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AP Physics C + EBREZ UMY 2023 Set1Q1 (a)
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1. Students perform an experiment to determine the value of vacuum permittivity £. Sphere 1 is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere 2 is nonconducting with charge +Q and has
mass M. Sphere 2 is hung from a string of negligible mass and length L. Sphere 1 is brought near, without
touching, Sphere 2, as shown. Equilibrium is established when the centers of the two spheres have the same
vertical position, are a horizontal distance d apart, and the string is at an angle 6 from the vertical.

(a) On the following dot that represents Sphere 2 at the position shown in the previous figure, draw and label the
forces (not components) that act on Sphere 2. Each force must be represented by a distinct arrow starting on,
and pointing away from, the dot.




AP Physics C + EBREZ UMY 2023 Set1Q1 (a)
fi&:
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(a) For correctly drawing and labeling the electrostatic force directed to the right 1 point
For drawing the force of tension up and to the left and the gravitational force in the 1 point

downward direction

Scoring Note: A maximum of 1 point may be earned if extraneous forces are included.

Example Response

Fr

Total for part (a) 2 points




AP Physics C + EBREZ UMY 2023 Set2 Q1 (a)
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Note: Figure not drawn to scale.

1. Students perform an experiment to determine the value of vacuum permittivity £,. Sphere A is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere B is nonconducting with charge +(Q, and has
mass M. Sphere B rests on an insulating platform of negligible mass that is attached to a vertical ideal spring
with spring constant k. Sphere B and the spring are initially at rest.

Sphere A is then brought near Sphere B without touching. When the centers of the spheres are separated by a
vertical distance H, the spring has been compressed a distance y, as shown in the figure. The students
measure y for different values of H.

(a) On the following dot that represents Sphere B in the figure on the previous page, draw and label the forces
(not components) that are exerted on Sphere B. Each force must be represented by a distinct arrow starting on,
and pointing away from, the dot.

fi#:
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NSRS PR RS SR E SRR ER, EHAN

N = k.y.



AP Physics C + EBREZ UMY 2023 Set2 Q1 (a)
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(a) For correctly drawing and labeling the electrostatic force in the downward direction 1 point
For drawing the normal force in the upward direction and a gravitational force in the 1 point

downward direction

Scoring Note: Fg is an acceptable label to represent the force that the platform exerts on the

sphere

Scoring Note: A maximum of 1 point may be earned if extraneous forces are included.

Example Response

Total for part (a) 2 points
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AP Physics C + EBREZ HUMHX 2023 Set 1 Q1 (b)

{523 2023 Set 1 Q1 (b)
Zxia)7&4E 2023 Set 1 Q1 (a)s

Sphere 1—, *4
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1. Students perform an experiment to determine the value of vacuum permittivity £,. Sphere 1 is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere 2 is nonconducting with charge +Q and has
mass M. Sphere 2 is hung from a string of negligible mass and length L. Sphere 1 is brought near, without
touching, Sphere 2, as shown. Equilibrium is established when the centers of the two spheres have the same
vertical position, are a horizontal distance d apart, and the string is at an angle 6 from the vertical.

(b) Derive the relationship between the distance d and the angle 8 to show that d = _ 99 .
4nmeyMg tanf




AP Physics C + EBREZ HUMHX 2023 Set 1 Q1 (b)

fi#:

(b) HESHEE S WA KRKE L, WATRNENINE, KOE5BETTRRAR, HILEE

R
T'cos 9,
KT BRI
Tsin 0:
T cost) = Mg, Tsin@zFe:%de

KFABRDAR ES, HEMAZINGKS; A
M>0

cosf >0,
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Qq Qq
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AP Physics C - FEHAZ

MY 2023 Set1Q1 (b)

BA¥5

(b) For equating the horizontal component of tension to the electrostatic force

1 point

Example Response

Fy = Frsin(0)

For equating the vertical component of tension to the gravitational force

1 point

Example Response

F, = Fp,
Mg = Fycosf

For an attempt to simultaneously solve the equations

1 point

Example Response

1 Qg 1

475, 42 sin@

——cosf = Mg

Example Solution

IF, =0
Fry = Fy
Fpcos@ = Mg
Fr = Fg
__1 99 1
4msy 42 sinf
1 Qg 1 cosd = Mg
4y 42 sin6
4= Qgcosd
4ngyMgsin 6

_ Qq
4re Mg tan 0

Total for part (b) 3 points
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AP Physics C + EBREZ HUMHNX 2023 Set2 Q1 (b)

523 2023 Set 2 Q1 (b)
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Note: Figure not drawn to scale.

1. Students perform an experiment to determine the value of vacuum permittivity £;. Sphere A is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere B is nonconducting with charge +Q, and has
mass M. Sphere B rests on an insulating platform of negligible mass that is attached to a vertical ideal spring
with spring constant k. Sphere B and the spring are initially at rest.

Sphere A is then brought near Sphere B without touching. When the centers of the spheres are separated by a
vertical distance H, the spring has been compressed a distance y, as shown in the figure. The students
measure y for different values of H.

M
Qq+ 8

dneg k H> kg

(b) Derive the relationship between y and H to show that y =

fi#:

(b) HE4s &5 B2 A M m)_ SR e hE TR R 12/
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N—-—Mg—F =0, ky=Mg+——"—.
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AP Physics C + EBREZ HUMHNX 2023 Set2 Q1 (b)
BAIFS

(b) For applying an equation of the forces at equilibrium consistent with the diagram drawn in 1 point
part (a)
Example Response

Fy—-Fp—F, =0

For substituting a k. x or k,y that represents the normal force 1 point

Example Response
kex —Fp —F, =0

For substituting a correct expression that represents the electrostatic force 1 point
Example Response
140
4y g2
For substituting a correct expression that represents the gravitational force 1 point

Example Response

F, = Mg

Example Solution

Fy-Fp—F, =0

Fy =Fg + F,
__1 Qg
S 47[80 H2 * Mg
__1 Q9 Mg
4”80 kst ks

Total for part (b) 4 points
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AP Physics C + EBREZ UMYX 2023 Set 1 Q1 (c)
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1. Students perform an experiment to determine the value of vacuum permittivity £,. Sphere 1 is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere 2 is nonconducting with charge +Q and has
mass M. Sphere 2 is hung from a string of negligible mass and length L. Sphere 1 is brought near, without
touching, Sphere 2, as shown. Equilibrium is established when the centers of the two spheres have the same
vertical position, are a horizontal distance d apart, and the string is at an angle 6 from the vertical.

(c) These values are collected in one trial: Q = ¢ = 6.0 X 1078 C, 6 = 12° and d = 0.057 m. Calculate the

expected force of tension exerted on Sphere 2 by the string.

fi#:

(c) KA BUEA VRS 44
Q=q=6.0x10"8C,

0 =12°,
d = 0.057 m,
N SR, KRR RTRREK T, ASMER (d) 5 —H SRR s A b :

k(6.0 x 1078)2
(0.057)2

(9.0 x 10%)(6.0 x 107®)2
T = ~[0.048 N |.
00577 sin 12

HHZ1790.00997 N, bk, S/MmAx R ATH K B — 8

Tsinl2° =

11




AP Physics C + EBREZ UMYX 2023 Set 1 Q1 (c)
BAIFS

() For applying Coulomb’s law to determine tension 1 point

Scoring Note: This point may be earned if the student used the vertical component of
tension.

Example Response

1 Og .
=——>= = F;sin(6
E 4 7y d 2 T ( )
For correct substitution into an expression for tension consistent with part (b) or a correct 1 point

expression for tension
Example Solution

SF =0
Fp —Fr =0
Fg = Fpy
1 Qg _ . ..
T Frsin(6)
joa— qu

47gy d? sin(0)

2
1 (6.0x107%C)

F =
! 1 _C> ) (0.057m)sin(12°)

47| 8.85x107"7 —— |

Nem

Fy = 0.048N

Total for part (c) 2 points
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SAEPREFAILIEE), IMRIERIKSIBFEEM, EMHABEFRS, ZBRFRE, IRIEBR
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AP Physics C + EBREZ HUMHX 2023 Set 1 Q1 (e)(i)
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1. Students perform an experiment to determine the value of vacuum permittivity £;. Sphere 1 is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere 2 is nonconducting with charge +Q and has
mass M. Sphere 2 is hung from a string of negligible mass and length L. Sphere 1 is brought near, without
touching, Sphere 2, as shown. Equilibrium is established when the centers of the two spheres have the same
vertical position, are a horizontal distance d apart, and the string is at an angle 6 from the vertical.

(e) The students modify the experiment by replacing Sphere 1 with a conducting Sphere 3 that has the same size
and charge +¢. The experiment is repeated.

i. The circle in the following figure represents Sphere 3 when spheres 2 and 3 are at equilibrium. On the
circle, draw a single “+” sign to represent the location of highest concentration of the excess positive
charges.

Sphere 3

fi#:

MU FH2AEM, KIFEELERRSHE, BFEBIEKRNBD; SEEER2N—MNRSIESZEF, i
USRI E B RERETERNAM,. FARMSHENEEMT— “+7

Sphere 3

13



AP Physics C + EBREZ HUMHX 2023 Set 1 Q1 (e)(i)

BA¥5

(e)(i) Fora “+” drawn on the left side of the sphere 1 point
Example Response

Sphere 3

#:3] 2023 Set 1 Q1 (e)(ii)
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1. Students perform an experiment to determine the value of vacuum permittivity £;. Sphere 1 is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere 2 is nonconducting with charge +Q and has
mass M. Sphere 2 is hung from a string of negligible mass and length L. Sphere 1 is brought near, without
touching, Sphere 2, as shown. Equilibrium is established when the centers of the two spheres have the same
vertical position, are a horizontal distance d apart, and the string is at an angle 8 from the vertical.

(e) The students modify the experiment by replacing Sphere 1 with a conducting Sphere 3 that has the same size
and charge +¢. The experiment is repeated.

ii. Briefly explain your reasoning for the sketch drawn in part (e)(i).

fi#:

TRIKPHNEFREENRHIRS|, BohRIFbEbkaMl. BFSH—MIRET —a8foERA, ZME
FARE, RLHHIRIEBRELMNEESR. XEREHNZBEDH, KIBFBRE{NA+q.
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AP Physics C « EBRES MY 2023 Set 1 Q1 (e)(ii)

BA¥5

(e)(ii) For a statement that indicates correct charge rearrangement on Sphere 3 due to the electric 1 point
forces from the charges on Sphere 2

Example Response

The negative charges on Sphere 3 move to the right due to the attractive forces from the
positive charges on Sphere 2, leaving a net positive charge on the left side of Sphere 3.

ARAEE. 2HAE: ERTEIE

BESERAEFERASE, FEILRSER, INKEREEMNBEFRS, EMNERERS; Bl
=S TERHISEEHF I

REREEMARNTE SR BREHBRNMIREER); BERIKBHBRNIEEEB .

= 2023 Set 1 Q1 (e)(iii)
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1. Students perform an experiment to determine the value of vacuum permittivity &,. Sphere 1 is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere 2 is nonconducting with charge +Q and has
mass M. Sphere 2 is hung from a string of negligible mass and length L. Sphere 1 is brought near, without
touching, Sphere 2, as shown. Equilibrium is established when the centers of the two spheres have the same
vertical position, are a horizontal distance d apart, and the string is at an angle 6 from the vertical.

(e) The students modify the experiment by replacing Sphere 1 with a conducting Sphere 3 that has the same size
and charge +¢. The experiment is repeated.

iii. In the original experiment, when the centers of the two spheres are a horizontal distance d; apart, the
string makes an angle 8, from the vertical. In the modified experiment, when the centers of the two spheres
are a horizontal distance d; apart, the string makes an angle 8, from the vertical.

Is 6, greater than, less than, or equal to 6; ?

02>01 02<91 92:01

Briefly justify your answer.

15



AP Physics C « EBRES MY 2023 Set 1 Q1 (e)(iii)

fi#:

(e)(iii) BREFOETHRA SFERWELMEFIRS|SZMFREBFNHFFEBRER;, SRHYIFES
REKAELL, BHERRN. BH2WBRERE, BB tand = F,/(Mg), FRABIRNERAR/D, HEEF

0y < 6,

BEANS

o FEEW “SEEHEEFTLLIAER" , RAREEIMNGTSHELFTBRFFERAIIKITI.

(e)(iii) For selecting “ 6, < 6, with an attempt at a relevant justification 1 point

For statement that indicates one of the following: 1 point
e The average distance between the repulsive charges is greater.
e The electrostatic or repulsive force is less.

Scoring Note: Points 1 and 2 of part (e)(iii) can be earned with an answer that is consistent

with the location of the excess positive charges drawn in part (e)(i).

Example Response

Excess charges on Sphere 3 are now free to move, so excess like charges will be
concentrated on the far ends of Sphere 3 when the spheres are in static equilibrium. The
excess like charges, located on opposite sides of Sphere 3, repel with less force than if the
excess charges were located at the centers of Sphere 3. Thus, the downward force due to
gravity on Sphere 2 causes the center of Sphere 2 to hang closer to the center of Sphere 3.
Total for part (¢) 4 points

Total for question 1 15 points

#:5) 2023 Set 2 Q1 (d)(i)

1. Students perform an experiment to determine the value of vacuum permittivity €. Sphere A is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere B is nonconducting with charge +Q, and has
mass M. Sphere B rests on an insulating platform of negligible mass that is attached to a vertical ideal spring
with spring constant k. Sphere B and the spring are initially at rest.

Sphere A is then brought near Sphere B without touching. When the centers of the spheres are separated by a
vertical distance H, the spring has been compressed a distance y, as shown in the figure. The students
measure y for different values of H.

Sphere A< !
+q

Sphere B y
M, +Q

R

Note: Figure not drawn to scale.
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AP Physics C + EBREZ UMY 2023 Set 2 Q1 (d)(i)

(d) The students modify the experiment by replacing nonconducting Sphere B with conducting Sphere C that has
the same charge +(Q and mass M. Sphere A is brought near Sphere C without touching, compressing the
spring. Sphere C comes to rest.

i. In the original experiment, when the centers of spheres A and B are a vertical distance H; apart, the
spring is compressed a distance y,. In the modified experiment, when the centers of spheres A and C are a
vertical distance H; apart, the spring is compressed a distance y,.

Is ¥, greater than, less than, or equal to Y ?

— »>) — <y — =)

Justify your answer.

fi#:

(d)(i) #pLREFHEBREBIFEIKC Bk CARBFABE), R EHFEKRARSIME MRS, B TERFIEBR
ERETW. REERHFEFRS, ALERFOE H . HRARET, ¥EFEFENR TSR/, EEF

o AR +Q REUFESHER, ERENDHEEENRT,

BEANS

(d)(@) For selecting “ y, < y,” with an attempt at a relevant justification 1 point

For a justification that indicates correct charge rearrangement in Sphere C due to 1 point
electrostatic force from Sphere A
Example Response

Yo < ¥, Charges are now free to move within Sphere C now that it is a conducting sphere.

