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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

Question 2: Free-Response Question 15 points

(a) For drawing an arrow pointing to the left with no extraneous arrows 1 point

Example Response

Total for part (a) 1 point
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(b)(i) For using Faraday’s law to calculate the value of the induced emf 1 point

Scoring Note: This point may be earned without the negative sign or a numerical answer.
Example Response

d®,
Cdr
_ d(BLx)
Tt

£=-

For a correct substitution of v for % 1 point

Scoring Note: A student can earn points 1 and 2 of part (b)(i) by starting with the expression
&€ =BLv.

Example Response

£ = _BL(@)

dt
dx
BL=— =
7 BLvy

For substituting the correct resistance into an equation for Ohm’s law to solve for the current 1 point

Example Solution

dD,
&="u
__d(BLx)
&= dt
_ _pyx
& =—-BL 7
& =-BLv
£ = —(0.50 T)(0.40 m)(2.5 m/s)
E=-050V
_Av
I'= R
_lg|
I'= R
050V
I = 0300 =17A
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(b)(ii) For substituting the current or an expression for the current obtained from part (b)(i) into an 1 point

appropriate equation that is related to the magnetic force exerted on the bar

Example Responses

F = I Id? x B
F =ILB
F =(1.7A)0.4m)(0.5T)
F =033N
OR
F=|[1dixB
F =1ILB
Ly
F =|\—|LB
(%)
B*L*v
F="%
p_ (05 T)?(0.4 m)*(2.5 m/s)
- 0.3Q
F =033N
Total for part (b) 4 points
() For drawing a curve that starts at the origin, is increasing, and is concave down from ¢z = 0 1 point
to ¢
For drawing a horizontal line from ¢, to ¢, 1 point
For drawing a curve that is decreasing and concave up from ¢, to #4 1 point
For drawing a curve that is differentiable at #; with a nonzero slope 1 point

Example Response

- <"

Total Points for part (c) 4 points
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(@)

(d)(ii)

For a correct answer with units (0.15Q)

1 point

Scoring Note: This point can be earned without supporting calculations.
Example Response

1 1
x, 2T

p

1 + 1

03Q 030
2

- |-

03Q

~

p

R, =0.15Q

For a statement that correctly describes the inverse relationship between resistance and
current (e.g., as resistance decreases current increases)

1 point

For a statement that describes the direct relation between current and force (e.g., as current
increases force increases)

1 point

For a statement that describes the direct relation between force and acceleration (e.g., as
force increases acceleration increases)

1 point

Scoring Note: Full credit can be earned with a justification that is consistent with the
resistance calculated in part (d)(i).

Example Response
Since there is less resistance in the new circuit, there will be more current in the new circuit,

so a larger force on the bar. Thus, since the force on the bar is larger, the new acceleration
is greater than the original acceleration.

Total for part (d)

4 points

© 2023 College Board



AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(e)

For correctly indicating one of the following, with an attempt at a relevant justification:
e Decreasing B
e Decreasing L
e Increasing m

1 point

For correctly justifying the identified modification that will result in a smaller induced
potential difference across the original resistor

1 point

Example Responses

The potential difference due to the induced emf across the original resistor is described by
the equation & = —BLv. Induced potential difference & is proportional to B . Therefore, if
the magnitude of the magnetic field is smaller than B = 0.5 T in the new scenario compared

to the original scenario, & would be smaller.
OR

The potential difference due to the induced emf across the original resistor is described by
the equation & = —BLv.The induced potential difference & is proportional to L, which
represents the distance the conducting rails are separated. Therefore, if L is smaller than

L =04m, & would be smaller.

OR

The potential difference due to the induced emf across the original resistor is described by
the equation & = —BLv. If the mass of the bar is greater, the velocity entering the magnetic
field is less. The induced potential difference & is proportional to v . Therefore, a smaller
v due to a greater mass will induce a smaller & .

Total for part (e)

2 points

Total for question 2

15 points

© 2023 College Board



- PC EM Q2 Sample 2A Page 1 of 3

Question 2

Begin your response to QUESTION 2 on this page.

