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Question 3: Free-Response Question 15 points  
 
(a)  For using Faraday’s law to relate emf to change in flux 

( )d B Ad
dt dt

⋅Φ= =  

1 point 
 

 For a correct expression for the emf 

2 2
A AdB dA Adt dt t t t

β β β = = = − = 
 

  

1 point 
 

 For correctly substituting into Ohm’s law 

2
β∆= = = AVI R R Rt

  

Scoring note: Full credit is earned if the negative sign is included. 

1 point 
 

 Total for part (a) 3 points 

(b) For using a correct equation to calculate the energy dissipated in the ring 
2= =∫ ∫E Pdt I Rdt  

1 point 
 

 For correctly substituting into the equation above 
2 2 2

2 2 4
β β = = 

 ∫ ∫
A AE Rdt Rdt
Rt R t

 

1 point 
 

 For indicating the correct limits or constant of integration 
22 2

4
1

1β= ∫
AE dtR t

 

1 point 
 

 For a correct answer with units 

( ) ( )
( )( )

2 2222 2

3 3 3
1

0.50 m 0.50 T s1 1 1 0.0091 J3 2.00 Ω3 2 1
β     = − = − − − =       

AE R t
 

1 point 
 

 Total for part (b) 4 points 

(c)  For selecting “Less than” and attempting a relevant justification 1 point  

 For a correct justification  1 point  

 Example response for part (c) 
After the ring rotates, fewer magnetic field lines pass through the ring, and the flux is less 
than before. Thus, the emf, current, and rate at which energy is dissipated is less. 

 

 Total for part (c) 2 points 

(d)  For using a correct equation to calculate angular speed 
2
T
πω =  

1 point 
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 For substituting appropriate values from the graph in the correct equation 
 

( )
( )
2 rad3.14 s2 s
π

ω = =  

1 point 

 Total for part (d) 2 points 

(e) For using a correct equation for solving for the emf in terms of the angular speed 
( ) ( )( ) ( )cos sind B Ad dBA t BA tdt dt dt ω ω ω

⋅Φ= = = = −  

1 point 
 

 For correctly substituting into the correct equation 

( )( )( )2
MAX

rad0.50 T 0.50 m 3.14 0.79 VsBAω= = =  

1 point 
 

 Total for part (e) 2 points 

(f) For a sine curve with half the period of the dashed curve and a correct justification  1 point 
 For a sine curve with twice the amplitude of the dashed curve and a correct justification 

OR 
a sine curve with an amplitude consistent with work shown in part (e) 

1 point 

 Example response for part (f) 

 
Because the rotational speed is twice the original speed, then, according to the equation 
 ( )0 sinB A tω ω= this will double the amplitude of the curve and cut the period in half. 

 

 Total for part (f) 2 points 

 Total for question 3 15 points 
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Question 3 

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

Overview 

The responses were expected to demonstrate understanding of: 

• The concept of induced emf. 

• How to calculate magnetic flux when the magnetic field is time dependent. 

• How to calculate energy when power is time dependent. 

• How the magnetic flux is affected by a change in relevant variables. 

• The relationship among frequency, period, and amplitude for a physical quantity with a sinusoidal time 

dependence and their graphical representation. 

 

The responses were expected to demonstrate the ability to: 

• Support a claim with a correct and complete explanation based on clear physical reasoning. 

• Perform calculations involving calculus to provide correct numerical answers with correct units. 

• Understand the relationship between parameters in an equation and characteristics of a graph. 

• Deduce the effect of changing a variable on the behavior of a physical system. 

Sample: E Q3 A 

Score: 14 

Part (a) earned 3 points. The response earned the first point for using Faraday’s law with an expression for the 

magnetic flux. The response earned the second point for a correct expression for the emf. The response earned 

the third point for correctly substituting into Ohm’s law. Part (b) earned 3 points. The response earned the first 

point for using a correct equation to calculate the energy dissipated in the ring. The response earned the 

second point for correctly substituting into the equation relating energy and power. The response earned the 

third point for indicating the correct limits for the integration. The response did not earn the fourth point 

because the numerical answer is not correct. Part (c) earned 2 points. The response earned the first point for 

selecting “Less than” and attempting a relevant justification. The response earned the second point for a 

correct justification. Part (d) earned 2 points. The response earned the first point for using a correct equation to 

calculate angular speed. The response earned the second point for substituting an appropriate value from the 

graph into the correct equation. Part (e) earned 2 points. The response earned the first point for using a correct 

equation for solving for the emf in terms of the angular speed. The response earned the second point for 

correctly substituting into the correct equation for the maximum emf. Part (f) earned 2 points. The response 

earned the first point for a sine curve with half the period of the dashed curve and a correct justification. The 

response earned the second point for a sine curve with twice the amplitude of the dashed curve and a correct 

justification. 
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Question 3 (continued) 

Sample: E Q3 B 

Score: 7 

Part (a) earned 3 points. The response earned the first point for using Faraday’s law with an expression for the 

magnetic flux. The response earned the second point for a correct expression for the emf. The response earned 

the third point for correctly substituting into Ohm’s law. Part (b) earned 3 points. The response earned the first 

point for using a correct equation to calculate the energy dissipated in the ring. The response earned the 

second point for correctly substituting into the equation relating energy and power. The response earned the 

third point for indicating the correct limits for the integration. The response did not earn the fourth point 

because it does not include the correct answer. Part (c) earned 1 point. The response earned the first point for 

selecting “Less than” and attempting a relevant justification. The response did not earn the second point 

because the justification is incomplete. Part (d) earned no points. The response did not earn any points 

because the response is blank. Part (e) earned no points. The response did not earn the first point because the 

equation is incorrect. The response did not earn the second point because it does not include a correct 

substitution into the correct equation. Part (f) earned no points. The response did not earn the first point 

because it does not include a sine curve with half the period and a correct justification. The response did not 

earn the second point because it does not include a sine curve with twice the amplitude and a correct 

justification. 

Sample: E Q3 C 

Score: 3 

Part (a) earned no points. The response did not earn the first point because it does not use Faraday’s law to 

relate emf to change in flux. The response did not earn the second point because there is not a correct 

expression for the emf. The response did not earn the third point because it does not use Ohm’s law to 

calculate the I. Part (b) earned no points. The response did not earn the first point because it does not use a 

correct equation to calculate the energy dissipated in the ring. The response did not earn the second point 

because there is not a substitution into an equation for energy. The response did not earn the third point 

because there is not an integration where the limits can be identified. The response did not earn the fourth 

point because it does not find the correct answer. Part (c) earned 1 point. The response earned the first point 

for selecting “Less than” and attempting a relevant justification. The response did not earn the second point 

because the justification is incomplete. Part (d) earned 2 points. The response earned the first point for using a 

correct equation to calculate angular speed. The response earned the second point for substituting an 

appropriate value from the graph into the correct equation. Part (e) earned no points. The response did not earn 

the first point because it does not use a correct equation for the emf in terms of angular speed. The response 

did not earn the second point because it does not correctly substitute into the correct equation for the 

maximum emf. Part (f) earned no points. The response did not earn the first point because it does not have a 

sine curve with half the period and a correct justification. The response did not earn the second point because 

it does not have a sine curve with twice the amplitude and a correct justification. 
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