Electrons on Sphere C will be attracted to the excess positive charges on Sphere A and
move closer to Sphere A . This leaves the opposite side of Sphere C more positively
charged which results in less electric repulsion between the spheres and as a result less
compression in the spring.

EMERYEE: SBRMEKRS

EHAIFEFSAMAMR, HHIEXKEREMKMFEIRTF; BHRIBERRIREERFEARS

MR —B5# i8], FREARBE), BERKERMA EXFNRANAZ, SRR &z,
BitidstER T AORE L.

17



AP Physics C + EBREZ HUMHX 2023 Set 2 Q1 (d)(ii)

Sphere A< !
+q

Sphere B y
M, +Q

IR 2023 Set 2 Q1 (d)(ii)

e

Note: Figure not drawn to scale.

1. Students perform an experiment to determine the value of vacuum permittivity £,. Sphere A is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere B is nonconducting with charge +(Q, and has
mass M. Sphere B rests on an insulating platform of negligible mass that is attached to a vertical ideal spring
with spring constant k. Sphere B and the spring are initially at rest.

Sphere A is then brought near Sphere B without touching. When the centers of the spheres are separated by a
vertical distance H, the spring has been compressed a distance y, as shown in the figure. The students
measure y for different values of H.

(d) The students modify the experiment by replacing nonconducting Sphere B with conducting Sphere C that has
the same charge +Q and mass M. Sphere A is brought near Sphere C without touching, compressing the
spring. Sphere C comes to rest.

ii. Sphere C is then grounded with a wire. On the following figure, draw an arrow indicating the direction
that the platform will move immediately after being grounded. If the platform remains stationary, write
“does not move.”

Sphere A
+q

Sphere C

Wire

18



AP Physics C + EBREZ HUMHX 2023 Set 2 Q1 (d)(ii)

fi#:

(d)(ii) BHuEF B aErI2sh? kA b, FHEFasFmE Bk, BHEEE I AC, &
JTIEBRAREAIR S IR L 15 JFORAYIA NHHERF VD, RS R RS A b, Rl A g Rk
AR, HE R ERSCR RS IRME, P DUSCPsd TR, Fam biasl,

up

o |

BEANS

(d)(ii) For drawing an upward pointing arrow 1 point

Example Response

Sphere C
Wire
N T

Total for part(d) 3 points

Total for question 1 15 points

19



AP Physics C + EBREZ UMYX 2023 Set 1 Q1 (d)(i)

SKIOEL: E. FESHE

BEER: BREEES

RENGERALENENZEBEE, TERKREMTE, BABERFIEI R BENMEMTER
%, EROMELNRM,

KR A RIAVABIRZd? X 1/tan0; HESLNIYW]1/H? RREEFLIFNG, TEE _ EREME,

% 2023 Set 1 Q1 (d)(i)

Sphere 1— *4
0 M40

1. Students perform an experiment to determine the value of vacuum permittivity £. Sphere 1 is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere 2 is nonconducting with charge +Q and has
mass M. Sphere 2 is hung from a string of negligible mass and length L. Sphere 1 is brought near, without
touching, Sphere 2, as shown. Equilibrium is established when the centers of the two spheres have the same
vertical position, are a horizontal distance d apart, and the string is at an angle 8 from the vertical.

(d) The students vary d and measure 6 after equilibrium is reached. The students use the collected data to plot the

following graph of d?* vs. L

tand
d* (m?)
! [ [ [ [ [ [
B i e e e B e e S el e e e e R e Et el st e e R el
o [ o [ o [
—t—fF-F——Hd-A—t -t -ttt -ttt [t~
I [ I [ o [
B nnt el et et By Bt s Fonl el e st s iy Rty Hents et et il s s Bl
| | | | | | | | | | | | | | | | | J
0.008 T T T T T T T T T T T T T T T T T T
| | | | | | | | | | | | | | | | | |
Bt ntt et et s e s el i st e ey s et et i s e A
[ o o [ [ [
B S it s e Sy et At e sy s et et i s Al
L 1 L 1 [ I
A R i s i Sy et A i Ay et et i A
0.006 [ [ L [ o [
. T T T T T T T 1 T T T T T T 1
SO ' A P
T (] [ (] [ (A
S A I S A P B
[ (] [ [ (] (]
LR A ) S
| | | | | | | | | | | | | | | | | |
0.004 L1 T T L1 | T T
. | | | | | | | | | | | | | | | | | |
Ny O Ay T R I Yy Ny I N S
[ [ [ [ [ [
N T Oy R I Y I OO RN S
o [ o [ o [
S S A S Ay N R [ Yy Oy I O RN S
[ [ R [ R [
0002 | | | | | | Il ] | Il | | Il Il | Il ] |
. o o o [ o [
N R R Ry R s
[ [ [ [ [ [
B i S B B i o e B P B e Mk ol SE SN e FEP S A
[ [ [ [ [ [
B e e e e st el S e B B el e e St
0.000 [ [ [ [ [ [ 1
0 2 4 6 8 10 12 tanf
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AP Physics C + EBREZ UMYX 2023 Set 1 Q1 (d)(i)

i. Draw the best-fit line for the data.

.
(d)@) #&
d2
X
1/ tan 6
HEZHR (b) Vi a5
y = mx + b
b8z A
y = d?,
it
x =1/tan¥,
BHERER N

m = Qq/(4megMg).
B — SRR FTE USRI BT L, THEBARA S, NHESRMA R — 40 Ik A
(2.0,0.0010 m?)
5
(10.5,0.0075 m?),
HARPRN
7.647 x 1074 m?,
B RS A B R R, RN EREIE R TS, U RR IR

d? (m?)
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MY 2023 Set 1 Q1 (d)(i)

AP Physics C - FEHAZ

3 1/tané@

10

.010

.008

.006

.004

.002

BEANS

1 point

(d)(i) For a line that approximates the trend of the data

Example Response

d* (m?)

0.010

[
|
!

)
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AP Physics C + EBREZ UMY 2023 Set 2 Q1 (c)(i)

£:3] 2023 Set 2 Q1 (c)(i)

Sphere A< !
+q

Sphere B y
M7 +Q

e

Note: Figure not drawn to scale.

1. Students perform an experiment to determine the value of vacuum permittivity £,. Sphere A is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere B is nonconducting with charge +(Q, and has
mass M. Sphere B rests on an insulating platform of negligible mass that is attached to a vertical ideal spring
with spring constant k. Sphere B and the spring are initially at rest.

Sphere A is then brought near Sphere B without touching. When the centers of the spheres are separated by a
vertical distance H, the spring has been compressed a distance y, as shown in the figure. The students
measure y for different values of H.

(c) The students plot collected data of y as a function of Lz’ as shown in the graph.
H

y (m)

0.18
0.161 .
0.14- .
0.12 .
0.10-
0.08-
0.06-
0.04
0.02-

i Ll T [ - [ - [ - T - 1 1
O L L LI B | LI B | LI N | L L 2 _2
0 5 10 15 20 25 30 H°\m

i. Draw the best-fit line for the data.
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AP Physics C + EBREZ UMY 2023 Set 2 Q1 (c)(i)

fi#:

(@) PAEELN My, By
r=1/H?

m = Qq/(4megky).

b= Mg/k,,
WERER R R, SHEEIERAN
y = (0.0015 m*)z + 0.12 m,
PR B ERBE M AR RIEE e FHBUZREDLPIR, FrEssS FEEUE e —8,

y (m)

16
12 ¢
.08

.04
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AP Physics C + EBREZ UMY 2023 Set 2 Q1 (c)(i)

BA¥5

(c)(i) For a line that approximates the trend of the data 1 point
Example Response

y(m)

0.18

0.16}
0141 ]

012 f—T

.10}
0.08}
0.06
0.04}
0.02]

O i(i)
0 5 10 15 20 25 30 H*'m?

BHIEZXAR. MBERRKREE

FMRBHAIRTSRLMRLITE W, ENEE LRERRIENRS; TERNEERINPIREE,

BIKL I A T %3018 Fld’=b(1/tanB), HHb=Qq/(4re,Mg)o ¥ & L5 H T % 3 1§ Tl y=b(1/H?)
+Mg/k,, HARb=Qq/(4neyk,)o FeiBEBIRIRINMEM:,, BRAHIE,

Ay . Qq & . Qq X
b= E, &g = 47TMgb (%H) y €0 = stb (§$%) .

553 2023 Set 1 Q1 (d)(ii)
x|l &dE 2023 Set 1 Q1 (d)(i)o

0

L \L

Sphere 1— *4 sphere 2
>O M, +0
——d—

1. Students perform an experiment to determine the value of vacuum permittivity £,. Sphere 1 is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere 2 is nonconducting with charge +Q and has
mass M. Sphere 2 is hung from a string of negligible mass and length L. Sphere 1 is brought near, without
touching, Sphere 2, as shown. Equilibrium is established when the centers of the two spheres have the same
vertical position, are a horizontal distance d apart, and the string is at an angle 6 from the vertical.
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HMEX 2023 Set 1 Q1 (d)(ii)

AP Physics C - FEHAZ

(d) The students vary d and measure 8 after equilibrium is reached. The students use the collected data to plot the

1
tan@

2

following graph of d“ vs.

d* (m?)

0.010

tan@

12

I
| o

10

|
|
|

|

=+ ==~ A=A =4ttt —[A—A =t = =+ =~ —|= A=A =+ — 1
|
|

r—+—+—r—-|——"—"4—-+—-7—-t—-t—-F— A4 —-*—-7—-t— -1~ 11

F—+—r—F—A—d—t—f—t—r—F A4 -ttt 1

6.0x 107 8C.

q:

0.0050kg and Q

ii. Using the best-fit line, calculate an experimental value for the vacuum permittivity &

when M

ARV, AR

REOREZ T BMNrEEBURE Hm G, MIRER

#

Lhkeq:

(d)(ii) i

GRE

R

=
L

Py

: —
S E
> D
S| <
= ~
<t (©)]
I m_
o (@]
W —
X
- ©
qwm I~
T ob 2
(@] < —~
i (@) <t
X S
D~ )
<t
© O
I~ |

M

(6.0 x 1078)2

47(0.0050)(9.8)(7.647 x 10~

FrME

0.0075 — 0.0010
10.5 - 2.0

m

€0

AR
FIT LA

an

KR {EAREFTH

8.85 x 10712;
HRPR, BUSFIATUAAR 3 [F—RE,

MRS,

2

M5 — R AL
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AP Physics C « EBRES MY 2023 Set 1 Q1 (d)(ii)
BEAFS

(d)(ii) For using two points from the trend line drawn by the student to calculate the slope 1 point

Scoring Note: Points of data may be used only if points of data are located directly on the
line.

Example Response

Slope = %
Slope = Lz)

A ;j

tan(6)

(0.0075m* - 0.001m?)
Slope = (105 -2)
Slope = 7.647 x 10~ m?

] ] Oq 1 point

For correctly relating the slope of the graph to the equation d = W

Example Response

d = Qq
47me Mg tan 6

J? = 9q
47me Mg tan
J2 =94 1
4reyMg ) tan @
(9

Oq 1 point

For substituting the value of the slope of the graph into the equation &, = W(slope) to

calculate an experimental value of &,

Example Solution

slope = ngﬁ
5 = 9q
47 Mg (slope)
) (6.0x10% ¢)
o= 47(0.005 kg)(9.8 m/s” )(7.647 x 10~ m* )
1 C?
8 =76x107 =

Total for part (d) 4 points
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AP Physics C + EBREZ UMYX 2023 Set 2 Q1 (c)(ii)

#:5] 2023 Set 2 Q1 (c)(ii)
71874 2023 Set 2 Q1 (¢)(i)o

Sphere A- !
+q

Sphere B y
M, +Q

]

Note: Figure not drawn to scale.

1. Students perform an experiment to determine the value of vacuum permittivity £;. Sphere A is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere B is nonconducting with charge +Q, and has
mass M. Sphere B rests on an insulating platform of negligible mass that is attached to a vertical ideal spring
with spring constant k. Sphere B and the spring are initially at rest.

Sphere A is then brought near Sphere B without touching. When the centers of the spheres are separated by a
vertical distance H, the spring has been compressed a distance y, as shown in the figure. The students
measure y for different values of H.

(c) The students plot collected data of y as a function of L, as shown in the graph.
H

y (m)
0.18
0.16 .
0.14 .
0.121 .
0.10-
0.08
0.06
0.04-
0.02-

i | T | T I | I | | ] ]
0 LI UL LI B | LI | LI LI B _2 _2
0 5 10 15 20 25 30 H"'\m

ii. Using the best-fit line, calculate an experimental value for the vacuum permittivity &
when Q = g = 2.00 x 10°°C and kg = 25 N/m.
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AP Physics C - FEHAZ

MY 2023 Set 2 Q1 (c)(ii)

fi#:

(c)(ii) /ML EM L B

5

SN
2

FERBANNAILTT,

(0,0.12m)

(20m—2,0.15m)

~0.15—-0.12 , . Qq
=50 =0.0015m3, g, = Tk
Q=q=2.00x10°%cC,
k, =25N/m,

o (2.00 x 1079)2
0™ 47(25)(0.0015)

=8.5x 10712 ¢%/(Nm?)]|.

KE “UHOKERDE AT K™ AR ESC )T, BN,
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AP Physics C - FEHAZ

MY 2023 Set 2 Q1 (c)(ii)

BA¥5

(c)(ii) For using two points from the trend line drawn by the student to calculate the slope

1 point

Scoring Note: Points of data may be used only if points of data are located directly on the
line.

Example Response

_ A
Slope = Ax

A(y)
1
A(sz
(0.15m - 0.12 m)

1 1
20 — -0 —j
( le I’Il2

Slope = 0.0015 m*

Slope =

Slope =

For indicating the relationship between the slope of the graph to &, in the equation

_ 1 Q9 Mg
y_47Z'€ 2" k
OkSH s

1 point

Example Response

1 Qg9 Mg

 dngg kYH2 ks
slope :( 9q )

47Tgoks

For correctly substituting the value of the slope of the graph and other given quantities into
the equation to calculate an experimental value of &

Scoring Note: A numerical response without units may earn this point.

