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Question 3: Free-Response Question 15 points 
               
(a) For a sketch that indicates that the absolute value of the magnetic flux increases from zero at 

x D=  with a constant slope until x = 2   D
1 point 

For a sketch that is continuous at x = 2D  and the absolute value of the magnetic flux 
increases until x = 3D  with the same slope as the slope in the region D x< < 2D   

1 point 

For a sketch that indicates that the magnetic flux is constant and nonzero in the region 
3D x< < 3.5D  

1 point 

For a sketch that indicates that the absolute value of the magnetic flux decreases from a 
nonzero value at x = 3.5D  to zero at x = 4.5  D

1 point 

Example Response 

 

 

 

  

 
Scoring Note: A response that is reflected across the horizontal axis can earn the four points. 
Scoring Note: The absolute values of the slopes in the entire regions D x< < 3D  and 
3.5D x< < 4.5D   are not considered for earning these points. 

 

 Total for part (a) 4 points 
(b)(i) For selecting Clockwise 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 

 
 

 

 
 
Clockwise. 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 clockwise. 
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(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 
 

( )B Ad
dt

d Bdt
Φ

= − = −ε  

 

 For indicating dA
dt  is Dv  1 point 

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

  

 Example Response 
 

dAB BDvdt= − = −ε   

 

 For using Ohm’s law, resulting in an expression for IS  that is consistent with the expression 
determined for emf  ε  

1 point 

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

 

S
BDvI R= −   

 

 Example Solution 
 

Bd
dt
Φ

= −ε

( )d B dAdt= − ⋅∫
→→

ε

( ) ( )( )d d dxBA B D x BDdt dt dt= − = − = −ε

BDv= −ε

VI R
∆=

SI R= ε

S
BDvI R= −
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(b)(iii) For using a correct general expression for P  1 point 
 Example Responses 

2P RI=      OR     ( )2VP R
∆

=      OR     P = I V∆  

 

 For an expression for power that is consistent with the response in part (b)(ii) that is in 
terms of the provided quantities only 

1 point 

 Example Response 
 

2 2 2B D vP R=  

 

 Example Solution 
 

2P I R=

( )2BDvP RR= −  

2 2 2B D vP R=

 

 Total for part (b) 7 points 
(c) For selecting new originalE = E  with an attempt at a relevant justification 1 point 

 For indicating one of the following 1 point 
• The change in magnetic flux is the same for both scenarios. 
• The induced current occurs for the same amount of time for all transitions. 
• The induced emf  occurs for the same amount of time for all transitions 

 Example Response 
The change in magnetic flux in the original scenario is the same as the new scenario, which 
produces an emf  and current that are the same in both scenarios. Therefore, new originalE E=   

 

 Total for part (c) 2 points 
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(d) For a sketch which has an absolute value that only decreases from x = D   to x = 2D  1 point 
 For a sketch that is zero from x = 2D  to x = 3D  1 point 
 Example Response 

 
Scoring Note: A response that is reflected across the horizontal axis can earn both points. 
Scoring Note: Any portion of the graph before x D=  and after x = 3D  will not be scored. 

 

 Total for part (d) 2 points 
 Total for question 3 15 points 
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QUNtlon 3 

Begin your response to QUESTION 3 on thla page. 

V 
-

R 

Os 
 D-1 

0 

1.
Region ! I• Region 2 

·I
r-------r----------  

: . . . . . . .
' B 2B 

• • • • • 
' • • I • • •

• • • • • 
• • • • •
• • • • • 
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 ------- ----------J 

I r I 
D 2D 

Figure 1 

3D 

+y

l--+x
+z 

I I • X 

4D 

3. A wire is connected to a resist« of resistance R to form a rii!d lqUUe loop of side len,tb D. An external force is
exerted on the loop so that the loop always moves with constant speed v in the +x direction, u shown in Figure 1.
The loop then enters Region 1 of external uniform mapetic field of magnitude B that is directed in 
the +:-direction. Rei!on 1 bas boundaries x = D and x = 2D. The loop later enters Region 2 of external uniform
magnetic field ofmapitnde 2B that is directed in the +z-direction. Region 2 lw boundari  x = 2D
andx=3.5
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Continue your response to QUESTION 3 on this page. 

ii. Derlff an explUlion for Is when Point S reacbea x = 1.SD. If ls = 0, indicate bow the derived
cxprouion shows that Is= 0. Express your answer in terms of R, D, v, B, and physical constants, as
appropriate. \t:\  }?  (.b b \ _   v

L{-:. JS:  :::.  -v -
e,/ \  v j ::.. ::r  t -'> -:r   • ''- :: T 

ill. Derive an  on for the power P dissipated by the resist« when Point S reaches x = 1.SD.
Express your answer in tenns of R, D, v, B, and physical constanta, u appropriate. 

-

-

----
(L 
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Question 3 

Continue your response to QUESTION 3 on this page. 

