AP Physics C:
Electricity and

Magnetism

Sample Student Responses
and Scoring Commentary

Inside:

Free Response Question 3
[ Scoring Guideline
M Student Samples

I Scoring Commentary

© 2021 College Board. College Board, Advanced Placement, AP, AP Central, and the acorn logo are registered
trademarks of College Board. Visit College Board on the web: collegeboard.org.

AP Central is the official online home for the AP Program: apcentral.collegeboard.org.


https://apcentral.collegeboard.org
https://collegeboard.org

AP® Physics C: Electricity & Magnetism 2021 Scoring Guidelines

Question 3: Free-Response Question 15 points
(a) For using Faraday’s law to relate emf to change in flux 1 point

o [dD|_|d(B-4)

ldt| | dt
For a correct expression for the emf 1 point
£=|q9B| |44 (L) |- 4B|_ 4B
dt de\ t tz [2
For correctly substituting into Ohm’s law 1 point
AV _E_AB
R R th

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

Total for part (a) 3 points

(b) For using a correct equation to calculate the energy dissipated in the ring 1 point

E= J’ Pdt = j[szt

For correctly substituting into the equation above 1 point
2 2 p2
E- J'(A—ﬂzj Rdt = I%Rdt
Rt Rt
For indicating the correct limits or constant of integration 1 point
2
Ap 1
E="% ! il
For a correct answer with units 1 point
2
252 2 (0.50 m*) (0.50 Tes)?
g AL 1 _ ) ( ) (_l_(_ijjzo.oomJ
R [ 37 (3)(2.00 ) 23 13
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 1 point

_ 2z
T
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AP® Physics C: Electricity & Magnetism 2021 Scoring Guidelines

For substituting appropriate values from the graph in the correct equation 1 point
o= @ =3.14 rad
(2s) s

Total for part (d) 2 points

(e) For using a correct equation for solving for the emf in terms of the angular speed 1 point
dd d(B-A) d )
=—=——2-=BA— =—-BA
£ 7 7 0 (cos(at)) wsin(t)
For correctly substituting into the correct equation 1 point
Evax = BA = (0.50 T)(0.50 m2)(3.14 %) —0.79V
Total for part (¢) 2 points
® 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 1 point

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

Example response for part (f)

E(V)
A

+——=
|
0 i 2 3

Because the rotational speed is twice the original speed, then, according to the equation
|E| = ByAwsin(wt)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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EQ3A10f3

Begin your response to QUESTION 3 on this page.

Area of Ring =
RCSISW = R

~ B()

.34 A.mm.mgMgﬁmA and resistance R is aligned in a uniform magnetic field directed to the right
e P I e, ung:é_o.memimpfﬂmmam field is By.
At 1 = 1s, the magnitude of the magnetic field begins to decrease according to the equation B(t) = -'?. where

B has units of T-s. \ _ ' '

(a) Derive an equation for the magnitude of the induced current / in the ring as a function of ¢ for 1 > 1,
Express youranswermwrmofﬂ A, R, r,undphysml mmts.auppropmw

(g' {__._s‘ (fo-b) < BKn B “5"*\ = hPe
e, - — ,
s =2

Assume A = 0.50m’, R = 2.00Q, 0.50T .

(b) Calculate the electrical energy dissipated in the ring from ¢ = s to t = 2.

P= 7R - et Loy 9490 ed JIZC =I|‘:,af
‘ ' z ju s
Rt
A C L
) o

(tﬁ)p Re N K2 ()
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EQ3A20f3

Continue your response to QUESTION 3 on this page.

] ]
] 7

The ring is then rotated so that the plane of the ring is aligned at a 30° angle to the magnetic field, as shown.
The magnitude of the magnetic field is reset to a magnitude of By, at a new time ¢ = 0 and again begins to

decrease at t = 1s according to the equation B(r) = g.whereﬁhasunitsof'l‘-s.

