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AP® Physics C: Electricity and Magnetism 2024 Scoring Guidelines

Question 3: Free-Response Question 15 points

(a) For a sketch that indicates that the magnetic flux is zero from x = 0 to x = L and for the 1 point
region x > 3.5L
For a sketch that indicates that the absolute value of the magnetic flux increases with a 1 point
constant slope in the region L < x < 2L
For a sketch that indicates that the magnetic flux is constant and nonzero in the region 1 point
2L < x < 2.5L
For a sketch that indicates that the absolute value of the magnetic flux decreases from a 1 point

nonzero value at x = 2.5L to zero at x = 3.5L

Example Response

———————————————————————————————————

p==—f=—=fpm——p=——f——
1 I I

]

I

Scoring Note: A sketch that is reflected across the horizontal axis can earn the four points.
Scoring Note: The absolute values of the slopes in regions L < x < 2D and 2.5L < x < 3.5L
are not considered for earning points in the response in part (a).

Total for part (a) 4 points

(b)(i) For selecting Counterclockwise with an attempt at a relevant justification 1 point
For indicating the magnetic flux through the loop is increasing in the —z -direction 1 point
OR

For indicating the magnetic field due to the induced current will be directed in the
+z -direction
Example Response

Counterclockwise. The magnetic flux through the loop is increasing in the —z -direction.
Therefore, a magnetic field is induced by the current in the loop to oppose the increasing
magnetic flux. To establish this field, the current must be counterclockwise.
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AP® Physics C: Electricity and Magnetism 2024 Scoring Guidelines

(b)(ii)) For a multistep derivation that includes Faraday’s law 1 point

Scoring Note: The point can be earned if a negative sign is not included.

Example Response

dd,

£=—a

d
=~ (B4)

For indicating % is 2Ly 1 point

Scoring Note: The point can be earned if a negative sign is included.

Example Response

dA
di

For using Ohm’s law, resulting in an expression for / that is consistent with the expression 1 point

E=8B = 2BLv

determined for the emf &

Scoring Note: The point can be earned if a negative sign is included.

Example Response

_ 2BLv
R

Example Solution

Iy

Ao,
dt

£ =—%(j§-d2)

£=-

d d
£ = —<-(BA) = —(-B(2L)x)

dx
£ =2BL=
dt
€ =2BLv
_AV
I'= R
E
Iy =<
R™R
2BLv
I, =
R R
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AP® Physics C: Electricity and Magnetism 2024 Scoring Guidelines

(b)(iii) For using a correct general expression for P 1 point

Example Responses

AV
P=I’R OR P:(T) OR P=]AV
For an expression for P that is consistent with the response in part (b)(ii) that is in terms of 1 point
the provided quantities only
Example Response
4B’ *v?
P=—-—
R
Example Solution
P=1IR
p_ (2BLv)’
- R
4B’
P=—F"—
R
Total for part (b) 7 points
(c) For selecting E, ., < Egi4iny With an attempt at a relevant justification 1 point
For indicating one of the following: 1 point

e The change in magnetic flux is greater for the original scenario.
e The induced current occurs for a greater amount of time in the original scenario.
e The induced emf occurs for a greater amount of time in the original scenario.

Example Response

The change in magnetic flux is greater in the original scenario, which produces an emf and

current for a longer time. Therefore, E, ., < Eqiiging-

Total for part (¢) 2 points

© 2024 College Board



AP® Physics C: Electricity and Magnetism 2024 Scoring Guidelines

(d) For a sketch that has an absolute value that only increases from x = L to x = 2L 1 point
For a sketch that is zero from 2L to 3L 1 point
Example Response
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Scoring Note: A response that is reflected across the horizontal axis earns both points.
Scoring Note: Any portion of the graph before x = L and after x = 3L are not scored.
Total for part (d) 2 points

Total for question 3 15 points
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Question 3 L

‘

Begin your response to QUESTION 3 on this page.
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Figure 1

3. A wire is connected to a resistor of resistance R to form a rigid rectangular loop of width L and height 2L. An
external force is exerted on the loop so that the loop always moves with constant speed v in the +x-direction, as
shown in Figure 1. The loop then enters Region 1 of external uniform magnetic field of magnitude B that is
directed in the —z-direction. Region 1 has boundaries x = L and x = 2.5L. The loop later enters Region 2 with
two external, uniform magnetic fields, each of magnitude B, that are parallel but are directed in
opposite z-directions. Region 2 has boundaries x = 2.5L and x = 3.5L. Point S is the midpoint of the leading
edge of the loop and is aligned with the horizontal boundary in Region 2 that separates the two magnetic fields.