1 point

Example Solution

__Uq
PR /B
0 4rk,(slope)
2
(2 x107° c)
50 = N S
47[(25—)(0.0015111 )
m
_g5x10-2 _C
(90 - . N.mz
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AP Physics C + EBREZ UMY 2023 Set 2 Q1 (c)(iii)
BERBRERE: RKRERE

H1/HETEN, LXKRE, FEeHBTE, B8SENXEES. BINEEy FLFERE,y,=Mg. 3£
HERMELSNMRT R, FERE—THERNSE,

i 2023 Set 2 Q1 (c)(iii)
Z(R) 7&4E 2023 Set 2 Q1 (¢)(i)o

Sphere A< !
+q

Sphere B y
M, +Q

]

Note: Figure not drawn to scale.

1. Students perform an experiment to determine the value of vacuum permittivity €. Sphere A is nonconducting
with charge +¢ and is attached to an insulating rod. Sphere B is nonconducting with charge +Q, and has
mass M. Sphere B rests on an insulating platform of negligible mass that is attached to a vertical ideal spring
with spring constant k. Sphere B and the spring are initially at rest.

Sphere A is then brought near Sphere B without touching. When the centers of the spheres are separated by a
vertical distance H, the spring has been compressed a distance y, as shown in the figure. The students
measure y for different values of H.
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AP Physics C + EBREZ UMY 2023 Set 2 Q1 (c)(iii)

(c) The students plot collected data of y as a function of L, as shown in the graph.
H

y (m)

0.18
0.16 .
0.14 .
0.121 .
0.10
0.08
0.06
0.04-

0.021

i o o I T [ [ 1 1
0 L L L L LI LI N | _2 _2
0 5 10 15 20 25 30 H"'\m

iii. Using the best-fit line, calculate an experimental value for the mass of Sphere B.

fi#:

(c)(iii) BRAYBTR FLRAEAEE T, TAZRERRF, H

b= Mg/k,,
M = bk, — (0.12)(25) ~0.31kg|.
g 9.8

AHBREEFES20.30 kg, X2HPIGIMERITCHETI NI EgE AR ER R,
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AP Physics C + EBREZ UMY 2023 Set 2 Q1 (c)(iii)
BAIFS

oGy . M 1 point
(c)iid) For identifying that the y -intercept = kg P
S
For correctly substituting the value of the y -intercept of the graph and other given quantities 1 point

and constants into the equation to calculate an experimental value of M

Scoring Note: A numerical response without units may earn this point.
Example Response

y-intercept = 0.12 m

y-intercept = Mg
kS
M= (0.12 m)(25 N/m)
9.8 m/s*
M =030kg

Total for part (c) 6 points
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AP Physics C + EBREZ UMY 2024 Set1Q1 (a)
BHTERSIK. HHBT

FeEmEEsE: REaESf
RRIEAGEARTFZ/NER. dAART—NRER, MEJAERIZFINEE; E - AARTEZAINE
SHDEFRENR. AGRD § BB NHABPAIE /A SRR,

SHERNSMIABNERNEERRE. BINEFSNERNEY, EXHASENFRERRNZ. F5
EFBALERE, FEERARFREZRINRERE.,

Qenc

.= QE- -dA =
p= o

{2024 Set 1 Q1 (a)

+y

10.\0 \Y

+x

Figure 1

1. A nonconducting rod of uniform positive linear charge density is near a sphere with charge —2.0 nC. The rod and
sphere are held at rest on the x-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and the y-axis are 0.40 m apart.

(a) Calculate the absolute value of the electric flux through the Gaussian surface whose cross section is
the —20.0 V equipotential line.
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AP Physics C + EBREZ UMY 2024 Set1Q1 (a)
fi&:

() HMEmEHEEELNMELEREEN —20.0 VESLERE 2 BEERK, REBMEESEMN. &
WrefH RS HNES EER, HmPEEAIUE; M ] AR RAL R, Ak
X — P HEE

L —2.0 x 107°
<I>E:7§E-dA:Qe"C: 0> 10 Nm?/C.
gg  8.85x 10712

MSFRER AN, HHZ4ANE, Fit

| 5| ~ 226 Nm?/C|.

FHE—20.0 V ARG, AREEREAUE T e s &,

BEANS

(a) For using a correct equation for electric flux 1 point

Example Response

0, -2
&
For the correct numerical answer 1 point

Scoring Note: This point can be earned if a negative sign is included in the final answer or if
units are missing and/or the units are incorrect.

Example Response

|0,| = 226

N-m?
C

Example Solution

qSE-dAT:Q
€0
0
O, = =
E 80
20x107°C
O, = o
8.85x10‘12—2
N -m
2
@, = 226 -

Total for part (a) 2 points
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AP Physics C « EBRES MY 2024 Set2 Q1 (a)
#:>] 2024 Set 2 Q1 (a)

+y

-100V

+x

Figure 1

1. A nonconducting rod of uniform negative linear charge density is near a sphere with charge +1.0 nC. The rod and
sphere are held at rest on the y-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and on the y-axis are 0.40 m apart.

(a) Calculate the absolute value of the electric flux through the Gaussian surface whose cross section is the 0.0 V
equipotential line.

fi#:
(a) OV EHERmEEFEMHEBERRFIHE0.0 VERBLFBEIEHEER, REEIERHEMN, HBEHE
NHLRERE, A HIX S B RSB E -

Qenc  1.0x 1077
gg  8.85x 10712

O, = ~ 113N m?/C.

Pt A

|® 5| ~ 113Nm?/C|.

CHBEOANE” 5 HIAE” S HEENETT BRI, XEFHEBE AR T AERRA,
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AP Physics C « EBRES MY 2024 Set2 Q1 (a)
BAES

(a) For using a correct equation for electric flux 1 point

Example Response

0, -2
o
For the correct numerical answer 1 point

Scoring Note: Correct units are not required to earn this point.
Example Response

N-m?
C

Example Solution

D, =113

(ﬁE.dj:Q
€o
0, -2
%o
-9
o, - 1.0x10 C2
12 C
8.85x10 —
N-m
_ N - m?
D, =113 C

Total for part (a) 2 points

SERRAGAT. RIMRERH

FETENEEMERBINE, TEREEXA—EERNTREANASH, SHEREREASBMT
N EIEREE B SHE N B R,

REVFRAFTRESIHEBR 2N, MEFBEGE, BREERLINESRR, FEIFNERTMR,

Qinner surface — _Qinsidev Qouter surface — Qshell - Qinner surface-
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AP Physics C « EBRES MY 2022 Set1Q1 (a)

{2022 Set 1 Q1 (a)

\_©O &

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A nonconducting sphere of uniform volume charge density is surrounded by a thin concentric conducting
spherical shell, as shown in the cutout view. The sphere has a charge of —Q and the shell has a charge of +30.
The radii of the inner sphere and spherical shell are R and 4R, respectively, as shown in the cross-section view.

(a) Determine the charge on the outer surface of the shell.

i
(a) ST NRIE BT LS I SRR AR I N E . TEFE AR — NN BRI ERTE &
Wi, JEEAE, NGRS E, RN
—Q,
it ASE AR T TS
+Q.
FER AT R H PRI 2, #)

Qouter = 3Q - (+Q) = +2Q .

X A
+3Q
LIRTESNERI; PR H 4 e SR P
E=0
Wi
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AP Physics C « EBRES MY 2022 Set1Q1 (a)

BA¥5

(a) For correctly determining the charge on the outer surface of the shell 1 point

Example Response

Gnet = Dinner + Qouter
Qouter = Ynet — Dinner
Dourer = +30 = (+0Q)
Gouter = +20

Scoring Note: A correct response may earn a point even if no work is shown.

Total for part (a) 1 points

#:5] 2022 Set 2 Q1 (a)

. e A
AN 0

3R

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A very long nonconducting cylinder is surrounded by a thin concentric conducting cylindrical shell, as shown in
the cutout view. A segment of length L of the inner cylinder has a net charge of +Q uniformly distributed
throughout its volume. A segment of length L of the outer shell has a net charge of +4Q. The radii of the inner
cylinder and outer shell are R and 3R, respectively, as shown in the cross-section view.

(a) Determine the charge on the outer surface of the cylindrical shell within length L.
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AP Physics C + EBREZ UMY 2022 Set2 Q1 (a)
fi&:

(a) SMRIEIRY A SR IR R e, SN, WEEREANE, PR
+Q,

FENRHE R B AL AT
—Q.

(K] AR T Y FE
Qouter — +4Q o (_Q) - +5Q :
BAITS
(a)  For correctly determining the charge on the outer surface of the shell 1 point

Example Response

Gnet = Qinner T Youter
Qouter = Dnet ~ Qinner
Qouter = +40 — (-0)
Yourer = +50

Scoring Note: A correct response may earn a point even if no work is shown.

Total for part (a) 1 point

RABSEEE: RETRaEE

TRUIK®E-Q, HAQ>0; BZMMIMALE, k=1/(4dre))BELEH KNMEFZrNIKSHE LT
SRAMERL BER; B—/RIELWERER, FRLUBE ZMEEFXER4r%,

PNFHBIKFERN, REERFRAEER. HYDHRKEBELAIEFT AR, FaelED
XY EB T ER B A L A E

3
o0 _ Qenc _ T
E, (47r°) = ?) Qenc = _Qﬁ
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AP Physics C « EBRES MY 2022 Set1Q1 (b)

fI=A 2022 Set 1 Q1 (b)

\_©O &

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A nonconducting sphere of uniform volume charge density is surrounded by a thin concentric conducting
spherical shell, as shown in the cutout view. The sphere has a charge of —Q and the shell has a charge of +30.
The radii of the inner sphere and spherical shell are R and 4R, respectively, as shown in the cross-section view.

(b) Using Gauss’s law, derive an expression for the electric field a distance » from the center of the sphere for
r < R. Express your answer in terms of Q, R, r, and physical constants, as appropriate.

fi#:

(b) ERPAIEREYHIZERX R L2 r BYBRIET_E R/ MER B, A sins g e 5 H
E 47r?,
By oA E s I AL AR L BT
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AP Physics C « EBRES MY 2022 Set1Q1 (b)

— 4 o r3
= — =pz-mr’ = —Q—=.
P % TR3 ) Qenc P 3 R3
(AN it &
—Qr®/R? Qr
EAm?= "1~ = |E=—7"—| (0<r<R).
" €0 " dmey R3 ( )
TEFRRABD,; HR/NE
kQr/R3,
[FUOERSEAEHNERR I N R, BUETINIEI, HoOAE S FRIERS
E =0,
5 ER AR
BEANS
(b) For using Gauss’s law by substituting for either the area or the enclosed charge 1 point
Example Response
qenc _ . _ 2
. QSE dA = E(4717)
For using a correct expression for ¢,,. as a function of 7 1 point
Example Response
_ | 0 (4 3) P
=V = —=2_||Z -0

Scoring Note: The response may earn this point regardless of the sign of ¢,,,. .

For using the correct area 1 point

Example Response

Scoring Note: The response may earn this point regardless of the sign of £ .

Total for part (b) 3 points
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AP Physics C + EBREZ HUMHX 2022 Set2 Q1 (b)
HXRRE: SFEFREESEEETR

EEMFERr, KEMIHE, MEELS5ERBTEMR, REELBHMEBTIERER, KEBENTE,
M@= AE(2mre).

BEHBEROERNENEEBEREER 2R, SOBRENMEZIE, SHENSERRR2E
B, NRER-ERAFEEs RNTEIR2R, L, WTBEERKANRE, ERLENEREE,

Qenc

E(2nre) = 5
0

% 2022 Set 2 Q1 (b)

L
AN 0

3R

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A very long nonconducting cylinder is surrounded by a thin concentric conducting cylindrical shell, as shown in
the cutout view. A segment of length L of the inner cylinder has a net charge of +Q uniformly distributed
throughout its volume. A segment of length L of the outer shell has a net charge of +4Q. The radii of the inner
cylinder and outer shell are R and 3R, respectively, as shown in the cross-section view.

(b) Using Gauss’s law, derive an expression for the electric field a distance r from the center of the inner cylinder
for r < R. Express your answers in terms of Q, R, r, L, and physical constants, as appropriate.
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AP Physics C + EBREZ HUMHX 2022 Set2 Q1 (b)
fi&:

b)yr <R

AN AR FL R ) A i R M e R/ IMEE, £ DN mi S ikr = E, BT b
HEEANF, My

2mrL,
PSR AT 4
2 r?

p:ﬂ'R2L7 qenc:pWTL:Qﬁ'

EiTERT 2y
Qr? Qr
E (2nrL) = E =—"—|
2l = = B s TR

AL, KANBErZMg i, FERIXEMEmAR R %R
Amr?,

SACHRIFR B RRAL B 55— A
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AP Physics C + EBREZ HUMHX 2022 Set2 Q1 (b)

BA¥5

(b)  For using Gauss’s law by substituting for either the area or the enclosed charge 1 point

Example Response

qenc
Gene — § Eedd = EQrrL
-  Beda = EQrrL)

For using a correct expression for ¢,,. as a function of » 1 point

Example Response

R N 2 o
toe =07 = (o o) - 0%

For using the correct area 1 point

Example Response

B 1 (A7 1
E = Gene & (27rL) B (QRZ j & (27rL)
r

E=0—-F+
27150R2L

Total for part (b) 3 points
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AP Physics C « EBRES MY 2025 Q1 (a)(i)
fll& 2025 Q1 (a)(i)

Question 1: Version J

1. An isolated, air-filled, charged capacitor consists of two conducting, coaxial, cylindrical shells
that each have length L. The inner shell has radius R, and the outer shell has radius Ry, as
shown in Figure 1, where R; < Ry < L. The surface charge densities (amounts of charge per unit

area) of the inner and outer shells are +0; and — 04, respectively. The absolute values of the
total charges on the shells are equal.

e

Side View Cross-Sectional
View

+O'1

Note: Figures not drawn to scale.

Figure 1

i. Using Gauss’s law, derive an expression for the magnitude E of the electric field as
a function of the radial distance r from the center of the capacitor for the region

R; <r < Ry. Express your answer in terms of R;, 01, r, and physical constants, as
appropriate.
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AP Physics C « EBRES MY 2025 Q1 (a)(i)
fi#:

A(i)  PIZEZ TR L7y e i R 2 ) PAD 5 e ) PO 55 T PR LR IR R R

PE-ad= o

€o

R, KRR R &, HA
}%1 <r <:}%2o

[ PR b FL R AR LA M ikLk; Mg b, BT Fines, Arimsss sl
%, FHimE

2mrl,
(NGRS A P E S N e R
0,27 R, 0),
T
E2nre) = M, E(r) = 0.1 :
80 Eor

CROVIEBGEHITE S NRRBI R, XX, FREEEADZRN L5 S R,

BEAHS

A qenc Point A1

)

@ For a multistep derivation that includes the equation (JSE dAd =

Scoring Note: Vector notation is not required for this point to be earned.