(c) Will the amount of energy dissipated in the ring from ¢ = ] s to t = 2s be greater than, less than, or equal to

the energy dissipated in part (b) ? - -
— Greater than V¥ __Lessthan —_Equalto
Justify your answer,

Now "\7 4 9«*\46 oF Wy s 'Mj‘\ph-f, F\d} (Hﬂhhhﬁih BM)

\per \"l\uu,\-\ W loq, Thiy Jecceawd Yo éNF, H\Vutw\h anl W Hp
powes 194,0 el

A =0.50 m?
Resistance = 2.00 Q

The ring is now mounted on an axle that is perpendicular to the magnetic field. The magnitude of the magnetic
field is now held at a constant By = 0.50 T, as shown. The ring rotates about the axle, and the emf & induced
in the ring as a function of time r is shown on the graph. N

(d) Calculate the angular speed @ of the rotating ring in rad/s. 24< eadiv)

Rem) = 29 o pe 20 g w: o =
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EQ3A30f3

Continue your response to QUESTION 3 on this page.
(¢) Calculate the magnitude of the maximum emf eyax induced in the ring. M

3 ) k‘.‘rwsf —
e

The ring now begins to rotate at an angular speed 2.

(f) On the graph below, draw a curve to indicate the new ind
the emf induced under the original conditions.

ced emf € in the ring. The dashed curve shows

6 Pﬂﬁrwm‘n ""ft

Justify your sketch, specifically identifying and addressing any similarities or differences between the sketch

andﬂlrangm;lﬂg:a;hw‘“ how o, Mave/ g « w0 it L Sy ”7
The .n(hh&, will Jodiy, b wl| b e\ ™ Mo T
m“&’ww o spoles enp wil N-!)

- W\

PRACTICE GRAPH - Use the graph below to practice your sketch for part (f). Any work shown on the graph
below will NOT be graded.

t(s)
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EQ3B10of3

Begin your response to QUESTION 3 on this page.
Areaof Ring=A
Ruimncel:fmgingﬂi&

B(r)

3. A thin, conducting ring of area A and resistance R is aligned in a uniform magnetic field directed to the right
and perpendicular to the plane of the ring, as shown. At time ¢ = 0, the magnitude of the magnetic field is By,
Atr= ls,thenugmmdeofﬂwmagmﬁcfcubeginsmmmmﬂingmmequnimﬂ{:)-=g,whm.

B has units of T's.

(a) Derive an equation for the magnitude of the induced current / in the ring as a function of ¢ for t > 1s.
Express your answer in terms of f, A, R, 1, and physical constants, as appropriate.

_& . =4 A - = Ik
{“di f Y} £ %‘A f:.‘%%

(= i 2

=

Assume A = O.SOmz.R- 20Q,and f=0.50T s.
w)&km&wehmkdwdissqmdmdumﬁomts Istor=2s.

5;1 1} ‘ 1
AE: H‘E pE=
6= TN At
A= TR
ﬁE:ji ‘1. R It

_F" j{'Jt
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EQ3B2of3

Continue your response to QUESTION 3 on this page.

»
!
L

;
130%
]
[}

The ring is then rotated so that the plane of the ring is aligned at a 30° angle to the magnetic field, as shown.

The magnitude of the magnetic field is reset to a magnitude of B, at a new time ¢ = 0 and again begins to

decrease at 1 = 1 s according to the equation B(r) = g where § has units of T's.

(c) Will the amount of energy dissipated in the ring from 7 = 18 to t = 2s be greater than, less than, or equal to
the energy dissipated in part (b) ?
Greater than ___r_\__l.»cssthan — Equalto

Justify your answer. . :
Chee 55 o Jluy Aaretive 14 O i Fluy g
legs  (urcent G ey fpuer Tisgurated

E(V)

A =0.50 m*
Resistance = 2.00 Q R

The ring is now mounted on an axle that is perpendicular to the magnetic field. The magnitude of the magnetic
field is now held at a constant By = 0.50 T, as shown. The ring rotates about the axle, and the emf £ induced

in the ring as a function of time ¢ is shown on the graph.

(d) Calculate the angular speed @ of the rotating ring in rad/s.
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EQ3B30of3

Continue your response to QUESTION 3 on this page.
{e)Calculatemem:gnfimdeofmerruimumeme hxduoed?:tlnring.
= i ’ { "_“5 .
R R LI AR

The ring now begins to rotate at an angular speed 2w.

(f) On the graph below, draw a curve to indicate the new induced emf & in the ring. The dashed curve shows
the emf induced under the original conditions.

Justify your sketch, specifically identifying and addressing any similarities or differences between the sketch
and the original graph.