Unauthorized copying or reuse of this page Is lllegal. Page 12 GO ON TO THE NEXT PAGE.
Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 3

Continue your response to QUESTION 3 on this page.

ii. Derive an expression for /; when Point S reaches x = 1.5L. If Iz = 0, indicate how the derived
expression shows that Iy = 0. Express your answer in terms of R, L, v, B, and physical constants, as

appropriate.
@b: NG A N
ag, w6 A —_en 2V
{. o At
|~ - Q-\
- L\ 2 T
2N

iii. Derive an expression for the power P dissipated by the resistor when Point S reaches x = 1.5L.
Express your answer in terms of R, L, v, B, and physical constants, as appropriate.

Unauthorized copying or reuse of this page is illegal. Page 14 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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Question 3

Continue your response to QUESTION 3 on this page.

The original magnetic fields are modified so that the region L < x < 3.5L contains an external uniform magnetic
field of magnitude B that is directed in the —z-direction.

A new wire is connected to a resistor of resistance R to form a rigid triangular loop with base length L and
height 2L. An external force is exerted on the loop so that the loop always moves with speed v in
the +x-direction, as shown in Figure 3. Point S represents the lower-leading corner of the loop.

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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: " Figure 3

) . . .
- (d) On the following axes, sketch a graph of the induced current /7 in the triangular loop as Point S moves
- from x=L to x = 3L.
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Question 3

Begin your response to QUESTION 3 on this page.

v e
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3. A wire is connected to a resistor of resistance R to form a rigid rectangular loop of width L and height 2L. An
external force is exerted on the loop 80 that the loop always moves with constant speed v in the +x-direction, as
shown in Figure 1. The loop then enters Region 1 of external uniform magnetic field of magnitude B that is
directed in the —z-direction. Region 1 has boundaries x = L and x = 2.5L. The loop later enters Region 2 with
two external, uniform magpetic fields, each of magnitude B, that are parallel but are directed in
opposite z-directions. Region 2 has boundaries x = 2.5L and x = 3.5L. Point S is the midpoint of the leading
edge of the loop and is aligned with the horizontal boundary in Region 2 that scparates the two magnetic fields.
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Unauthortzed copying or reuse of this page is egal. Page 12 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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N

Question 3 ®

Continue your response to QUESTION 3 on this page.

ii. Derive an expression for /; when Point S reaches x = 1.5L. If Iy = 0, indicate how the derived
expression shows that /g = 0. Express your answer in terms of R, L, v, B, and physical constants, as
appropriate.
£ — ‘% - % & - —7/{, V4 6
. é -—q/l/\/ﬁ
— —
L =" R

iii. Derive an expression for the power P dissipated by the resistor when Point S reaches x = 1.5L.
Express your answer in terms of R, L, v, B, and physical constants, as appropriate.

P= 1R = (322 )%

n
q—L’LVLE T
- e (8
% Y 8"
K
Unauthorized copying or reuse of this page is illegal. Page 14 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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Question 3

Continue your response to QUESTION 3 on this page.

The original magnetic fields are modified so that the region L < x < 3.5L contains an external uniform magnetic
field of magnitude B that is directed in the —zdirection.

A new wire is connected to a resistor of resistance R to form a rigid triangular loop with base length L and
height 2L. An external force is exerted on the loop so that the loop always moves with speed v in
the +x-direction, as shown in Figure 3. Point S represents the lower-leading comer of the loop.
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Figure 3

(d) On the following axes, aketch a graph of the induced current /7 in the triangular loop as Point S moves
from x =L to x = 3L.