For a correct substitution of the area of an appropriate Gaussian surface with nonzero Point A2
flux for the region R, <7 <R, (e.g., 27rl)

For a correct expression for the enclosed charge (e.g., o, (27le£ ) ) Point A3

Example Response

PE-dd="Les
&
E(27rt)= @ (27R 1)
&
g=Of
&
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AP Physics C « EBRES UMYX 2022 Set 1 Q1 (c)
BA— 1M ¥EN1F: [hRMERXIEREL 5

FHINRDFRAB T, EFBEXEEEEZI, SHEEEREMRE®EA, FiEsEHmNEmR
E&Q: ﬂzf’ﬁﬁlﬁﬂ, Kﬁgl\*ﬁl/ro

MRF—MHFEEEZRETR, BEPHAT,; OIREENEREEAREENIXE, FeERAIMILLH.

{2022 Set 1 Q1 (c)

O S

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A nonconducting sphere of uniform volume charge density is surrounded by a thin concentric conducting
spherical shell, as shown in the cutout view. The sphere has a charge of —Q and the shell has a charge of +30.
The radii of the inner sphere and spherical shell are R and 4R, respectively, as shown in the cross-section view.

(c) The magnitude of the electric field at r = R is 8N / C. Calculate the value of the electric field at r = 2R.
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AP Physics C « EBRES UMYX 2022 Set 1 Q1 (c)
fi#:

LY

P e 4 e L L

AR B AT AT, A1

|E| = kQ/r.
MR
2R,
A NP5 —
R 2
|E@Rﬂ_8<ﬁﬁ _[2n/c]

FIEBAIEIER L B E A RAETT S5, 1]
E,(2R) = —2N/C,

BRI

(©) For recognizing the electric field varies as an inverse square of the separation distance 1 point
from the center of the nonconducting sphere

Example Response

1
E c —
I"2

For the correct magnitude, including units, of the electric field at 2R 1 point

Example Response

Eya _ 8N/C
Enew = Z_d = 4
Eppy = 2N/IC

Total for part (c) 2 points
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AP Physics C + EBREZ UMYX 2022 Set2 Q1 (c)

#:>] 2022 Set 2 Q1 (c)

3R

Cutout View Cross-Section View
Note: Figures not drawn to scale.

1. A very long nonconducting cylinder is surrounded by a thin concentric conducting cylindrical shell, as shown in
the cutout view. A segment of length L of the inner cylinder has a net charge of +Q uniformly distributed
throughout its volume. A segment of length L of the outer shell has a net charge of +4Q. The radii of the inner
cylinder and outer shell are R and 3R, respectively, as shown in the cross-section view.

(c) The magnitude of the electric field at r = R is 12 N/ C. Calculate the value of the electric field at r = 2R.

fi#:

NEKEGNARBERE, 2a=Q/(2mel); QRREKELANAFIERRT, aRINRY, E@EMAIMNX
1Eo

(c)r = 2R
HEEX IR, S EENE2RREQ, §
E. = a/r,
Pt AR B
1/r
e
1/r?
34
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AP Physics C + EBREZ UMYX 2022 Set2 Q1 (c)

R
E . (2R) =12— =|6N/C
J(2R) =12 =[6N/c]
JiTEfESh,
BAFS

() For recognizing that the E-field varies as the reciprocal of the separation distance from the 1 point
center of the nonconducting cylinder
Example Response
E « 1

-

For the correct value, including units, of electric field at 2R 1 point

Example Response

5~ Ew _12NC
E,,, = 6NIC

Total for part (c) 2 points

75 RE: SMXESAeEBEE

FARKERMRLAR . HWYOHERKSEAER, SEERAEFRIEMN, HIANMELMEEMN; BFNS0E
REEEAAE, SEAMKANEESEESEREM TS, EBEREHNT;, ATINIREE BT
RTE o

TOERHEAAZENRTINIEFEEERHES; MxZEPRL/rTiE. REEFAERHED
S, FERITIEARREESS,
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AP Physics C + EBREZ HUMHX 2022 Set 1 Q1 (e)(i)

583 2022 Set 1 Q1 (e)(i)
Zsja)7&d% 2022 Set 1 Q1 (a). 2022 Set 1 Q1 (b)

\_ O S

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A nonconducting sphere of uniform volume charge density is surrounded by a thin concentric conducting
spherical shell, as shown in the cutout view. The sphere has a charge of —Q and the shell has a charge of +3Q.
The radii of the inner sphere and spherical shell are R and 4R, respectively, as shown in the cross-section view.

(e)

i. On the following axes that include regions I, II, and III, sketch a graph of the electric field E as a function of the
distance r from the center of the sphere.
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AP Physics C + EBREZ HUMHX 2022 Set 1 Q1 (e)(i)
fi&:

(e) (1) =DXI FeL 7y [ X BRI ) v S e EL LD 2Rt HLi LT Oy

—Q +3Q =2Q.
TREATTSHITN

—kQ/r*, R <r<A4R,

—kQr/R3, 0<r <R,
E.(r) =
+2kQ /7%, 1> 4R.

MALE| R R SR AREREL, £ RES, XI5, HiaREEL, £#5%

4R
YRt
—kQ/(16R?)
Bk
+kQ/(8R?),
BRITT SR E AR, ARSI T R, R m B ES .
r/R,
il
E,/(kQ/R?);
0 AR A P U R,
E,/(kQ/R?)
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AP Physics C + EBREZ HUMHX 2022 Set 1 Q1 (e)(i)

BA¥5

(e)()  Forindicating that £ is negative and the magnitude of E increases linearly from0to R 1 point

For a curve that is continuous at R and asymptotically approaches zero in the region 1 point
R<r<4R
For a positive, concave-up, and decreasing curve for » > 4R 1 point

Example Response

E

0 + \ r
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AP Physics C + EBREZ AN 2022 Set 2 Q1 (e)(i)

#:>] 2022 Set 2 Q1 (e)(i)
Zsja) A3 2022 Set 2 Q1 (a). 2022 Set 2 Q1 (b)o

—
AN 0

3R

Cutout View Cross-Section View
Note: Figures not drawn to scale.

1. A very long nonconducting cylinder is surrounded by a thin concentric conducting cylindrical shell, as shown in
the cutout view. A segment of length L of the inner cylinder has a net charge of +Q uniformly distributed
throughout its volume. A segment of length L of the outer shell has a net charge of +40. The radii of the inner
cylinder and outer shell are R and 3R, respectively, as shown in the cross-section view.

(e)

i. On the following axes that include regions I, II, and III, sketch the graph of the electric field E as a function of
the distance r from the axis of the inner cylinder.
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AP Physics C + EBREZ AN 2022 Set 2 Q1 (e)(i)

fi#:
MBEFZNRHRTE, €0=Q/(2r¢l); QREAKELNMNATIERR. a2 RE, RAEAMIMNYX
1Eo

(e)(i) IR XIRIIT (0 PAIAE

+Q
5%
+4Q,
A
5Q,
i

E.(r)=<a/r, R <r < 3R,

{ar/Rz, 0<r<R,
Sa/r, > 3R.

EIMERITERREL EARIR, RJ51%

1/r
Tk, 1E
3R
Ak
a/(3R)
S
5a/(3R);
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AP Physics C + EBREZ AN 2022 Set 2 Q1 (e)(i)

FEIMRSE NEIFAIF TR, N

B RO RN R IR IR,

E,./(a/R)
‘ I '5/3 i
|
l l
1 ‘
| |
| |
l l /R
1 1 rrn
1 3
BAHS
(e)(i) Forindicating E is positive and the magnitude increases linearly from 0 to R 1 point
For a positive, decreasing concave up graph for » > R 1 point
For a discontinuous increase in magnitude at » = 3R 1 point
Example Response
E 1 I i

0

e R i i e e s
>
=
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AP Physics C + EBREZ UMY 2025 Q1 (a)(iii)
#3] 2025 Q1 (a)(iii)
Zsa)7&4E 2025 Q1 (a)(i)o

Question 1: Version J

1. An isolated, air-filled, charged capacitor consists of two conducting, coaxial, cylindrical shells
that each have length L. The inner shell has radius R, and the outer shell has radius Ry, as
shown in Figure 1, where R; < Ry < L. The surface charge densities (amounts of charge per unit
area) of the inner and outer shells are +0; and — 05, respectively. The absolute values of the
total charges on the shells are equal.

g ©

Side View Cross-Sectional
View

+O'1

Note: Figures not drawn to scale.

Figure 1
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AP Physics C + EBREZ UMY 2025 Q1 (a)(iii)

iii. On the axes shown in Figure 2, sketch a graph of E as a function of r from »r=0to a
position that is outside the outer shell.

E
A \ |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
____________ NS S ——
0 Ry R,
Figure 2
fi&:
Aiil) HHBRIE
r < Ry
S v T T I35 FRLAAT,
E == Oo
R, <r < R,
N2 L HES R
1/r
&k,
r > R,
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AP Physics C + EBREZ UMY 2025 Q1 (a)(iii)

I, PANE FLARTHIRTH,

E =0,
BRSO FUC I AR, AL =X AR O IESL LS,
0, 0<r <Ry,
E(T) — O-]_Rl/(gor), R]_ < r < Rz,
0, r > R,.
R ERH
R]_ — 1, R2 - 3

AEREREALLSI, R BIIR,

E
r
BAIFS
(iiiy For sketching a graph that is zero for both 0 <7 <R, and r > R, Point A6
For sketching a graph that is decreasing and concave up for R, <r <R, Point A7

Scoring Note: The curve does not have to intersect the vertical dashed lines for this
point to be earned.

Example Response

Figure 2
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AP Physics C « EBRES MY 2022 Set1Q1 (d)

F#E: AlEEXERDEE

BHEERERTRRABKER, AramEBsi—/N&dr, BHREIV=-E,dr; SEUIBEREXRE/)

EZABAN.
KM/ R340 1/rE; RSN/ RO X BBREIMER, SEIAGEMLETR, BEA/N.

b
V() —V(a) = —/ E, dr, /T’_Zd?“ =—r 1 /dr =lnr.

r

{5 = 2022 Set 1 Q1 (d)

O S

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A nonconducting sphere of uniform volume charge density is surrounded by a thin concentric conducting
spherical shell, as shown in the cutout view. The sphere has a charge of —Q and the shell has a charge of +30.
The radii of the inner sphere and spherical shell are R and 4R, respectively, as shown in the cross-section view.

(d) Derive an expression for the absolute value of the potential difference between the outer surface of the sphere
and the inner surface of the shell. Express your answer in terms of Q, R, and physical constants, as
appropriate.

fi#:

(d) BRER M5 72 AR I R A Z R4 S HE TR A B RA2 2]
4R,
X —BUE AR XIRIT (Y, TAZERNERIEME Y, AR BRI

4R 4Rd 1 4R 3k
V(4R)—V(R):—/R Erdr:k:Q/R r—ﬁ:k@ {—;L :4—5.
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AP Physics C « EBRES MY 2022 Set1Q1 (d)

XADZENIE, BEAMEABAELE R :

3Q

AV]|= ————|
AV 16meg R

AR, FINER B T, SRS —

BA¥5

(@

For using the equation relating potential difference to the electric field with an attempt at 1 point
either integration limits or evaluating the integral

Example Response

S
V-V, = —j Edr
S;
r=4R
AV = [ Edr
r=R
For substituting the correct expression for the electric field or an expression for E that is 1 point

consistent with the explicit functional dependence of E(r) from part (c)

Example Response
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AP Physics C « EBRES MY 2022 Set1Q1 (d)

For correctly integrating the electric field expression that was substituted in the previous 1 point
point with correct limits of integration

Example Response
yo_2 [_LT“’L 0 H -2 (L b= (22
472'80 rl.—gr 472'80 V 1,—4R 471'80 R 4R 472'50 4R

__30

Alternate Solution

For using a difference in potentials treating the inner sphere as a point charge by 1 Point
symmerry
__ 9 9
Amegry  Anegr;
For using the correct charge on both of the terms; Q not Q and 3Q 1 Point
For using the correct values for r 1 Point
-9 0
4regR  4meydR
__30
~ 167g)R

Total for part (d) 3 points
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AP Physics C + EBREZ HUMHNXY 2022 Set 2 Q1 (d)

fBIEA 2022 Set 2 Q1 (d)

3R

Cutout View Cross-Section View
Note: Figures not drawn to scale.

1. A very long nonconducting cylinder is surrounded by a thin concentric conducting cylindrical shell, as shown in
the cutout view. A segment of length L of the inner cylinder has a net charge of +Q uniformly distributed
throughout its volume. A segment of length L of the outer shell has a net charge of +4Q. The radii of the inner
cylinder and outer shell are R and 3R, respectively, as shown in the cross-section view.

(d) Derive an expression for the absolute value of the potential difference between the surface of the
nonconducting cylinder and the inner surface of the cylindrical shell.

fi#:
MIBKEFZNERETIE, ©a=Q/(2ne,l); QREBRFEKELHNMAEIEBR, a2 RNRIF, RAEMIMNYX
1o
(d) P52 1 R] FE 28 25 O 40 3B ;AR R 1 RBIFE N R
3R,
AR

3R
V(BR)—V(R) = —/ %dr = —alln r]?;%R = —aln3.
R

FSNENIE BT TR, HBRER, HmERETTSERNT. 8 HZR4EXME:

@
2meg L

AV = In3|.
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AP Physics C + EBREZ HUMHNXY 2022 Set 2 Q1 (d)
BAIFS

(d) For using the equation relating potential difference to the electric field with an attempt at 1 point
either integration limits or evaluating the integral

Example Response

Sf
v~V =~ Edr
S;
r=3R
AV =~ [ Edr
r=R
For substituting the correct expression for the electric field or an expression consistent with 1 point

the explicit functional dependence of E(7) from part (c)

Example Response

AV=—r_J.3R( 0 jdr= 0 r:ledr
r=R

2regrL 2regL R

For correctly integrating the electric field expression that was substituted in the previous point 1 point
with the correct limits of of integration

Example Response

AV = ==L () =F = -2 [h(3R) - n(R)]

27, r=R 27, L

___ 9
AV = 2”60L1n(3)

Total for part (d) 3 points
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AP Physics C + EBREZ UMY 2025 Q1 (a)(ii)

#:3] 2025 Q1 (a)(ii)
Zsa)7&4E 2025 Q1 (a)(i)o

Question 1: Version J

1. An isolated, air-filled, charged capacitor consists of two conducting, coaxial, cylindrical shells
that each have length L. The inner shell has radius R, and the outer shell has radius Ry, as
shown in Figure 1, where R; < Ry < L. The surface charge densities (amounts of charge per unit
area) of the inner and outer shells are +0; and — 05, respectively. The absolute values of the
total charges on the shells are equal.

g ©

Side View Cross-Sectional
View

+O'1

Note: Figures not drawn to scale.