Conducting Bar

f—t~—of

¢y

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R = 0.300) connects the rails. A horizontal ideal spring is located between the rails. The right end of the spring is
free to move and the left end is fixed in place. A conducting bar of mass m = 0.23 kg is placed on the rails and is
in contact with the spring, which is initially compressed. Frictional forces and the resistance of the bar and rails

are negligible.

* At time ¢ = 0, the bar is released from rest and is pushed to the right by the spring.

» At time ¢, the bar loses contact with the spring and slides to the right.

» At time t,, the bar enters and travels through a uniform magnetic field of
magnitude B = 0.50 T that is directed into the page, as shown.

* At time t3, the bar enters a region where the magnitude of the uniform magnetic field is
still B = 0.50 T but is directed out of the page.

» At time 1,, the bar enters a region with no magnetic field.

Consider time tg such that 1, < 15 < 15.

(a) On the following diagram of the bar, draw an arrow indicating the direction of the net force F,,, exerted on the
bar at time tg. If the net force is zero, write F,.; = 0.

Top View (at time fg)

Fret

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

Use a pencll or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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PC EM Q2 Sample 2A Page 2 of 3

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

® oy 00 o o ® ® o 6 o o
.

v S
o Question 2 -
Continue your response to QUESTION 2 on this page. :
(b) At time ty, the speed of the bar is v = 2.5 m/s. -
i. Calculate the magnitude of the current in the bar at time f. -
- o -
iﬁ;:j"' o 1- ~ -
Tt /S 1= Bl -
£ __&g / r A
T ax -
2 JA / =(0.8) (2.5) ( °%) -
T Tar /’ 0.3 -
ii. Calculate the magnitude of the net force F, exerted on the bar at time tp. ==
F:Mﬂ ijﬁLL *B B
5
=7 LD :
= (67)(0.4) (0.5) -
e —— L e
k = 0.333N / -
-
|
-
(c) On the following axes, sketch a graph of the speed v of the bar as a function of time ¢ between t = 0 and 1. :
L
f | . | . -
I 1 | 1 —
| 1 | I
| i | | -
A | -
] 1 1 |
R i | -
L~ -
0 f A 1, A -
|
o
T
=
e
—
-
o
o
—
—
Unauthorized W\n or reuse of this page Is Illegal. Page 7 GO ON TO THE NEXT PAGE. :
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Question 2

Unautharized copying ot reuse of this page is lllegal. Page 8 GO ON TO THE NEXT PAGE.

Continue your response to QUESTION 2 on this page.

Conducting Bar

-
REZR IJWGU‘{
Top View (at time tg)

(d) The scenario is repeated but an additional resistor of resistance R = 0.30() is connected, as shown.
i. Determine the total resistance Ry of the closed circuit for the new scenario.

1] i -
P o]

\

e%_ s

- B
2

=032

ii. In the original scenario, the magnitude of the acceleration of the bar immediately after the bar enters the
first uniform magnetic field is @giny;. In the new scenario, the magnitude of the acceleration of the bar

Mymmehmmeﬁmuﬁfmwﬁemham.hammtfﬁ?fm«
equal to @qriging ? Justify your answer. Ccarwrio ©S lorer, g He velocily » boar 13
W-}h‘f“hl&;r\mr\&-’ . f-%'nduaalw”“'\w"“ht'w*
S Same ns%‘-hr;)a‘f-‘a Han Jnf L)p-t s, :

I’Y (L) f»..-é W, ;;#., mdoad Lvrrest 1S fw?u,-ﬁe,\ Ho fra il o fn;w.
’ﬂ";’ﬁ &'J»S -’1 am > a""{y"“’“k

(e) Describe a modification to m, B, or L that will result in a smaller induced potential difference across the
original resistor immediately after the bar enters the first uniform magnetic field. Justify your answer.