Tbe original rn,anerlc fields are modified 10 that the rqion D < x < 3.SD contains ID cxtc:mal unifomt magnetic 
field of rnapitudo B mat ia directed in the +z-direction. 

A new wile is connected to a reaistor of resiJtanc:e R to fonn a rigid triangular loop with bue length D and 
height D. An extemal fmce ia eurtcd on the loop so that the loop always rnovea with speed v in the +x-direction. 

u shown in Figure 3. Point S represents the upper-leading comer of the loop.

r------------------  

• • • • • • 

__.!,.. s
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• • • • • • 

• • • • • • 

• • • • • • 

• • • • • • 

+y

l-+x
+z 

1--l>---1 • • • • • • 

. . . . . . :------------------·
----------------x 

D 2D 

Figure 3 

3D 4D 

(d) On the followina uca, uetch a &r&Ph of the induced cwrent /T in the loop u Point S moves
from x • D to x • 3D.

. . 
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I I 

t I I 
-- --,.1 ---1 -

D 2D 3D 4D 
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Question 3 

Begin your f88POns& to QUESTION 3 on this page. 

V 

R 

Os 
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• • 
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+y

L+x 
+z

----------------x 

D w 3D 4D 

Figure I 

3. A wire is connected to a resistor of reaiatancc R to form a ri&id square loop of side length D. An external force is
exerted OD the loop so that the loop always DlOVCI with CODltant speed V in the +x din,ction, u 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. Rqion 1 bu boundaries x • D and x,.. W. The loop later enters Rqion 2 of external uniform
magnetic field of magnitude 2B that is directed in the +z-direction. Region 2 has boundaries x :s 2D
and x == 3.5D. Point S is the midpoint of the leading edge of the loop.

Unauthortzed copying 0t reUN of thll P8QI le llegal. Page 12 GO ON TO THE NEXT PAGE. 

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

• •• • • • • 

••• • •  

•• 

■ •

01r7111a 

• 

• ·



PCEM Q3 Sample C p2 of 5



PCEM Q3 Sample C p3 of 5 
-

-
Queatlon3 

- -----------------------------------.
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Continue your respoMe to QUESTION 3 on this page. 

ii. Derlff an e.xpresaion for Is when Point S reachca x = 1.5D. If Is = 0, indicate bow the derived 
expression shows that Is= 0. Express yOW' answer in terms of R, D, v, B, and physical constants, as
appropriate.

1:.  
 

ill. Dertve an expression for the power P disaipated by the resistor when Point S reaches x a I .SD.
Expreu your answer in terms of R, D, v, B, and phyaical constants, u appropriate.
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Question 3 

Continue your response to QUESTION 3 on this page. 

The original magnetic fields are modified so that the rqion D < x < 3.SD contains an external unifomi magnetic 

field of mapitude B that is directed in the +,:-direction. 

A new wire is connected to a resistor of resistance R to f onn a rigid triangular loop with bue length D and 

height D. 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 upper-leading comer of the loop. 

r------------------  
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V B +y
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Figure 3 

3D 4D 

( d) On the followina axes, sketch a graph of the induced cwrent IT in the loop u Point S moves

from x = D to x "' 3D.
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--,----,----,--
' I I 

--1---1--
D 2D 3D 4D 

- Unauthorized copying or rel.IN of thll page la Illegal. Ptge16 00 ON TO THE NEXT PAGE. 

-

-

-

Use a pencil or a pen with black or dart< blue Ink. Oo NOT write yoYr name. Oo NOT wrtte outside the box. 

• •• • • 

••• • •  

• • •

■ • \ 

0U71/11 

•

• 



AP® Physics C: Electricity and Magnetism 2024 Scoring Commentary 

© 2024 College Board.  

Visit College Board on the web: collegeboard.org. 

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: 
• Graphically determine how the absolute value of a magnetic flux through a square loop changes with time 

as the loop moves with a constant speed into a region that contains magnetic fields of different magnitudes. 
• Determine and justify the direction of induced current in the resistor of the square loop due to a changing 

magnetic flux.  
• Derive an expression for induced current in the resistor of the square loop by using Faraday’s law and 

Ohm’s law.  
• Derive an expression for the power dissipated through the resistor of the square loop due to an induced 

current.  
• Compare and justify the differences in energy dissipation by the resistor of the square loop that is moving 

through different magnetic fields.   
• Graphically represent the induced current in a triangular conducting loop that is entering a magnetic field. 