Figure 1

ii. Derive an expression for the absolute value |AV| of the potential difference between
the outer and inner shells in terms of R;, Ry, 01, and physical constants, as appropriate.
Begin your derivation by writing a fundamental physics principle or an equation from
the reference information.
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AP Physics C + EBREZ UMY 2025 Q1 (a)(ii)
fi&:

A(il) WA ZENLEERSTESNTE, FIMEEIN SRR, o5 EBSHIIRAR:

R,
V(R,) —V(R,) :—/R E - dr.

1

X EER, FrbARRRE
AURAEE

M AIE, 155

Ry
AV = / 711 dr = R [In T’]R2 B In e
R

R TCRNHI

o1l /g
BB RS
EANS
(i)  For substituting the expression for E from part A (i) into AV = — J. "E-dF Point A4

Scoring Notes:
e Vector notation is not required for this point to be earned.
e The sign of AV isnot considered for this point to be earned.

For an attempt to solve the integral for |A V| that includes correct limits Point AS

(g, |AV|:U;_RIJRzldr)
0

Ry

Scoring Note: This point may be earned regardless of the order of the limits of

. . GIRI R 1
integration; for example, f —dr.
& Rr

Example Response

|AV|:‘—I:E-d;7
ok ok el
|AV|—J.Rl e, dr . -[R, rdr
R,
|AV|:O-1—R‘1n(r) :GI—Rlln(ﬁJ
& R & R,
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AP Physics C + EBREZ HMHNX 2022 Set 1 Q1 (e)(ii)
MEBFZFIREE: BREE5ESY

BHHMENMXEEZRANENNE, ENRASIBRTEVHETE; SRBAE=0FTLAV/KTE,; ELMIEX
R R T RERIEB S,

HEFIERTEREES; AULEE—ISERE, BRERFRZENR, TRKFEENBETEE
BEHZRAZ, BHRATHESERTEBERE

av _
dr "

IR 2022 Set 1 Q1 (e)(ii)
Zsjn) 4% 2022 Set 1 Q1 (e)(i)o

O S

Cutout View Cross-Section View

Note: Figures not drawn to scale.

1. A nonconducting sphere of uniform volume charge density is surrounded by a thin concentric conducting
spherical shell, as shown in the cutout view. The sphere has a charge of —Q and the shell has a charge of +30.
The radii of the inner sphere and spherical shell are R and 4R, respectively, as shown in the cross-section view.

(e)

68



AP Physics C + EBREZ HMHNX 2022 Set 1 Q1 (e)(ii)

ii. On the following axes that include regions I, II, and III, sketch a graph of the electric potential V as a function
of the distance r from the center of the sphere.

fi#:

(e)(ii) FHEIAE IR E

dv/dr = —FE,,
Fit A
r < 4R
I BT,
r > 4R
IR, EFRBpEERIES, AEEENEE, %R
V(co) = 0;
ARENARRE A RS, X817, XIS
V =2kQ/r,
K1t

V(4R) = kQ/(2R).
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AP Physics C + EBREZ HMHNX 2022 Set 1 Q1 (e)(ii)

ERRR BRI EEE, 152

(kQ 3 72
R\ 1tam) 7=
_ ) 3kQ  kQ
Vir)=< 2% _ <
(r) 24kR =, R <r<A4R,
—Q, r>4R.
o
AR
V(0) = —3kQ/(4R).
V(R) = —kQ/(4R).
V(4R) = kQ/(2R).
RAETE

4R;

DXIRT MAKEEIZTHaRTA B, XIRIT _ETHERRERBCRER,  XIRITT TR 4 (E R B
N BEHHERAT AN XA EE B E P,

V/(kQ/R)

—3/4
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AP Physics C + EBREZ HMHNX 2022 Set 1 Q1 (e)(ii)

BA¥5

(e)(i)  For a potential curve that is always increasing from 0 to 4R 1 point
For a potential curve that is decreasing for » > 4R 1 point
For a continuous graph across all three regions 1 point

Example Response

v

. # /\ )
/ T

Scoring Note: The intercept of the curve on the vertical axis is irrelevant. The intercept of
the curve on the horizontal axis is irrelevant. The curve can, hence, cross the horizontal
axis at any location or even be entirely on the negative side of the horizontal axis as long
as the other criteria are met.

Total for part (¢) 6 points

Total for question 1 15 points
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AP Physics C + EBREZ HMHNX 2022 Set 2 Q1 (e)(ii)

#:>] 2022 Set 2 Q1 (e)(ii)
ZiB)EdE 2022 Set 2 Q1 (e)(i)o

—
AN 0

3R

Cutout View Cross-Section View
Note: Figures not drawn to scale.

1. A very long nonconducting cylinder is surrounded by a thin concentric conducting cylindrical shell, as shown in
the cutout view. A segment of length L of the inner cylinder has a net charge of +Q uniformly distributed
throughout its volume. A segment of length L of the outer shell has a net charge of +40. The radii of the inner
cylinder and outer shell are R and 3R, respectively, as shown in the cross-section view.

(e)

ii. On the following axes that include regions I, II, and III, sketch the graph of the electric potential V as a
function of the distance r from the axis of the inner cylinder.

I II I

T2




AP Physics C + EBREZ HMHNX 2022 Set 2 Q1 (e)(ii)

fi#:

AEREGHRHEERE, <a=Q/(2m¢l); QBRRBAKELANANFEIERM. aBIARY, E@EMIMNX
1E.

(e)(ii) FEEIFTH XIRATHRIZER SN,  FrLABRAHC/KFIIZR SN, A kr — B N, BETR KW
P LT[R R F S

Inr,
TRERTLF LI NE; KUHFEBESEY, nlksF
V(3R) =0,
AR E]
- 1 2
n3+=(1-2.], r<R,
2 R?
Vi(r) 3R
=
a In —, R <r<3R,
"oy
— — > .
\ 5ln ik r>3R

XA Rk, thekm REdh; XL 01 & B R4 BRI B AR/, gk B2
i, LN

3R
AEFLIESE;
3R
AERFEIZ B, RERREGEN, HEMLEA N LA B HBRER,
V/a

\) T/R
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AP Physics C + EBREZ HMHNX 2022 Set 2 Q1 (e)(ii)

BA¥5

(e)(ii) For a graph that is concave down and always decreasing as r increases within Region I 1 point
For a graph that is concave up and always decreasing as r increases within each of the 1 point
Regions I and 111
For a continuous graph across all three regions 1 point

Scoring Notes:

e The intercept of the curve on the vertical axis is irrelevant. The intercept of the curve
on the horizontal axis is irrelevant. The curve can, hence, cross the horizontal axis at
any location or even be entirely on the negative side of the horizontal axis as long
as the other criteria are met.

e The response can earn a maximum of 2 points if all three segments are reflected
across the horizontal axis.

Example Response

I 1l 1l

Total for part (¢) 6 points

Total for question 1 15 points

BITRBEE. BASEBEEZL

BAWMARLEBET~ELSLEBE, EXC=Q/|AV|, TLEBEANNMBEHRNNERGE, BERREPNIZH
EBHEEELRENNERNL/Ko

EMLBERDBREERET; BARQ=0, (27R, L)BRUNIZA RERIEEE, Bk, FEESMIEME
F R £,

AV]
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AP Physics C + EBREZ UMYX 2025Q1 (b)
BT 2025 Q1 (b)
Zsa)7&d% 2025 Q1 (a)(ii)o

Question 1: Version J

1. An isolated, air-filled, charged capacitor consists of two conducting, coaxial, cylindrical shells
that each have length L. The inner shell has radius R, and the outer shell has radius Ry, as
shown in Figure 1, where R; < Ry < L. The surface charge densities (amounts of charge per unit
area) of the inner and outer shells are +0; and — 05, respectively. The absolute values of the
total charges on the shells are equal.

+o1 N\

<

- L ~

Side View Cross-Sectional
View

Note: Figures not drawn to scale.

Figure 1

B. A material of dielectric constant K is inserted into the isolated, charged capacitor such that
the material fills the region R; < r < Ry, as shown in Figure 3.

AN

R,

Cross-Sectional View
Figure 3
Derive an expression for the capacitance C of the capacitor with the material inserted

in terms of L, Ry, Ry, K, and physical constants, as appropriate. Begin your derivation by
writing a fundamental physics principle or an equation from the reference information.
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AP Physics C + EBREZ UMYX 2025Q1 (b)
fi&:

B SEGH LA DS R LA BB SO — bR LA B S AR AR FRL A 22 2 L

C =Q/AV,
A R A M ERLZ
2R, L,
FIT LA
Q =o0,(27R{L),
R THEA:
C, = 2mo Ry L _ 2meg L .
(01Ry/e0) In(Ry/Ry)  In(Ry/Ry)
MGE R, MHEEEOVR, HAEFMR, W
_ 2mkegL
In(Ry/R,) |

AL, AN B BB QAE, HBZEEFRN
1/k,

X BRI UE A
kCys

76



AP Physics C + EBREZ UMYX 2025Q1 (b)
BAIFS

B . o . . 0 Point B1
For a multistep derivation that includes the equation C = NG
For indicating that C with the dielectric material inserted is C without the dielectric Point B2
material inserted multiplied by x (e.g., C = K%
For substitutions of both the total charge Q and the potential difference AV that are Point B3

consistent with part A

Example Response

Without the dielectric material

_9
AV
c__O (27LR))
ok In R,
& R,
C- 2rLe,

i
Rl

With the dielectric material

C= K'g
AV
C- 2rLke,

ln(RZ]
Rl

7



AP Physics C - FBHET HUMBNX 2024 Set 1 Q1 (b)(i)
EHE. wETSBEBEM
FBEGEEXE: BINITIERE

HREBESRELLERE, ShREENE, FUSNIIIFTEERENZq((V-Vi), BERNKERREL
o

A EENAEE, BRR|AV|ER; F—FBEZENAZ, BETENENSHENR, HENE
5kl

Wee = AU = q(Vy = Vi), [Wen| = gl [V = Vil.

%8 2024 Set 1 Q1 (b)(i)

+X

Figure 1

1. A nonconducting rod of uniform positive linear charge density is near a sphere with charge —2.0 nC. The rod and
sphere are held at rest on the x-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and the y-axis are 0.40 m apart.

A positive test charge (not shown) is placed and held at rest at Position C. An external force is applied to the test
charge to move the test charge to different positions in the order of C—E—D—A. The test charge is momentarily
held at rest at each position.

(b) The bar shown in Figure 2 represents the absolute value of the work W done by the external force on the
test charge to move the test charge from Position C to Position E.
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AP Physics C « EBRES WX 2024 Set 1 Q1 (b)(i)

i. Complete the following tasks on Figure 2.

* Draw a bar to represent the relative absolute value of the work Wi, done by the external force
on the test charge to move the test charge from Position E to Position D.

* Draw a bar to represent the relative absolute value of the work W, done by the external force
on the test charge to move the test charge from Position D to Position A.

* The height of each bar should be proportional to the value of Weg. If Wgp = 0 and/or W, = 0,
write a “0” in the corresponding columns, as appropriate.

Work |

Figure 2
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AP Physics C - FEHAZ

fi#:

MY 2024 Set 1 Q1 (b)(i)

(b)(i) NI HEAEARENA IR LA
q>0
RN EAR BRI L, A ABBGEIEShREMF, SIS IR, MRS IETHEery D
7,
Wee = AU = q(V; = V).

XSS, PHBEEKE, HEEBRH

Vo =-200v, Vgp=V,=0.0v, V,=30.0V.
TR=DYER L2

(Wepl s (Wepl: [Wpa| =20:0:30=2:0:3.

FEGHE W, R e ME, HEW 5 07, Wy E5le ME, EAFERE=mNL5 F,

BEANS

(b)(1) For indicating that Wy, = 0

For drawing a bar representing W, that has a height of six units

Example Response

Work | _
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AP Physics C + EBREZ UMYX 2024 Set 2 Q1 (b)(i)
#:>] 2024 Set 2 Q1 (b)(i)

+y

-100V

f f f +x

Figure 1

1. A nonconducting rod of uniform negative linear charge density is near a sphere with charge +1.0 nC. The rod and
sphere are held at rest on the y-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and on the y-axis are 0.40 m apart.

A positive test charge (not shown) is placed and held at rest at Position C. An external force is applied to the test
charge to move the test charge to different positions in the order of C—E—D—A. The test charge is held
momentarily at rest at each position.

(b) The bar shown in Figure 2 represents the absolute value of the work W-g done by the external force on the
test charge to move the test charge from Position C to Position E.
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AP Physics C - FEHAZ

i. Complete the following tasks on Figure 2.

* Draw a bar to represent the relative absolute value of the work Wi, done by the external force
on the test charge to move the test charge from Position E to Position D.

* Draw a bar to represent the relative absolute value of the work W, done by the external force
on the test charge to move the test charge from Position D to Position A.

* The height of each bar should be proportional to the value of Weg. If Wgp = 0 and/or W, = 0,
write a “0” in the corresponding columns, as appropriate.

Work |

Figure 2

fi#:

(b)3) AMIAEREFBGEE ILFRE, SMhET AR &,
Wext = Q(Vf _ ‘/z °

JRE %

AL, AL
(Werl: [Wepl: [Wpa| =20:0:10=2:0:1.

MY 2024 Set 2 Q1 (b)(i)

fEE FID 25 “0” ; D FIA MHEEN NS EC BIE HER—4F, BT N3 4%, HETHENLS %,

D ZA FERFSHN KRR EEAHMEREN A EE, ARER HAIZAEE E AT,

82



AP Physics C + EBREZ UMYX 2024 Set 2 Q1 (b)(i)
BAIFS

(b)(i) For indicating that W = 0 1 point

For drawing a bar representing W, that has a height of approximately one and a half units 1 point
Example Response

Work | _ I O o

BEpEHEE. LitBgnE

BIZEREBEETE, xPENRAKEARANELE, BEIEERRKFELZRBBESLNBEEN
7}<EFEE%-; }EH_AV/A)({E%EXO

& SHTXZREIIM. FREAZEERBRFEERMXDE; SRANNREZ LN E,

AV
E ~——-.
r Ax
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AP Physics C + EBREZ UMY 2024 Set 1 Q1 (b)(ii)

583 2024 Set 1 Q1 (b)(ii)

+y

+X

Figure 1

1. A nonconducting rod of uniform positive linear charge density is near a sphere with charge —2.0 nC. The rod and
sphere are held at rest on the x-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and the y-axis are 0.40 m apart.

A positive test charge (not shown) is placed and held at rest at Position C. An external force is applied to the test
charge to move the test charge to different positions in the order of C—E—D-—A. The test charge is momentarily
held at rest at each position.