1p 2 s 5,,\.‘\[&, Hea ay £ - Bga E’n*"dk \ﬂ(Sm\Lf.rJ VPN

aT . &

‘PN. [Nhu(_e.a. Pv{w\*"“ Jl“-ﬁ'“—o- feross f"‘-t MD.iml resotor wil be sy-n-d&f'

p—r~—+

~ Use & pancil or a pen with black or dark biue ink. Do NOT write your name. Do NOT write outside the box.
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Question 2

Begin your response to QUESTION 2 on this page.

Conducting Bar

f—t~—f

h t

Top View (at tim.',fg)

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance

" R =0300 connects the rails. A horizontal ideal spring is located between the rails. The right end of the spring is
free to move and the left end is fixed in place. A conducting bar of mass m = 0.23 kg is placed on the rails and is
in contact with the spring, which is initially compressed. Frictional forces and the resistance of the bar and rails

are negligible.

« At time = 0, the bar is released from rest and is pushed to the right by the spring.

* At time #;, the bar loses contact with the spring and slides to the right.

* At time t,, the bar enters and travels through a uniform magnetic field of
magnitude B = 0.50 T that is directed into the page, as shown.

* At time 13, the bar enters a region where the magnitude of the uniform magnetic field is
still B = 0.50 T but is directed out of the page.

* At time 14, the bar enters a region with no magnetic field.

~ Consider time g such that t; < g < f3.

(a) On the following diagram of the bar, draw an arrow indicating the direction of the net force F,,, exerted on the
bar at time fg. If the net force is zero, write K., = 0.

'F'-'- qvx o)

6@““’“

e

Unauthorized copying o reuse of this page is liegal. Page 6 GO ON TO THE NEXT PAGE. |
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Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Continue your response to QUESTION 2 on this page.

(b) At time tg, the speed of the bar is v = 2.5 m/s.
i. Calculate the magnitude of the current in the bar at time fp.

g= SR-des

= (25") (oo m) (050 T) =
= 050V

i S Rl

ii. Calculate the magnitude of the net force F,,, exerted on the bar at time tg.

\F=qv&
= (25)(050)
= (1 6)(25)(050) [ 2N 3

v

Unauthorized copying or reuse of this page is Illegal. Page 7

(c) On the following axes, sketch a graph of the speed v of the bar as a function of time ¢ between ¢ = 0 and ;.

GO ON TO THE NEXT PAGE.

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

Question 2

Continue your response to QUESTION 2 on this page.

Conducting Bar

Top View (at time tg)

(d) The scenario is repeated but an additional resistor of resistance R = 0.30 () is connected, as shown.
i. Determine the total resistance R, of the closed circuit for the new scenario.

N EN R S I
Q“‘ R 2 0.39 0.45

ii. In the original scenario, the magnitude of the acceleration of the bar immediately after the bar enters the
first uniform magnetic field is @qpigina- In the new scenario, the magnitude of the acceleration of the bar

immediately after the bar enters the first uniform magnetic field is a,,y. Is @, greater than, less than, or
equal tO Griging ? Justify your answer.

Grow wH b 0 Seme 05 A gl 03
acClerotion does rot dopend on the residnce
immediately obfer patertng dhe fies woprede B

(e) Describe a modification to m, B, or L that will result in a smaller induced potential difference across the
original resistor immediately after the bar enters the first uniform magnetic field. Justify your answer.

Decrense B, os the e of- iduced enmd
k PnoporNdM h%ﬂﬁfﬂlﬁ% of dhe mamﬂ fied.

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

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 2

Begin your response to QUESTION 2 on this page.

Conducting Bar

-}
AA
LA A

Jrom

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R = 0,300 connects the rails. A horizontal ideal spring is located between the rails. The right end of the spring is
free to move and the left end is fixed in place. A conducting bar of mass m = 0.23 kg is placed on the rails and is
in contact with the spring, which is initially compressed. Frictional forces and the resistance of the bar and rails
are negligible.

* At time ¢ = 0, the bar is released from rest and is pushed to the right by the spring.

* At time 1;, the bar loses contact with the spring and slides to the right.

* At time t;, the bar enters and travels through a uniform magnetic field of
magnitude B = 0.50 T that is directed into the page, as shown.

