
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okQ ., —2kQ 3kQ
V=T T T wem)

V= 2@, -2%Q 3

® O ()
__8kQ | 6kQ
V=t

Part E

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

v

The response accurately includes two of the following criteria.

1 point is earned for drawing a vector straight down.
Example Response:

1 point is earned for indicating that the new net force would be directed up and to the left.

1 point is earned for a correct justification for the new direction of the net force exerted on the test
charge.

Example Response:

The horizontal component of the force is to the left because the there is a negative charge to the left and
a positive charge to the right, both of which exert leftward forces on the test charge. The vertical
component is upward because there is a negative charge at the top attracting the test charge.
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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.

£ S|

—[I—

R s,
— W _e—
R
Sz

Oys

In a laboratory, a group of students constructs the circuit shown in Figure 1. The circuit includes a power supply,
two identical resistors, a capacitor, three switches, and an ammeter. Initially, all switches are open and the
capacitor is uncharged.

The students perform the following procedure.

At time t = 0, Switch S3 is closed.
* At time t = t1, Switch Sy is also closed. The students wait a long time for the circuit to reach steady state.
* Attime t = t9, Sy is opened and Switch S is closed simultaneously. S remains closed.

(a) On the following axes, sketch a graph of the current I measured by the ammeter as a function of time ¢, from
time ¢ = 0 to a long time after t5. Consider positive direction of current in the ammeter to be toward the top of
the page.
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The students then construct the following circuit.

R K
My My

(b) The circuit includes a variable power supply, four identical resistors, and an ammeter, as shown in Figure 2.
The power supply is set to various potential differences £, and the ammeter measures current I. The data plotted
by the students are shown in the following graph.
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£ (V)
[
20.00 4

16.00 <

12,00+

T
L ]

B.00 4+ e

4.00 +

0.00 t t -
(.00 2,00 400 £.00 5.00 10,00

T{A)

i. Draw a line that represents the best fit to the data points shown.
ii. Use the best-fit line to calculate the experimental value for the resistance R of one of the resistors.

iii. The power supply is set to 20 V. For a time interval of 3 seconds, calculate the energy dissipated by the
resistor at the bottom left of the circuit in Figure 2.

E
e

®

R R
WA AV

K
Wiy

(c) The students add another identical resistor to the circuit, as shown in Figure 3. The experiment is repeated, and

the students plot their new data. Would the slope of the new graph be greater than, less than, or equal to the slope
of the graph in part (b) ?

____Greater than ____Less than ___Equalto

Justify your answer.

Part A
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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 a graph thatis y = 0 from¢ = 0to ¢ = ¢;.

1 point is earned for a graph that has a current with an absolute value that is monotonically decreasing
and asymptotically approaching y = 0 from ¢ = t; to t = 3, and again from t = ¢ to a later time.

1 point is earned for a graph at ¢ = %5 that has a value that is half the absolute value of / at { = ;.

1 point is earned for a graph that is positive from t = ¢; to ¢ = o and negative from ¢ = t2 and beyond,
or vice versa.

Example Responses:

0

OR
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Part B
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 8 9

The response accurately includes all the following criteria.

1 point is earned for drawing a correct best-fit line, as shown in the example:

Example Response:
£ (V)

20004 -

16.00 =

12.00 .
8.00 —

4.00
) P

(.00 -
0.00 200 400 600 500 1000

T{A)

1 point is earned for correctly calculating the slope of the best-line using two points from the best-fit line,
and not data points, unless those data points are directly on the best-fit line.

Example Response:

Ay Ae _ (100V-20V) _
slope = 7 = 37 = Foatoa) — 2.0 Q

1 point is earned for indicating the equivalent resistance is 2.0 €2 using information from the graph, or a
value that is consistent with the previous point.

Example Response:

Ry =200

1 point is earned for indicating that the equivalent resistance of the circuit as a function of R.
Example Response:

Reg = R+ (% + %)_1
Rg= IR

1 point is earned for substituting the numerical value determined from the graph into a correct equivalent
resistance as a function of R equation and attempting to solve for R.

Example Response:
(B+(%+%)") =200
R+ 22 =200

=200

R=120Q
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1 point is earned for using an appropriate equation to calculate power dissipated by the resistor with an
attempt to substitute numerical values.

1 point is earned for a numerical substitution consistent with previous work and the equation chosen to
calculate power.

1 point is earned for a second numerical substitution consistent with previous work and the equation
chosen to calculate power.

Example Responses:

_ AV?
P = S5

_(avy?
P 120
P =13.3W
OR
P=1I’R

2

P=(2LA)(129)
P=13.3W

1 point is earned for correctly using a relationship relating power to change in energy.
Example Response:

p = AE

t
AE = (13.3W)(3s)
AFE =40.0J

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 selecting “Less than” and an attempt at a justification using the relevant physics
concept(s).

1 point is earned for indicating that the total resistance is lower than before, and, hence, the slope (which
is equal to the equivalent resistance) is less.

Example Response:

With the extra resistance, more current can flow through the circuit because it has reduced resistance and hence the slope

is less.
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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.

Wire 1 *Q
G — N ) Q
! a i ?
A\
2a " P I a : “ i

Wire 2 Wire I@:'_"*p ®‘Wirc 2

) — ) 2t ]
I Perspective View Cross-Sectional View

Note: Figure not drawn to scale.