(b) The bar shown in Figure 2 represents the absolute value of the work W-g done by the external force on the
test charge to move the test charge from Position C to Position E.

ii. Calculate the approximate magnitude of the x-component of the electric field at Position B.

i
(b)(ii) 5B REIIKT- 7 & BIEA AR TTIA, 7T RBs— N, HBES Y
MXERN
E, =—dV/dz;
Bl ERR A RRIAIRE, (E A AR AT BB DR,
B Ifizf920.0 V 50.0 V FEHLLEK L EHEL0.65 m, MRS R, Fit
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AP Physics C + EBREZ UMY 2024 Set 1 Q1 (b)(ii)

0.0 — 20.0
E o~ 2270 31 v/m.
@ 0.65 +31V/m
WK, B
|E,| ~31V/m|.

XA BNV ITATR T B T AR, AR EFESLEIIR, BEBMGRAFEHEI/NER.

BEAWNS

(b)(ii) For using an equation that relates the electric field to potential difference 1 point

Scoring Note: This point can be earned if the response begins with a correct relationship
between electric field and potential difference in which numerical values are already
substituted.

Example Responses

__ar _
Ex - dx OR |Er| -

AV

—d—V‘ OR |Ex|:‘—E OR AV =-[E a

dx

For correct substitutions of values of electric potential and the distance between equipotential 1 point
lines that can be used to calculate the approximate magnitude of the electric field at
Position B

Example Response

200V - 00V
[E:] = ‘_ 0.65m ‘

Example Solution

o
o dx
£ = |4
£ =
|Ex| _ 20.00\-/65—13.0 V‘
£ =31

Total for part (b) 4 points
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AP Physics C + EBREZ UMY 2024 Set 2 Q1 (b)(ii)
$:>] 2024 Set 2 Q1 (b)(ii)

+y

-100V

f f f +x

Figure 1

1. A nonconducting rod of uniform negative linear charge density is near a sphere with charge +1.0 nC. The rod and
sphere are held at rest on the y-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and on the y-axis are 0.40 m apart.

A positive test charge (not shown) is placed and held at rest at Position C. An external force is applied to the test
charge to move the test charge to different positions in the order of C—E—D—A. The test charge is held
momentarily at rest at each position.

(b) The bar shown in Figure 2 represents the absolute value of the work W-g done by the external force on the
test charge to move the test charge from Position C to Position E.

ii. Calculate the approximate magnitude of the x-component of the electric field at Position B.
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MY 2024 Set 2 Q1 (b)(ii)

~ +7.1 V/m.

fi#:
(b)(ii) B K EimE@EER &, RIEEAP KRR S, BHHEM—10.0 V EFHL
AGEE—20.0 V&E#L KFEREZ 1.4 m:
b o AV 200 (-100)
= Az 1.4
4
|E,| ~7.1V/m|.

IESFRKFr RIS, REHBRSERIAIIL, B/ PR BIE— Nty EidfE B, . BRI

(3

Ay;

X BRI 2 0 B SR E R RE, Rl MEEEEN VA E, .

BA ¥

(b)(ii) For using an equation that relates the electric field to potential difference

1 point

Scoring Note: This point can be earned if the response begins with a correct relationship
between electric field and potential difference in which numerical values are already

substituted.

Example Responses

dv
E, =-4"
y dy

OR |Ey|:‘—i—z OR |Ey|:‘—

AV
Ay

‘ OR AV:-IE-d;

For correct substitutions of values of electric potential and the distance between equipotential

1 point

lines that can be used to calculate the approximate magnitude of the electric field at

Position B

Example Response

~20.0V — (-10.0 V)|
14m |

.||

Example Solution

dv
T
dv
e
| ar
Ay
~20.0V - (-10.0 V)|
e 1.4m |
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AP Physics C + EBREZ UMYX 2024 Set 1 Q1 (c)

FHEEM: FIMIEBREIGERN

B SEELANRELER, EREZERN—M, KEEERKEL, BEBELMNAIES,
ERXRBARNS5BEGRE; ABREER. RREENRBERS], FEBERTNIKEGIHIIKIRSG M.

IR 2024 Set 1 Q1 (c)

+y

200V
30.0V
40.0.V
50.0 V.

+x

Figure 1

1. A nonconducting rod of uniform positive linear charge density is near a sphere with charge —2.0 nC. The rod and
sphere are held at rest on the x-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and the y-axis are 0.40 m apart.

The positive test charge is placed at Position D. The test charge is then released from rest.

(c) Indicate the direction (not components) of the net electric force exerted on the test charge immediately after
the test charge is released from rest.

_ +x _+y Directly away from the sphere
_ X =y Directly toward the sphere

Without using equations, justify your answer using physics principles.
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AP Physics C + EBREZ UMYX 2024 Set 1 Q1 (c)

fi#:
(c) D =RIBKETHEATSME HHE|+yl

D AHIEBLIILOE LUK, B 5EBLNYILER, TFEEESL B, D E75,. IR —
IS AR, IELUIRAA S RIS fa A A RERAT — M, Rfa b, X —HrRIN 5 & 1A 5 EREY
Gy R “IEERASZAERIRG " AR DARE & 1RO 5 T

BEAHS

() For selecting only +y with an attempt at a relevant justification 1 point

For indicating that the direction of the electric field vector is perpendicular to a line that is 1 point
tangent to the equipotential line at Position D

For indicating one of the following: 1 point

e The test charge moves from a higher electric potential to a lower electric potential.
e The test charge and the sphere have charges of opposite sign.
e The test charge moves in the direction of the electric field, which is directed upward.

Example Response

+y . The direction of an electric field vector is perpendicular to an equipotential line. Because

the test charge has a positive charge, the test charge would move from a position of higher
electric potential to a position of lower electric potential when an electric force is exerted on
the test charge. Therefore, at Position D , the electric force is upward because that is the
direction that is perpendicular to the equipotential line and in the direction of decreasing
electric potential.

Total for part (c) 3 points
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#:>] 2024 Set 2 Q1 (c)

+y

-100V

Figure 1

1. A nonconducting rod of uniform negative linear charge density is near a sphere with charge +1.0 nC. The rod and
sphere are held at rest on the y-axis, as shown in Figure 1. Equipotential lines and positions A, B, C, D, and E
are labeled. Adjacent tick marks on the x-axis and on the y-axis are 0.40 m apart.

The positive test charge is placed at Position C. The test charge is then released from rest.

(c) Indicate the direction (not components) of the net electric force exerted on the test charge immediately after
the test charge is released from rest.

_ tx _+y __ Directly away from the sphere

=X -y Directly toward the sphere

Without using equations, justify your answer using physics principles.

(c) CREYERALME EF —y

C REBLMNYICIELUKTY:, BN S EEH, C FFRIEMET, HBBEAR; ERAZ TR
HIARITTIA, BRI T BREGHEF(EH SATRIRS [E AR ARG, TR RE “AERERZA
AN BRI TAL
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BA¥5

() For selecting only —y with an attempt at a relevant justification 1 point

For indicating that the direction of the electric field vector is perpendicular to a line that is 1 point
tangent to the equipotential line at Position C

For indicating one of the following: 1 point

e The test charge moves from a higher electric potential to a lower electric potential.
e The test charge and the rod have charges of the opposite sign.
e The test charge and the sphere have charges of the same sign.

Example Response

—y . The direction of an electric field vector is perpendicular to an equipotential line. Because
the test charge has a positive charge, the test charge would move from a position of higher
electric potential to a position of lower electric potential when an electric force is exerted on
the test charge. Therefore, at Position C, the electric force is downward because that is the
direction that is perpendicular to the equipotential line and in the direction of decreasing
electric potential.

Total for part (¢) 3 points

MNIFNREG: SifH, BEM

FIRYOFNEETDE L, XTHRLKNMEVNEERGDEEEHE, RROELEETNE. I
FAFRER L LN =7 [E Rl

AT SIS 2 A M BN, [EAFRIEER; INMABKKR IS G REER.
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AP Physics C + EBREZ HIMHN 2026 Q2 (a)

= 2026 Q2 (a)

Question 2: Version J

2. Thin, nonconducting, charged Rods S and T are held fixed in the xy-plane, as shown in Figure 1.
Rod S is oriented along the x-axis in the region —3L < x < —L. Rod T is oriented along the y-axis
in the region L <y < 3L. Each rod has uniform, positive linear charge density +A. Point P is
located at (—2L, 2L).

Figure 1
y
A
i Rod T
r———-r-—-—-1--3L§f--—-- 1
| | | |
| | | |
| P |
P S .
I Y
S N ) B
! i +2 i i i
Rod S | '
002 2 SN S I

Part A
Complete the following tasks in Figure 2.
« Draw an arrow starting on the dot that indicates the direction of the net electric field £,
at Point P due to Rods S and T.

 Draw an arrow starting on the dot that indicates the direction of the net electric field £,
at the origin O due to Rods S and T.

» Draw an arrow starting on the dot that indicates the direction of the net acceleration
ap of a small, negatively charged sphere (not shown) immediately after the sphere is
released from rest at the origin O.

Figure 2
Direction of Ep Direction of E, Direction of d,
i i i
| | |
| | |
P o o
| | |
I I I
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AP Physics C + EBREZ HIMHN 2026 Q2 (a)
fi&:

A =ATTHFSKP FES EE S E; S ERT RO FRAY A A AR BIKTH, RIGRmE
Eo PWAET WEEF2L L, THENIERE, RRAL BTRATSK, SF5EHBEMHERA,
AR BER, A £45°%,

O TS W77, SWst; OMFT NG, THHAR. WANTRIISFR, Abhgagma |~
45°, RIS

—

F = qE
SR, BRIEO BRI ERIE R M A

Y
Ep \
P T
ZiO
i
S -
E (@)
BEANS
A For drawing an arrow that is up and to the left above the horizontal axis for the direction =~ Point Al
of Ep

For drawing an arrow that is down and to the right below the horizontal axis for the Point A2

direction of E,,

For drawing an arrow for d, that is directed opposite the arrow drawn for the direction Point A3
of Eo
Example Response

Direction of Ep, Direction of E,, Direction of @,

K N
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AP Physics C + EBREZ UMYX 2026 Q2 (b)
HEENG: BRTRIBERESK

A\EEBBEMKENBRE, FLE—/NERdxHBdg=Adx; EBMBRAESr, =4£ipk/Ikdg/r?, k=1/
(471'50)0

BEEWE R, IBEESHAT LR SIRNERE, ARGFNR N ERIND. REABEERABEEEXR/)
Bn; EENRTSIRDESH.

il 2026 Q2 (b)

Question 2: Version J

2. Thin, nonconducting, charged Rods S and T are held fixed in the xy-plane, as shown in Figure 1.
Rod S is oriented along the x-axis in the region —3L < x < —L. Rod T is oriented along the y-axis
in the region L <y < 3L. Each rod has uniform, positive linear charge density +A. Point P is
located at (—2L, 2L).

Figure 1

y

A

I Rod T
r———-r-——-1--3L{---- 1
| | | |
| | | |
| P |
SRS S e S
I T
e
R
l ! !

Part B

Derive an expression for the magnitude E, of the net electric field at the origin O due to Rods S
and T in terms of L, A, and physical constants, as appropriate. Begin your derivation by writing
a fundamental physics principle or an equation from the reference information.
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fi#:

B O Abisai R/ NES: FL T R BT N TR AN -

E=k %%.
PAT fl, BEEO Ay L
dq = A\dy,
ity
— e
HipRNh

3L 3L

d 1 2k\

ET:k:A/ —g:m{——] =2
. Y

S R [FIFER R B 0 A 46 R /IR Y
+x
nE., WM EMEER, &K, mMAEERN:

Ey=+/E%+ E2 = —2\5“ .

BEANS

For a multistep derivation that includes the equation £ = kjd—;];
r

Scoring Note: Vector notation and unit vector notation are not required for this point to
be earned.

For a substitution of a correct expression for dg that includes A4

(e.g., dq = Adx or dq = Ady)

For an attempt to solve the integral for a component of the net electric field that
includes correct limits

For a correct vector addition of the derived electric fields for both rods resulting in an
expression in terms of L, A, and physical constants
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AP Physics C + EBREZ UMYX 2026 Q2 (b)

Example Response
Determine magnitude Ey of the electric field due to Rod T at the origin.

E= L[4,

4rey Y 2

1
- )
dg=A1dy

3L ¢
Ey = —kA[, ;;

Magnitude Eg of the electric field due to Rod S is equal to Er .

Ep = \(Es)* +(Er)* = 2(E)

a2 kAN
g0 =y2(37)

242 kA
cPo=T3 T

FRUERS: EEESS. L TR

BERITE, 8—/\BRNTIEMEREM, REDESRE. EMFfdg=Adx; HFFdg=-Ady, HEERFSHIA
RE,

MEREE, MOTEFEMLE, FtEREMNNRIIMTRANWESSIEES, BATHRLIFMENLT
fRo | &RRFB/NRTIRREIRFR Z Mo

kd kd
dv = =1, vz/ =
I

T od T
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AP Physics C « EBRES MY 2024 Set 1 Q1 (d)(i)

BT 2024 Set 1 Q1 (d)(i)

Rod

Figure 3

The sphere and the test charge are removed. The rod has length 4L and uniform positive linear charge
density +A. The rod is held at rest on the x-axis in the orientation shown in Figure 3. Position P (not shown) is
located on the x-axis a distance xp from the origin, where xp > 4L.

X
(d) The electric potential Vp at xp is Vp = kA ln[ P J
Xp — 4L

i. Using integral calculus, derive the expression for Vp provided.