Sample: 3A 

Score: 15 
 
Part (a) earned 4 points. The first point was earned for correctly sketching a line that indicates that the magnetic 
flux is increasing from zero at x = D  with a constant slope until x = 2D . The second point was earned for 
correctly sketching a line with a slope from x = 2D  to x = 3D  that is equal to the slope of the line from x = D  
to x = 2D . The third point was earned for correctly sketching a line that indicates that the magnetic flux has a 
nonzero constant value from x = 3D  to x = 3.5D . The fourth point was earned for correctly sketching a line that 
indicates that the magnetic flux decreases from x = 3.5D  to x = 4.5D . Part (b) earned 7 points. The first point 
was earned for correctly selecting a clockwise direction and attempting a relevant justification. The second point 
was earned for correctly indicating that the magnetic field due to the induced current will be directed in the  
–z -direction. The third point was earned for correctly using Faraday’s law in a multistep derivation. The fourth 

point was earned for correctly indicating dA Dv
dt

= . The fifth point was earned for correctly using Ohm’s law to 

determine an expression for current IS  that is consistent with the expression determined for the emf . The sixth 
point was earned for using a correct general expression for power. The seventh point was earned for correctly 
substituting the expression for current determined in part (b)(ii) into the power expression using only the provided 
quantities. Part (c) earned 2 points. The first point was earned for correctly selecting new originalE E=  and 

attempting a relevant justification. The second point was earned for correctly indicating that the change in 
magnetic flux is the same for both scenarios. Part (d) earned 2 points. The first point was earned for correctly 
sketching a line that only decreases from x = D  to x = 2D . The second point was earned for correctly sketching 
a line that is zero from x = 2D  to x = 3D . 
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Question 3 (continued) 

Sample: 3B 

Score: 9 

 
Part (a) earned 1 point for correctly sketching a line that indicates that the magnetic flux is increasing from zero at 
x = D  with a constant slope until x = 2D . The second point was not earned because the response incorrectly 
sketches a line with a slope from x = 2D  to x = 3D  that is not equal to the slope of the line from x = D  to 
x = 2D . The third point was not earned because the response incorrectly sketches a line that indicates that the 
magnetic flux is zero from x = 3D  to x = 3.5D . The fourth point was not earned because the response 
incorrectly sketches a line that indicates that the magnetic flux decreases to zero from x = 3.5D  to x = 4D  
instead of x = 4.5D . Part (b) earned 7 points. The first point was earned for correctly selecting a clockwise 
direction and attempting a relevant justification. The second point was earned for correctly indicating that the 
magnetic field due to the induced current will be directed in the –z -direction. The third point was earned for 
correctly using Faraday’s law in a multistep derivation. The fourth point was earned for correctly indicating 
dA Dv
dt

= . The fifth point was earned for correctly using Ohm’s law to determine an expression for current IS  

that is consistent with the expression determined for the emf . The sixth point was earned for using a correct 
general expression for power. The seventh point was earned for correctly substituting the expression for current 
determined in part (b)(ii) into the power expression using only the provided quantities. Part (c) did not earn any 
points. The first point was not earned because the response incorrectly selects new originalE E< . The second point 

was not earned because the response does not correctly indicate that the change in magnetic flux is the same for 
both scenarios. Part (d) earned 1 point. The first point was not earned because the response incorrectly sketches a 
line that that only increases from x = D  to x = 2D . The second point was earned for correctly sketching a line 
that is zero from x = 2D  to x = 3D . 

Sample: 3C  

Score: 5 

 
Part (a) earned 3 points. The first point was earned for correctly sketching a line that indicates that the absolute 
value of the magnetic flux is increasing from zero at x = D  with a constant slope until x = 2D . The second 
point was not earned because response incorrectly sketches a line with a slope from x = 2D  to x = 3D  that is 
not equal to the slope of the line from x = D  to x = 2D . The third point was earned for correctly sketching a 
line that indicates that the magnetic flux is a nonzero constant value from x = 3D  to x = 3.5D . The fourth point 
was earned for correctly sketching a line that indicates that the absolute value of the magnetic flux decreases from 
x = 3.5D  to x = 4.5D . Part (b) earned 2 points. The first point was earned for correctly selecting a clockwise 
direction and attempting a relevant justification. The second point was earned for correctly indicating that the 
magnetic field due to the induced current will be directed in the –z -direction. The third point was not earned 
because the response does not use Faraday’s law in a multi-step derivation. The fourth point was not earned 

because response does not correctly indicate that dA Dv
dt

= . The fifth point was not earned because the response 

does not correctly use Ohm’s law to determine an expression for current IS  that is consistent with the expression 

determined for the emf . The sixth point was not earned because the response states, but does not use, a correct 
general expression for power. The seventh point was not earned because the response does not correctly substitute 
the expression for current that could be determined in part (b)(ii) into a power expression using only the provided 
quantities. Part (c) did not earn any points. The first point was not earned because the response incorrectly selects 

new originalE E> . The second point was not earned because the response does not correctly indicate that the 

change in magnetic flux is the same for both scenarios. Part (d) did not earn any points. The first point was not 
earned because the response incorrectly sketches a line that that only increases from x = D  to x = 2D . The 
second point was not earned because the response does not sketch a line that is zero from x = 2D  to x = 3D . 
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