A pair of long parallel conducting wires labeled Wire 1 and Wire 2 lie in a horizontal plane with their centers
located a distance 2a apart. Point P is located midway between the two wires and Point Q) is a distance a directly
above Point P, as shown in the perspective view. Power supplies deliver constant current I to both wires, with the
direction of the current out of the page in Wire 1 and into the page in Wire 2, as shown in the cross-sectional
view.

(a)

i. On the following diagram, draw an Amperian loop that could be used to find the magnitude of the magnetic
field due to Wire 2 at Point Q.

eC

Wire 1(@) X)Wire 2

ii. Using Ampere’s law, derive an expression for the magnitude of the magnetic field B at Point Q due to
Wire 2. Express your answer in terms of I, a, and physical constants, as appropriate.
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____ Wire 1
2a4 -—
3 !
— 1
z T
i+ L | o
1l | b
2 ____ Wire2
o-  —
1 :
Top View
Wire 1 *Q
- \_al
\ I as
\ Wire 2
) —= )
! Perspective View

Note: Figure not drawn to scale.

Scoring Guide

(b) A square loop of wire with nonnegligible resistance is placed in the same plane as Wire 1 and Wire 2. The
square loop has sides of length @ and is centered about Point P. The bottom edge of the square loop is parallel to

the wires, as shown.

i. In regions I and II on the following axes, sketch a graph of the magnitude of the net magnetic field Byt as a

function of v.

net

] 1/2a a 3/2a

2a
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ii. Derive an expression for the total magnetic flux passing through the square loop in terms of I, a, and
physical constants as appropriate.

(c)

The power supplies connected to Wire 1 and Wire 2 are now turned off. At time ¢ = 0 the power supplies are
turned back on, and the current in Wire 1 and Wire 2 increases at a constant rate until steady state currents are
reached at t = t;. After £ = 1, the current in Wire 1 and Wire 2 remains at steady state.

i. For the time interval ¢ = 0 to t = %1, is the induced current in the square loop (as shown in the top view)
clockwise, counterclockwise, or zero?

Clockwise ___ Counterclockwise _ Zero

Briefly justify your answer.

P Wirel L
2a4 -—
-E“_- ! —1—
o+ 9 il
1] 1}
2 L Wire 2 L
0+ L
!

Top View
Note: Figure not drawn to scale.

ii. After time ¢ = 1, is the induced current in the square loop (as shown in the top view) clockwise,
counterclockwise or zero?

___ Clockwise ___ Counterclockwise _ Zero

Briefly justify your answer.
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iii. On the following axes, sketch a graph of the magnitude of the magnetic flux ® g through the square loop
from Wires 1 and 2 as a function of time ¢.

Py

[ ]

0 I

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 a circular loop that passes through Point Q, is centered on Wire 2, and
encloses Wire 2 but not Wire 1.

Example Response:

- -
Q ~
L \
/ \

wie 1@ | ®wire2 |
1 !

\ /
b ”
~ -

ey g

1 point is earned for using Ampere’s law in an attempt to derive an expression for the magnetic field at
Point Q due to Wire 2.

Example Response:
= =
B.d{ = ,UIOIenc

B(27r) = pol
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1 point is earned for using the correct expression for the circumference of the Amperian loop.
Example Response:

By (27r(\/§a)) = pol

I
By = Ho
2 2mv/2a

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.

a.

e

1 point is earned for a graph that has the same value at y = %a and y =
1 point is earned for a graph that has a local minimum at y = a.

1 point is earned for a smooth concave up curve at all points within the region specified.

Example Response:

H ct
A I |

\;/

A
. a 3 - 2a

|
|
|
|
|
T
|
|
|
!
[

0

b | —

- =
1 point is earned for using Pp = / B - d A with appropriate substitutions.

Example Response:

=
{)B:/B-dA

I
dp = /(&)ady
27y

1 point is earned for one of the following:

- An attempt at determining the magnetic field from Wire 1 and Wire 2

- An attempt at determining the magnetic flux due to Wire 1 and Wire 2.
Example Responses:
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Part C

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

- —

Wire 1
Bi1(27r) = pol

I
By — 4l
Net B Field
Bnet - Bl + B2
Bnet - 2-Bl
OR

- =

dp :/B -dA

(I)B,total = q)Wire 1+ (I)Wire 2

(I)B,total - 2'1)Wire 1

_>
QB,total = 2/ B (y)

1 point is earned for correct integral expression with appropriate limits.

Example Responses:

(I)B,tota,l — Tor

(I)B,total - MOTIa(ln(y))yi

(I)B,total = MOTIaln((
(

(I)B,total i
OR

_>
-dA

Y= I
(I)B,net = 2/ IUILa’dy
y= 21y

®p00c = 1% (1n($a) ~ In(4a)

2
Bpper = L2%1In(3)

Scoring Guide
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The response accurately includes all the following criteria.

1 point is earned for selecting “Clockwise” and an attempt at a relevant justification.

1 point is earned for one of the following:

- A correct justification indicating there is an increase in magnetic flux directed out of the page, which
induces a clockwise current in the loop of wire to counteract this change in magnetic flux

- A correct explanation using Lenz's Law.

1 point is earned for selecting “Zero” and an attempt at a relevant justification.

1 point is earned for a correct justification indicating there is no change in magnetic flux through the
loop.

1 point is earned for a sketch that increases linearly from timet = O tot = ;.
1 point is earned for a sketch that is a constant non-zero value after ¢ = ¢;.
Scoring Note: A discontinuous sketch can earn a maximum of 1 point.

Example Response:

Dy

X
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