97



AP Physics C + EBREZ M X

2024 Set 1 Q1 (d)(i)

(d)(i) MR ESATRTRZBAE A IEEAT, 5

0<x<A4L;
WS R E 1
xp >4L,
BT B bR, KERN
dx
A—/NB, BT
dq = \dz,
2P HIBEE N
rp—x >0,
(Al e T MR FL A Dy
dVy = kxpdi - = kAdef -

HEERE, FrE/DNERITTIRE AR, MR e pE RS R, ALRYZ Hfm /N AR

PR

4L
d
szk)\/ ’
0

Tp—1x

SRIF BRRUIN 2L TR B 5 XS

In(zp — )
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M X

2024 Set 1 Q1 (d)(i)

KT, 52

FIt AT [ B 250N

B RBR BN AR

—1/(zp — ),

_ln(xp - x)o

Vp = kX—In(zp — 2)]3F
= kA—In(xp —4L) + Inxp)

L'p
an(a:P—ZlL) )

FELERT1, HEZENIE, SIEREA—2G MNP IHERA B0, AR, XA EEET,

HEBETE, SEHFIENFHLE

BEANS

(d)(i) For using an appropriate equation for determining the electric potential from a line of uniform 1 point
charge
Example Responses
= 4;502%; OR V= 47;0[@ OR AV =-[E-dF
For a correct determination of , the distance between Point P and a point on the line of 1 point
uniform charge
Example Responses
Vo =k XPQ_ — OR V- kj(xp L xjdq
For a correct integral with Adx substituted for dg 1 point
Example Response
v = klj(x L )dx
p—X
For the correct limits of integration 1 point

Example Response

4L 1
Vo = kA, (xp _xjdx
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M X

2024 Set 1 Q1 (d)(i)

Example Solutions

_ 1 L
V= 47rgozri
1
Ve —kI(XP _x)dq
dg = Adx

Vp = kﬂ,j(xpl_xjdx

_ 4L 1
Vo = kA[ (xp _xjdx

Vo = —kAIn(xp — x) |o-= kAIn(xp

_ Xp
Ve —k/lln(xp —4Lj

OR
AV = —jE-df

E(x) = jriz dq

0
=) gy

4L
E(x) = J 7N k}t(; _l)
0 (x—x')2 x—4L «x
_ [ _ xp 1
Vo =" B dx = —ka[" (x 1 x)dx
X
Vp = kAl P
? n( Xp — 4L)
£53] 2024 Set 2 Q1 (d)(i)
+y
+12L
+10L
+8L
T6L
T4L
Rod 3L
2=5"H0
Figure 3
The sphere and the test charge are removed. The rod has length 2L and uniform negative linear charge
density —A. The rod is held at rest on the y-axis in the orientation shown in Figure 3. Position P (not shown) is
located on the y-axis a distance yp, from the origin, where y, > 2L.
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AP Physics C - FEHAZ

MY 2024 Set 2 Q1 (d)(i)

Yp
yp—2L

(d) The electric potential Vp at y, is Vp = —kA In

i. Using integral calculus, derive the expression for Vp provided.

(d)(@) HFIEAFAEEAP EELE

yp > 2L,
TEFF R bRy. K
dy

[RI/NBE, EEAT A

dg = —\dy.
TE|P HEE R R

yp —y > 0;
DR

dVp =kdq/(yp —y).

ESE AN ENIE

2L
d
sz—kx/ y_.
0 Yp — Y

Xy RB RS, HENEAME, BT

d 1
——|=In(yp —y)| = ;

sl N SAWNEE

Vp = —kA[=In(yp — y)[5"
= —kA[—In(yp —2L) + Inyp]

| Yp
= an(yP—ﬂ)) )

MNEONIE, FEZENT. FSRENRRTHER, NEREEER; BEIREIIE,
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AP Physics C + EBREZ UMYX 2024 Set 2 Q1 (d)(i)

BA¥5

(d)(i) For using an appropriate equation for determining the electric potential from a line of uniform 1 point
charge
Example Responses

1
4rs

Z% OR V=4;g j@ OR AV:—jEdf
i 0

For a correct determination of r, the distance between Point P and a point on the line of 1 point
uniform charge
Example Responses

1

Vo = kY, 9 or VP=kj(

d
yp =y J’j 1

For a correct integral with A dy substituted for dg 1 point

yp

Example Response

Y= _klj(yp - yjdy

For the correct limits of integration 1 point
Example Response

1

2L
Vo = —kA [ jd
? '([ yp =y 7
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AP Physics C + EBREZ UMYX 2024 Set 2 Q1 (d)(i)

Example Solutions

_ 1 4
V_47zgozrl~
1
Vzk( jd
’ Iyp—y 1
dg = -Ady

= _Mj(yp 1— yjdy

V=—k/1j2L L, Y
’ o \yp—y

Vo = kAIn(yp = y) 3= —kAIn(yp = ») I3,

__ Jp
Ve = k/lln(yp —2Lj

OR
AV = —jE-df
E(y) = jr%dq

L2 kA L 11
=) G =)

Vp = —LZ"E(y) dy = —k;tj:?(

_ Jp

1
y=2L y)dy

FOMBIZE . MIES S H e

EFAMNRZRE, AFLEEEFE-y, EFEARINGETE; EERAT R[N EIE
Ko

ELBEXRHNSOEN, EEETHLES. AEEE TG, FERETEXNGREG M.

dVv dVv
g =--2 g-_2
v dz’ Y dy
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HMEX 2024 Set 1 Q1 (d)(ii)

583 2024 Set 1 Q1 (d)(ii)
ZiB)E#E 2024 Set 1 Q1 (d)(i)o

Rod

Figure 3

The sphere and the test charge are removed. The rod has length 4L and uniform positive linear charge
density +A. The rod is held at rest on the x-axis in the orientation shown in Figure 3. Position P (not shown) is
located on the x-axis a distance xp from the origin, where xp > 4L.

X
(d) The electric potential Vp at xp is Vp = kA ln[ P ]
Xp — 4L

ii. On Figure 4, sketch a graph of the x-component E, of the electric field from the rod as a function of x
in the region 4L < x < 12L.

E

X

Figure 4
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HMEX 2024 Set 1 Q1 (d)(ii)

fi#:

(d)(ii) AN E A,
b —ZRH R RS

FH

E, >0
xr > 4L,
E, =—dV/dx

:k:)\<

1 1)_ 4kNL
x—4L x)

x(x —4L) |

WIS RGN, RHRDN, 9IRK;

i

BTG,

4L <x < 12L

WNREZ R, WAREE BT LR,
B Lagik, A ERIE IR ;

T, ANRAERIAER R,

E

x

T =4L

AL 6L 8L 10L 12L
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AP Physics C + EBREZ HUMHX 2024 Set 1 Q1 (d)(ii)
BAIFS

(d)(ii) For sketching a curve or line that continually approaches the horizontal axis as position 1 point
increases

For sketching a concave up curve that is always positive 1 point

Example Response

Ex

1

. - al 6L 8L 10L 12L

Total for part (d) 6 points

Total for question 1 15 points

#:.>] 2024 Set 2 Q1 (d)(ii)
Z5[R) 7&4E 2024 Set 2 Q1 (d)(i)o

+y
tior
+10L
8L
+6L
HAL

Rod §*L
1540

Figure 3

The sphere and the test charge are removed. The rod has length 2L and uniform negative linear charge
density —A. The rod is held at rest on the y-axis in the orientation shown in Figure 3. Position P (not shown) is
located on the y-axis a distance yp, from the origin, where y, > 2L.
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X 2024 Set 2 Q1 (d)(ii)

Yp
yp—2L

(d) The electric potential Vp at yp is Vp = —kA In

function of y in the region 2L <y < 12L.

E

y

— =+
2L 4L 6L 8L 10L 12L

Figure 4

fz:
(d)(i) #F b7 s R S AR S | TR IR A, BT DR b g R
E, <0,
AR S
_d y
EJw__—%;P%Amy_zL]
1 1
2kNL
=|— > 2L).
y(y —2L) Y )
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ii. On Figure 4, sketch a graph of the y-component E|, of the electric field resulting from the rod as a

)



AP Physics C + EBREZ HUMHX 2024 Set 2 Q1 (d)(ii)

1
2L < y < 12L,
M ERIARTERER R 77, B YRR BEE, HA R, §5E
9L

Y BEABAT it N 7 9 4B R K
BB LAg, BT L), SRR &y, NerRE, .

Ey
2L 4L 6L 8L 10L 12L
; ;
|
|
|
|
|
|
|
|
|
|
|
ERTER
(d)(ii) For sketching a curve or line that continually approaches the horizontal axis as position 1 point
increases
For sketching a concave down curve that is always negative 1 point

Example Response

E

ty
|

— — _ —t—t+y
A 4L 6L BL 10L 12L

Total for part (d) 6 points

Total for question 1 15 points

108



AP Physics C + EBREZ MY 2026 Q2 (c)
BT BEEEENHE

BIEMER, FEARES—/ N RINMRANESEIEA, EBEBRELITRE, KE2LHEFIRESAr
BY, SAATRVEEES MrEr+2L,

BB ERR: TSRO SARMWESRS; RANVETS, BLTRATHE

r+2L
V:k)\/ du _pain T2

u T

%% 2026 Q2 (c)

Question 2: Version J

2. Thin, nonconducting, charged Rods S and T are held fixed in the xy-plane, as shown in Figure 1.
Rod S is oriented along the x-axis in the region —3L < x < —L. Rod T is oriented along the y-axis
in the region L <y < 3L. Each rod has uniform, positive linear charge density +A. Point P is
located at (—2L, 2L).

Figure 1
y
A
i Rod T
r———-r-———-71--3L{--—- 1
| I I I
| | | |
| P |
T S Sl S
I Y
AR SN S5 S
IS
Rod S !
0% 2 SN S I
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AP Physics C - FEHAZ

Part C
Rod T is removed. Rod S is then moved such that the right end of Rod S is at the origin O. Rod S

is then moved with speed v in the —x-direction, as shown in Figure 3.

Figure 3
y
A
+1 |
Rod S | X
T o

On the axes shown in Figure 4, sketch a graph of the electric potential ¥, at the origin O due to
Rod S as a function of the distance r between the origin and the right end of Rod S.

Figure 4
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fi#:

C HEIFRE AN HEBES KE

2L,
IiENO By
r > 0;
HAMEFO AR Mr £
r+ 2L,
HEERR, R
dV = kdq/u,
Hrhu 2B AR A &
"2y r+2L
Votr) =k [ S =|iam 2
X
r >0,
ENIE HISRE; BTG, REEEE, BTN TmE R A,
Vo — +o0;
R L
r=20

NG EHNES, BaEE o e VO PR N I,

Vo
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BA¥5

C For a curve that always decreases as  increases Point C1
For a curve with a slope whose absolute value always decreases as r increases Point C2
For a curve that approaches zero as r increases and approaches infinity as r decreases Point C3

Example Response

Vo
X

FESFERSIT. BBEZTUEH

BEALUFENSHEERM,. RRFKTNEZELMNERE. F5HER, BEESMZINENEEIR
RHVEEES AR

BTN RANRECY, SXTREMANMEE. FSER, ARSBEEESHAABAZ, ARSI R
MERY, TRANERERTHNZ,

V:cotal = VS + VW'
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AP Physics C + EBREZ UMYX 2026 Q2 (d)
iR 2026 Q2 (d)

Question 2: Version J

2. Thin, nonconducting, charged Rods S and T are held fixed in the xy-plane, as shown in Figure 1.
Rod S is oriented along the x-axis in the region —3L < x < —L. Rod T is oriented along the y-axis
in the region L <y < 3L. Each rod has uniform, positive linear charge density +A. Point P is
located at (—2L, 2L).

Figure 1

y

A
i Rod T
r————r-———-7--3Lf--—- 1
| I I I
| I I I
| P | |
A SR ] e
I Y
A N NS S
! | +A I l
Rods| ||

; f————d——— - X

Part D

A new thin, nonconducting, charged Rod W has the same length as Rod S. Rod W has uniform,
negative linear charge density —A and is oriented along the y-axis. Rods S and W are initially
held fixed with one end at the origin. Starting at the same time, Rod S is moved with speed v in
the —x-direction and Rod W is moved with speed v in the +y-direction, as shown in Figure 5.

Figure 5

Indicate how a sketch of /,, at the origin O due to both Rods S and W as a function of r would be
different from the sketch made in part C. Briefly justify your answer.
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fi&:

D HEIMASERAFT WG DAFRDEE MO #3E; T80

r > 0,
& EBEB A
[r,r+ 2L].
W R
_)\,
B DIEL A S ML
Vip(r) = —eAn 222 (Vo) & Vi () = 0]

r

BN REANE SUB ERKFERL, IXBEZFTDMAE, REZIIEHFHEEETZERSFERS; T
RESRIL W R tARTH, RO HIZ T TR AL

BA ¥

D For indicating that ¥, is zero for all values of r Point D1

For a justification that indicates that the linear charge densities are equal in magnitude Point D2
but opposite in sign and the rods are always the same distance from the origin

Example Response

The rods are identical in length but have equal and opposite linear charge densities.
Electric potential is a scalar, and the electric potentials at the origin from the rods
cancel because the rods are always the same distance from the origin. Therefore,
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AP Physics C + EBREZ HIMHX  2025Q3 (a)
FPHER LIS

MEBE. EE:/}IL*[U-L{—JR_.I- IQ'H'L&%*EEEE{
R EER R ZHRALAS0E, BEERp@EIER=p/ATENX; LHKE, ANBER, p&
Q-m, EBEFTFNERI, BEA=1d?*/4,

%%ﬁi@%ﬂ%iﬂ!ﬂiﬁﬁﬁﬁ:ﬂ@%iﬁ\ BERABRUERIKEE. REEFRFSAV)), EERBFER
BE; KARMEMEBRAR, R RERNEHAE/LAXR.

¢ d?
R=p, A=""

7 2025 Q3 (a)

3. In Experiment 1, students are asked to use a graph to determine the resistivity p; of a circuit
element that is connected to a variable power supply, as shown in Figure 1. The circuit element
is cylindrical and has uniform resistivity. The students have access to a voltmeter, an ammeter,
and a ruler.

Figure 1

S

—

Circuit Element

A. Describe a procedure for collecting data that would allow the students to use a graph to
determine p,, including any steps necessary to reduce experimental uncertainty.
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fi#:

A B-HERRBRNWERFHRMEFKES BER, 5l

A = d?/4,
PR BRI ST AR TAE S8, PRSI TTAE i B IR, 10—
(1,V),

FEORETAREE, ARMN—DTER, 8PREESNEFICFY, BERE/VMIBENE; &
AR TR FRI AN

TX LR 7 O AR SR R T 7
(I,V)
FIRK R,
(¢, A)
FERIE RE o RINKEMER, 60 UAEmM, AaEre iR,

[
=Pl
A For a procedure in which the length of and the current in the circuit element are Point A1
measured, and the cross-sectional area of the circuit element is determined
For a procedure that indicates a reasonable method of reducing experimental Point A2
uncertainty

Examples of acceptable responses may include the following:

e Making different measurements of the current in the circuit element
e Varying the potential difference of the power supply

Example Response

Measure the length and diameter of the circuit element. Use the diameter to calculate
the area of the circuit element. Measure the current in the circuit element. Repeat the
procedure multiple times for different potential difference settings on the variable

power supply.

HEEIX R B B TR R et

HBMEREKHE, TRMIEBEXARERy=-bxta, M—PmHNTERE, V-RITTBVHIBIFRZERR, AGTE
A/2Kpo
FEME. EAEERMARKENTTHE, R=(p/A)L, LEBHERML, FIEEp/A, BEARERRERZEES,
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HilE% 2025 Q3 (b)

3. In Experiment 1, students are asked to use a graph to determine the resistivity p; of a circuit
element that is connected to a variable power supply, as shown in Figure 1. The circuit element
is cylindrical and has uniform resistivity. The students have access to a voltmeter, an ammeter,
and a ruler.