Unauthorized copying or reuse of this page ie illegal. Page 16 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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Question 3 o

| Boglh your responss to QUESTlON' 3 on this page.
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3. A wire is connected to a resistor of resistance R to form a rigid rectangular loop of width L and height 2L. An
external force is exerted on the loop so that the loop always moves with constant speed v in the +x-direction, as
ghown in Figure 1. The loop then eaters Region 1 of external uniform magnetic field of magnitude B that is
directed in the —z-direction. Region 1 has boundaries x = L and x = 2.5L. The loop later enters Region 2 with
two external, uniform magnetic fields, each of magnitude B, that are parallel but are directed in
opposite z-directions. Region 2 has boundaries x = 2.5L and x = 3.5L. Point S is the midpoint of the leading
edge of the loop and is aligned with the horizontal boundary in Region 2 that separates the two magnetic fields.

Unauthortzed copying or reuse of this page is liegal Page 12 GO ON TO THE NEXT PAGE.
Use a pencil or a pen with biack or dark biue ink. Do NOT write ynus name. Do NOT wriie outaide the box.
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CERREEERRRRE R R R R E R R R R R R R R R R R R R R R R R R E R AR E RN RERE NN

—

Question 3

Unauthortaed copying or reuse of this page is illegal. Page 14 GO ON TO THE NEXT PAGE.

Continue your response to QUESTION 3 on this page.

ii. Derive an expresgion for fp when Point S reaches x = 1.5L. If /g = 0, indicate how the derived
expreaaion shows that /g = 0, Express your answer in terms of R, L, v, B, and physical constants, as
approgpriate.

av
1= 56-(9%.{1.]
T= New,A DL
: m:h

iii. Derive an expression for the power P dissipated by the resistor when Point S reaches x = 1.5L.
Express your answer in terms of R, L, v, B, and physical constants, as appropriate.

P-TaV

¥

Use a pencll or a pen with black or dark blue ink. DoNOTwﬂhmmmo;DoNOTwmothhobox.
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Question 3

Continue your response to QUESTION 3 on this page.

The original magnetic fields are modified so that the region L < x < 3.5L contains an external uniform magnetic
field of magnitnde B that is directed in the —z-direction.

A new wire is connected to a resistor of resistance R to form a rigid triangular loop with base length L and
hexghtZLAnextcmalfomenexmedontheloopsolhatd\eloogalwaysmoveswm:speedvin '
the +x-direction, as shown in Figure 3. Point S wpmscmthelower—lmdingmofthcloop
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Figure 3
(d) On the following axes, skesch a graph of the induced current /7 in the triangular loop as Point S moves
from x=L to x =3L.
Unauthorized cogying or reuse of this page !s llegal. Page 16 GO ON TO THE NEXT PAGE.
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AP® Physics C: Electricity and Magnetism 2024 Scoring Commentary

Question 3
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

The responses were expected to demonstrate the ability to:

e Graphically represent the magnetic flux for a square loop of wire as it enters a region containing a single
magnetic field and then a region containing two magnetic fields in opposing directions.
Determine and justify the direction of induced current due to a changing magnetic flux.
Derive an expression for induced current in a square loop of wire using Faraday’s law and Ohm’s law.
Derive an expression for power dissipated by a resistor due to an induced current.
Compare and justify the differences in energy dissipation for a moving loop of wire through a different
scenario of magnetic fields.
e  Graphically represent the induced current due to a triangular loop of wire entering a uniform magnetic field.

Sample: 3A
Score: 15

Part (a) earned 4 points. The first point was earned for indicating that the magnetic flux is zero from x = 0 to

x = L and for x = 3.5L. The second point was earned for indicating that the absolute value of the magnetic flux
increases with a constant slope in the region L < x < 2L . The third point was earned for indicating that the
magnetic flux is constant and nonzero in the region 2L < x < 2.5L . The fourth point was earned for indicating
that the absolute value of the magnetic flux decreases from a nonzero value at x = 2.5L to zero at x = 3.5L.
Part (b) earned 7 points. The first point was earned for selecting a counterclockwise direction with an attempt at a
relevant justification. The second point was earned for indicating that the magnetic flux through the loop is
increasing into the page (the —z -direction). The third point was earned because the response consists of a multi-

step derivation that includes Faraday’s law. The fourth point was earned for indicating that % = 2Lv. The fifth