* At time t3, the bar enters a region where the magnitude of the uniform magnetic field is
still B = 0.50 T but is directed out of the page.

* At time 74, the bar enters a region with no magnetic field,

Consider time #g such that 1, < #g < 13,

(2) On the following diagram of the bar, draw an arrow indicating the direction of the net force F,,, exerted on the
bar at time . If the net force is zero, write Fg = 0.
Y,

f—t~—s}

Top View (at time 1)

Unauthorized copying or reuse of this page is iliegal. Page 6 GO ON TO THE NEXT PAGE.
Use a pencil or a pen with black or dark biue ink. Do NOT write your name. Do NOT write outside the box. .~
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o Question 2

Continue your response to QUESTION 2 on this page.

(b) At time t, the speed of the bar is v = 2.5 m/s.
i. Calculate the magnitude of the current in the bar at time tp.

B L2 fo

ii. Calculate the magnitude of the net force F,,, exerted on the bar at time fg.

c- Jsai-d

(c) On the following axes, sketch a graph of the speed v of the bar as a function of time ¢ between ¢ = 0 and #,.

Unauthorized copying or reuse of this page Is lllegal. Page 7 GO ON TO THE NEXT PAGE.
Use a pencil or a pen with black or dark blue ink. Do NOT write your nhame. Do NOT write outside the box.
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Question 2

Continue your response to QUESTION 2 on this page.

Conducting Bar

e

ez2x oy
Top View (at time 1)

(d) The scenario is repeated but an additional resistor of resistance R = 0.30 {1 is connected, as shown.
i.DetunﬁnelhehﬂlmﬁsﬂmRmof}_h%dondcimﬁtfaﬂwmwmlﬁo.
N i W a
Q“auh.'\ - (o.-s T s oS

ii. In the original scenario, the magnitude of the acceleration of the bar immediately after the bar enters the
first uniform magnetic field is @qpiging. In the new scenario, the magnitude of the acceleration of the bar
immediately after the bar enters the first uniform magnetic field is @,,,,. Is @, greater than, less than, or
equal 1O Gyriging ? Justify your answer. .

el &2 NSzl dnesne  sldess I 5007y

podl i foree W glies do o A

() Describe a modification to m, B, or L that will result in a smaller induced potential difference across the
original resistor immediately after the bar enters the first uniform magnetic field. Justify your answer.

horzenines L uill Seese e Unage 4 o
ot e wurptic Bl Ywor goob  besedss W

i M, L,Q@ Mos  leiesing oo Menag T~ Vs A 1T
g/\u-;t el X\e ‘i(\c!UGA‘S}\ Z .

Unauthorized copying or reuse of this page is illegal. Page 8 GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2023 Scoring Commentary

Question 2
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.

Overview

The responses were expected to demonstrate the ability to:
e Determine the direction of the induced current and magnetic force on a conducting rod moving through
external magnetic fields in a closed loop.
e Solve problems based on the concepts of magnetic induction, including applications of Faraday’s law,
Lenz’s law, and the magnetic force equation.
e Sketch a graph of velocity vs. time for
o an object affected by a constant (or zero) force;
o an object affected by a variable force that is dependent on velocity; and
o an object affected by a variable force that is dependent on position, i.e., the force from an ideal
spring.
e Determine equivalent resistance of a network of resistors.
e Apply Ohm’s law both numerically and qualitatively to determine and/or analyze current.
e Determine qualitatively the effect of changes in current on magnetic force acting on a current-carrying
wire.
e Determine qualitatively the effect of changes in force/mass on magnitude of acceleration.
e Make a claim and justify the functional dependency of B, L, or v on the magnitude of the potential
difference across a conducting rod moving through an external uniform magnetic field.