PRACTICE GRAPH - Use the graph below to practice your sketch for part (f). Any work shown on the graph
below will NOT be graded.

EV)

1(s)

Unauthorized copying or reuse of this page is legal. Page 9 GO ON TO THE NEXT PAGE.




EQ3C1o0f3

Begin your response to QUESTION 3 on this page.

Amaofltinﬁl:ft
Resistance of Ring =R

B(r)

3. A thin, conducting ring of area A and resistance R is aligned in a uniform magnetic field directed to the right

and perpendicular to the plane of the ring, as shown. At time r = 0, the magnitude of the magnetic field is B.

Att=ls.memgxﬁnﬂeofﬂwnugneﬁcﬁeldhegmswdmascmordingmmeeqmdonB(r]=§.whcrc

B has units of T's. '

(a) Derive an equation for the magnitude of the induced current / in the ring as a function of ¢ for 1 > 1s.

Expresg your answer in terms of f§, A, and physical con , as8 iate. -

d€» m0 FALY (g ’F s“"”m) I
L Y& %4)34“ T 1

Assume A = 0.50m?, R =2.0Q, and § = 0.50T s. u‘ Y ‘P'w
(b) Calculate the electrical energy dissipated in the ring from ¢ = Is tor = 2s.
;>
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EQ3C2o0f3

Continue your response to QUESTION 3 on this page.

. ]
] K
!

The ring is then rotated so that the plane of the ring is aligned at a 30° angle to the magnetic field, as shown.
The magnitude of the magnetic field is reset to a magnitude of B at a new time r = 0 and again begins to

decrease at t = 1 s according to the equation B(t) = ? where f has units of T's.

(c) Will the amount of energy dissipated in the ring from ¢ = 1 s to t = 25 be greater than, less than, or equal to
the energy dissipated in b) ?

Greater than Less than Equal to

Justify your answer.

) gisopated withag leds tronhehvee
/Mwm e B hed wtleW"'"““’Jm
v 30 '

A=0,50 m? EW)

Resistance = 2.00 Q
\ By=050T

Axle

/]
/

The ring is now mounted on an axle that is perpendicular to the magnetic field. The magnitude of the magnetic
field is now held at a constant By = 0.50 T, as shown. The ring rotates about the axle, and the emf & induced

in the ring as a function of time ¢ is shown on the graph,

(d)cucummww;ofmmmnzmsmﬂ%u_ wzﬁ'mdﬂ'
\ _ f‘lg

-

>
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EQ3C3o0f3

Continue your response to QUESTION 3 on this page.
(e) Calculate the magnitude of the maximum emf &% induced in the ring.

Lyere 4 \ON

The ring now begins to rotate at an angular speed 2a.

(f) On the graph below, draw a curve to indicate the new induced emf & in the ring. The dashed curve shows
the emf induced under the original conditions.

Justify your sketch, speciﬁcai]} identifying and addressing any similarities or differences between the sketch
and the original graph.

I e OF Py g § dowcled doe ©0 e
.:gs:fid;:i::!a'i\ﬂl:lhf\gpnkcur \n;HE:f:ﬁ|,\)-nt e pendd w
beeqoenin 0 e Sare becmAe a'vgal-w

PRACTICE GRAPH - Use the graph below to practice your sketch for part (f). Any work shown on the graph
below will NOT be graded.

E(V)
e ol il - -
--X------H--Nd
SR U KRN

—% 1(s)
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i e e o e 1
s . N 4 My
B
0 1 2 3
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AP® Physics C: Electricity and Magnetism 2021 Scoring Commentary

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

The responses were expected to demonstrate understanding of:
e The concept of induced emf.
e How to calculate magnetic flux when the magnetic field is time dependent.
e How to calculate energy when power is time dependent.
¢ How the magnetic flux is affected by a change in relevant variables.
e 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:
e Support a claim with a correct and complete explanation based on clear physical reasoning.
e Perform calculations involving calculus to provide correct numerical answers with correct units.
e Understand the relationship between parameters in an equation and characteristics of a graph.
e Deduce the effect of changing a variable on the behavior of a physical system.

Sample: EQ3 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.

© 2021 College Board.
Visit College Board on the web: collegeboard.org.
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Question 3 (continued)

Sample: EQ3 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: EQ3 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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