point was earned for using Ohm’s law resulting in an expression for / that is consistent with the expression
determined for £ . The sixth point was earned for using a correct general expression for P . The seventh point was
earned for showing an expression for P that is consistent with the response in part (b)(ii) and is in terms of the

provided quantities only. Part (¢) earned 2 points. The first point was earned for selecting E.,, < Ejiging With an

attempt at a relevant justification. The second point was earned for indicating that the change in magnetic flux is
greater in the original scenario. Part (d) earned 2 points. The first point was earned because the response has a
sketch with an absolute value that only increases from x = L to x = 2L . The second point was earned because
the response has a sketch that is zero from x = 2L to x = 3L.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.
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Question 3 (continued)

Sample: 3B
Score: 8

Part (a) earned 1 point. The first point was not earned because the response correctly indicates that the magnetic
flux is zero in the region x > 3.5L, but the sketch incorrectly shows nonzero values for the region 0 < x < L.
The second point was earned for indicating that the absolute value of the magnetic flux increases with a constant
slope in the region L < x < 2L . The third point was not earned because the response shows that the absolute
value of the magnetic flux decreases in the region 2L < x < 2.5L instead of a constant nonzero value. The fourth
point was not earned because the response incorrectly indicates that the magnetic flux is zero for

2.5L > x > 3.5L instead of decreasing from a nonzero value at x = 2.5L to a zero value at x = 3.5L . Part (b)
earned 6 points. The first point was earned for selecting a counterclockwise direction with an attempt at a relevant
justification. The second point was not earned because the response does not mention the changing magnetic flux
directed into the page (—z -direction) or the induced magnetic field directed out of the page (the +z -direction).
The third point was earned for including Faraday’s law as part of a multi-step derivation. The fourth point was

earned for indicating that % = 2Lv. The fifth point was earned for using Ohm’s law resulting in an expression

for I that is consistent with the expression determined for £ . The sixth point was earned for using a correct
general expression for P. The seventh point was earned because the response has an expression for P that is
consistent with the response in part (b)(ii) and is in terms of the provided quantities only. Part (c¢) did not earn any
points. The first point was not earned because while there is an attempt at a relevant justification, the response
does not select Eq,, < Eyiging - The second point was not earned because the response does not state that the

change in magnetic flux is greater in the original scenario or that the induced current occurs for a greater amount
of time in the original scenario. Part (d) earned 1 point. The first point was not earned because the response
indicates zero current from x = L to x = 2L instead of increasing current for the same region. The second point
was earned because the response has zero current from x = 2.5L to x = 3L.

© 2024 College Board.
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Question 3 (continued)

Sample: 3C
Score: 3

Part (a) earned 1 point. The first point was not earned because while the response indicates that the magnetic flux
is zero from x = 0 to x = L, the sketch does not have a value for x > 3.5L . The second point was earned for
indicating that the absolute value of the magnetic flux increases with a constant slope in the region L < x < 2L .
The third point was not earned because the response has an increasing magnetic flux, instead of being constant
and nonzero in the region 2L < x < 2.5L . The fourth point was not earned because the response indicates a
constant nonzero value from x = 2.5L to x = 3.5L instead of decreasing to zero. Part (b) earned 1 point for
selecting a counterclockwise direction with an attempt at a relevant justification. The second point was not earned
because while the response states the “right-hand rule,” it is not specific in referencing the direction of the change
in magnetic flux or the induced field. The third point was not earned because the response does not include
Faraday’s law. The fourth point was not earned because the response does not indicate % = 2Lv. The fifth point
was not earned because while Ohm’s law is stated, the response does not use the equation to result in an
expression for /5. The sixth point was not earned because while an equation for P is stated, the response does
not use it as part of a derivation. The seventh point was not earned because the response does not have a
substituted expression for P in terms of the provided quantities. Part (c) did not earn any points. The first point

was not earned because while a justification was made, the response does not select E ., < Eqygina - The second

point was not earned because the response does not indicate how the new scenario affects the change in flux or the
time spent in the field. Part (d) earned 1 point because the response has a sketch with an absolute value that only
increases from x = L to x = 2L . The second point was not earned because the response has a sketch that is
increasing from x = 2L to x = 3L instead of a constant zero value.

© 2024 College Board.
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