Sample: 2A
Score: 15

Part (a) earned 1 point for drawing the net force in the correct direction. Part (b) earned 4 points. The first point was
earned for using Faraday’s law to solve for the induced emf . The second point was earned for correctly substituting
% = L% = Lv so that emf = BLv. The third point was earned for correctly substituting the resistance into
Ohm’s law to solve for the current in the circuit. The fourth point was earned for substituting the current into an
equation that describes the magnetic force exerted on the bar. Part (¢) earned 4 points. The first point was earned for

drawing a curve starting at the origin that is concave down from ¢ = 0 to . The second point was earned for
drawing a horizontal line from ¢, to ¢, . The third point was earned for drawing a line that is decreasing and concave
up from ¢, to t,. The fourth point was earned for drawing a line that is differentiable and with a nonzero slope at
t;. Part (d) earned 4 points. The first point was earned for correctly determining the total resistance of the circuit

with the correct units. The second point was earned for correctly stating the inverse relationship between resistance
and current. The third point was earned for correctly stating the direct relationship between current and the magnetic
force exerted on the bar. The fourth point was earned for correctly stating the direct relationship between the
magnetic force exerted on and the acceleration of the bar. Part () earned 2 points. The first point was earned for
correctly identifying that a decrease in B will cause a decrease in the potential difference across the original resistor
with a relevant justification. The second point was earned for correctly justifying how a decrease in B decreases the
potential difference using Faraday’s law.

© 2023 College Board.
Visit College Board on the web: collegeboard.org.



AP® Physics C: Electricity and Magnetism 2023 Scoring Commentary

Question 2 (continued)

Sample: 2B
Score: 7

Part (a) earned no points because the response draws the net force in the wrong direction. Part (b) earned 3 points.
The first point was earned for using Faraday’s law to solve for the induced emf . The second point was earned for
correctly equating Faraday’s law to BLv . The third point was earned for correctly substituting the resistance into
Ohm’s law to solve for the current in the bar. The fourth point was not earned because the response does not
substitute the current into an appropriate expression for the magnetic force on the bar. Part (c) earned 2 points. The
first point was earned for drawing a curve starting at the origin that is concave down from ¢ = 0 to ¢,. The second

point was earned for drawing a horizontal line from ¢ to ¢, . The third point was not earned because the response
draws a line that is not concave up from ¢, to #, . The fourth point was not earned because the response draws a line
with a slope of zero at ¢;. Part (d) earned 1 point for correctly determining the total resistance of the circuit with the

correct units. The second point was not earned because the response does not describe the inverse relationship
between resistance and current. The third point was not earned because the response does not relate the current to the
magnetic force on the bar. The fourth point was not earned because the response does not relate the magnetic force

on the bar to the acceleration of the bar. Part (¢) earned 1 point for correctly relating a decrease in B to a decrease in
the induced potential difference. The second point was not earned because the response does not specifically address

the equation E = —BLv to justify a response.

Sample: 2C
Score: 4

Part (a) earned no points because the response draws the net force in the wrong direction. Part (b) earned no points.
The first point was not earned because the response does not use Faraday’s law to solve for the induced emf . The

second point was not earned because the response does not substitute % for the velocity of the bar. The third point

was not earned because the response incorrectly uses Ampere’s law to solve for the current in the bar. The fourth
point was not earned because the response does not substitute the current into an expression for the magnetic force
on the bar. Part (c) earned 1 point for drawing a horizontal line from #; to ¢, . The second point was not earned

because the response draws a curve that is not concave down from ¢ = 0 to ¢ . The third point was not earned
because the response draws a line that is not concave up from ¢, to ¢, . The fourth point was not earned because the
response line is not differentiable at #;. Part (d) earned 1 point for determining the total resistance of the circuit with

the correct units. The second point was not earned because the response does not describe the inverse relationship
between resistance and current. The third point was not earned because the response does not relate the current to the
magnetic force on the bar. The fourth point was not earned because the response does not relate the magnetic force
on the bar to the acceleration of the bar. Part (¢) earned 2 points. The first point was earned for correctly relating a

decrease in L to a decrease in the induced potential difference. The second point was earned for correctly describing
how a decrease in L decreases the change in magnetic flux and, thus, decreases the induced potential difference.

© 2023 College Board.
Visit College Board on the web: collegeboard.org.
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