Figure 1

SR

—

Circuit Element

B. Describe how the collected data could be graphed and how that graph would be analyzed to
determine p;.

fi#d:

B HB—HLRNES pmE L (A) , AV (V) o BERN

IR — ﬂ_lf)
V_IR_<A e
PRI BB I 5 Bk o

¥TR, T2

~ m A mywd?
PL= 7 = T |

A4 RIBEROET A KA NRROR %, ERKRE TNV, Rl
1/R,
AR,
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AP Physics C + EBREZ BUMHNX 2025 Q3 (b)
BAIFS

B For indicating quantities that can be graphed appropriately to determine p, , consistent Point B1

with the procedure from part A, such as potential difference as a function of current

Scoring Notes:

e Responses that include the reciprocals of the preceding example, in addition to
other equivalent graphs, also earn this point.
e This point may be earned independently of the response in part A.

For a correct analysis of the graph, consistent with the first point of part B Point B2
Example Response

Graph the potential difference across the circuit element as a function of the current in

the circuit element. Use the slope of the graph, which is p—li where [ is the length of
r

the circuit element and r is equal to the radius of the circuit element, to determine p, .

£:31 2025 Q3 (c)(i)

In Experiment 2, the students are asked to use a graph to determine the resistivity p, of solid,
cylindrical resistors made of the same material but of different lengths L. The cross-sectional
area of each resistor is 5.0x10”% m?. The students directly measure the resistance R between the
ends of each resistor. Table 1 provides L and R for each resistor.

Table 1
L(m) | R(Q)
0.010 | 0.90
0.020 | 16
0.030 | 2.5
0.040 | 3.2
0.050 | 4.0

i. Indicate two quantities, either measured quantities from Table 1 or additional calculated
quantities, that could be graphed to produce a straight line that could be used to
determine p,.

Vertical axis: Horizontal axis:
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fi#:

C(i) SB_Asgmiehh&craumPERE, B L (m) , SR () . |

R = (py/A)L,
WA E — SR LR,
BAIFS
C (i) Forindicating appropriate quantities that could be plotted on the graph to determine Point C1

P, , for example R as a function of L

Scoring Note: This point may be earned:
o if the vertical and horizontal variables are reversed.
e for other equivalent graphs.

WELIR: SR BEUSHYZIERER

HRRHEENRES PO, BIHEL (m) . MHEXR (Q) B, BERAE—AH(LR) HE— .
ZIEXNFER, CHEESENTEXE, FANEHENTE. XEIEELHIES, NEELBA
-F_l\l:—'.lo

5% 2025 Q3 (c)(ii)

78] &4 2025 Q3 (c)(i)o

In Experiment 2, the students are asked to use a graph to determine the resistivity p, of solid,
cylindrical resistors made of the same material but of different lengths L. The cross-sectional

area of each resistor is 5.0x10% m?. The students directly measure the resistance R between the
ends of each resistor. Table 1 provides L and R for each resistor.

Table 1
L(m) | R(Q)
0.010 0.90
0.020 1.6
0.030 2.5
0.040 3.2
0.050 4.0
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ii. On the grid provided, create a graph of the quantities indicated in part C (i).
» Use Table 2 to record the measured or calculated quantities that you will plot.
* C(learly label the axes, including units as appropriate.
* Plot the points you recorded in Table 2.

fi#é:

C(ii) #dE g RN

5.0 x 107% m?,
BARITR, SAVEIESMEE e,
L (m) R ()
0.010 0.90
0.020 1.6
0.030 2.5
0.040 3.2
0.050 4.0
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4 - )
°
3 .
c °
@
2 _
°
14 ®
0 T T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06
L (m)

BREBRNERZITNN; WERHER.

BEANS

(ii) For labeling the axes (including units) with a linear scale Point C2

For correctly plotting data points consistent with one of the following: Point C3

e The quantities indicated in part C (i)
e The quantities provided in the table
e The axes indicated in the first point of part C (ii)

BN RE—RRENSGEZ

MRENBAREHBELZ, EER/ERNEIYE, FTEEIZRELICNERESRME; BAERN
IERBEIE N ERBARENRSERE,
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IR 2025 Q3 (c)(iii)
Zja) &3 2025 Q3 (c)(ii)o

In Experiment 2, the students are asked to use a graph to determine the resistivity p, of solid,
cylindrical resistors made of the same material but of different lengths L. The cross-sectional
area of each resistor is 5.0x10 % m?. The students directly measure the resistance R between the
ends of each resistor. Table 1 provides L and R for each resistor.

Table 1
L(m) | R(Q)
0.010 0.90
0.020 1.6
0.030 2.5
0.040 3.2
0.050 4.0

iii. Draw a best-fit line for the data graphed in part C (ii).
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AP Physics C + EBREZ M N 2025 Q3 (c)(iii)
fi&:

C(iii) RELIEGEHEMZIEER ERHElAN, B—Rad PR ES. A EEA RIS
R, MERRNRELSN

R ~ 78L + 0.10;

ANBERORBUGIRSEIIRE, R ERI LT
R (%)

! ! ! ! + L(m)
0.01 0.02 0.03 0.04 0.05

BA¥5

(iii) For drawing a line or curve that approximates the trend of the plotted data Point C4

Example Response

R(Q) 3

001 0.02 0.03 004 0.05
L (m)
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HRMLAIE: FBpER

RYLEIRIFIZRDb=p/A. FeMINE L LR MBERZRIRITED, BRALHEEHEINA. MRKBMUE
%, TRFRERFHMTNER,

5% 2025 Q3 (d)
Z1a) &dE 2025 Q3 (c)(iii)o

In Experiment 2, the students are asked to use a graph to determine the resistivity p, of solid,
cylindrical resistors made of the same material but of different lengths L. The cross-sectional
area of each resistor is 5.0x10"% m?. The students directly measure the resistance R between the
ends of each resistor. Table 1 provides L and R for each resistor.

Table 1
L(m) | R(Q)
0.010 0.90
0.020 1.6
0.030 2.5
0.040 3.2
0.050 4.0

D. Using the best-fit line that you drew in part C (iii), calculate an experimental value for p,.
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fi&:

D S Rg HBH R

my = py/ A,
T DA

py = Amg.
LR RIaL%E, %

(0.010,0.88)
5

(0.050,4.00),
A

7”2::6%28—-83?0::789/m’
py = (5.0x 107%)(78) = 3.9 x 10741 Q - m|.
R/L

RR—MAUE LIRS, A IET IR

AR/AL,
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BAIFS

D For correctly relating the slope of the best-fit line to p, Point D1
AR p
(e.g., — =slope ==
Vs pe="— )
For a value for p, thatis between 3.5x107* Q-m and 4.5x10™* Q-m Point D2
Example Response
slope = AR
AL

AR 400Q-200
0.050 m—0.024 m

R= (&jL
A
slope = Pz
p, = A(slope)
p,=(5.0x10" m2)[77 9)
m

P, ~3.9%x107* Q-m
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AP Physics C + EBREZ UMY 2022 Set 1 Q2 (a)
BAFZKESEAFLE

7 BAFRE: BNEMGRRIERIE

B ATES SRS B R BRI RN REl, TNCRSRERERE, T
AR R R

Weo BB EAHEEES; MHELAReKERE. REAFNSL, FANBNRSERIRR

(=93]
EHo

553 2022 Set 1 Q2 (a)

2. The plates of a certain variable capacitor have an adjustable area. An experiment is performed to study the
potential difference across the capacitor as it discharges through a resistor. A circuit is to be constructed with the
following available equipment: a single ideal battery of potential difference AVj), a single voltmeter, a single
resistor of resistance R, a single uncharged variable capacitor set to capacitance C, and one or more switches as
needed.

Variable
Battery  Voltmeter  Resistor Capacitor Switch

e Ol o S

(a) Using the symbols shown, draw a schematic diagram of a circuit that can charge the capacitor and may also be
used to study the potential difference across the capacitor as it discharges through the resistor.

fi#é:

/

(a) FTFSELHL AT AP H B LR R P A, T A5 PRI, WO AL R IS, 75
TSk PR, FIOARIAITS: SSRGS, WITS,, [HMAmaset; s
7S, 1

t=20
&Sy, o FAFN A BRI AR ZIER AN ZHE PN TSR RN P & SRR — 1 1o

s}\ K%

R N I
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AP Physics C + EBREZ UMY 2022 Set 1 Q2 (a)

BA¥5

(a) For a schematic diagram with the capacitor in series with the resistor 1 point
OR

For a schematic diagram with the resistor on the parallel path

For a schematic diagram with the voltmeter in parallel with the capacitor 1 point
For a schematic diagram that uses a switch to connect the battery to the capacitor 1 point
For a schematic diagram that uses a switch that allows the capacitor to discharge through 1 point

the resistor

Example Responses

LT
L { T

OR
e -

t 3 X0
BT

Al

Al
TS

Total for part (a) 4 points

#:5] 2022 Set 2 Q2 (a)

2. A non-ideal capacitor has internal resistance that can be modeled as an ideal capacitor in series with a small
resistor of resistance 7. A group of students performs an experiment to determine the internal resistance of a
capacitor. A circuit is to be constructed with the following available equipment: a single ideal battery of potential
difference AV}, a single ammeter, a single variable resistor of resistance R, a single uncharged non-ideal capacitor
of capacitance C, and one or more switches as needed.

Variable Non-ideal
Battery =~ Ammeter  Resistor Capacitor Switch

= @A o I\\—H—m—j e

(a) Using the symbols shown, draw a schematic diagram of a circuit that can charge the capacitor and may also be
used to study the current through the capacitor as it discharges through the resistor.
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fi#:

(a) FELBK LR REMHCE R, 015 RAMSM LR, FHEHAMNIR: TRNHAES,. Wit
Sy, HMZEHRTR N EANEAHEATH; SEOSEEEHITS,, £

t=20
&Sy, MR, C. ro. RFAEREHABIRERERE, roBETHA, KMk 8
o BEFFRHERTEE OS5 r o A ERFREA R IR A,

BATS

(a)  For a schematic diagram with the capacitor in series with the resistor 1 point

Scoring Note: The response may earn this point even if the variable resistor is not included
in the circuit diagram.

For a schematic diagram with the ammeter in series with the capacitor and resistor 1 point
For a schematic diagram that uses a switch to connect the battery to the capacitor 1 point
For a schematic diagram that uses a switch that allows the capacitor to discharge through 1 point

the resistor

Example Response

Total for part (a) 4 points
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AP Physics C + EBREZ HUMHX 2022 Set 1 Q2 (b)
RERiEHE: ERXARMBEAELE

LQRIERIRFIFREBAE, KWEERBUAKEBABEMNIERE, HI=-dQ/dt. BARBEQ/CEHETFHEBIKZEM
HYEBIEIR,

SEABEREFERN2ENME, F2dQ/Q=-dt/(REC), MIIBQ, M7 EIQ. MO EIt, AFEUE
Wo HBEREREHQHR.

Q  Q

. — *t/(Rtotalc)‘
dt Rtotalc 7 Q Qoe

%8 2022 Set 1 Q2 (b)

2. The plates of a certain variable capacitor have an adjustable area. An experiment is performed to study the
potential difference across the capacitor as it discharges through a resistor. A circuit is to be constructed with the
following available equipment: a single ideal battery of potential difference AVj), a single voltmeter, a single
resistor of resistance R, a single uncharged variable capacitor set to capacitance C, and one or more switches as
needed.

Variable
Battery  Voltmeter  Resistor Capacitor Switch

- O e e

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

t

(b) Show that the potential difference AV across the capacitor as a function of time ¢ is AV (¢) = AV} eiﬁ as

the capacitor discharges.
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2022 Set 1 Q2 (b)

fi#:

(b) MIEIE S RIUEAE R IR S

q(t) >0
NFFGEI IEARAR EFRIARA R, T HIZ AR iR 7 o) FRE A R R SN
I>0,
T2
I = —dq/dt,
TS TR/ D . TRCERRIEE N, FA A HE AR5 T FRH R -
C =IR = —R%
Sy AR, o BRI ]
q>0,
A[DARRAq. HERIEGHRTIC A
CAV,

fefte, FERDNBEN SR C:

q(t) = qoe /BO | AV, (t) = AVye t/(RO)|

VIR
AV,
KIS, fa
t/(RC)
TR, FH
RC

I EAALZERD,
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MY 2022 Set 1 Q2 (b)

BA¥5

(b)

For using an appropriate loop equation

Example Response

Ve =Vg =0

1 point

For correctly substituting % and /R in a loop equation consistent with the first point

Example Response

q
4 - IR
C

1 point

For using a differential expression consistent with the loop rule in the first point that

. o d
includes a substitution of / = ——z for the current

Example Response

49 __4d9
C dt

1 t=t
" RCJi=0

dar= [T Lgy
q=4 q

Ly (Mj BCIONE

RC 4o 4o

c

1 point

q(1) _ %oe—t/Rc V(1) = Vye tIRE

Scoring Note: The point can be earned regardless of the sign used in the substitution of

ﬂ for the current.
dt

£:3] 2022 Set2 Q2 (b)

Battery

e |

Ammeter

- -

Variable
Resistor

132

2. A non-ideal capacitor has internal resistance that can be modeled as an ideal capacitor in series with a small
resistor of resistance 7. A group of students performs an experiment to determine the internal resistance of a
capacitor. A circuit is to be constructed with the following available equipment: a single ideal battery of potential
difference AVj), a single ammeter, a single variable resistor of resistance R, a single uncharged non-ideal capacitor
of capacitance C, and one or more switches as needed.

Non-ideal
Capacitor

Total for part (b) 3 points

Switch

—o/o—




AP Physics C + EBREZ HUMHNX 2022 Set2 Q2 (b)

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

—t

(b) Show that the current I through the capacitor as a function of time 7 is I(¢) = Ioe(R+rC) < as the capacitor

discharges.

fi#:

(b) UERHTH L FL A BRI IEARAR AR FLART Dy

q(t),
L GERSERT TN
I = —dgq/dt,
FRIBR ] & 5L FELRE
R+ rgo
HAHFR AR
q/C
AEZE PR FELRH A SRR R -
4 _ I(R+rs)=—(R+ rc)@.
C dt
%
qo = CAVj,
VAR
lnqio _ _m, ¢ = goe—/(R+re)C),
FHH
I'=q/[C(R+ro)],
LG ERTWA
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FIt A

I(t) = I e t/I(B+re)Cl|

It 1) 5 A
T = (R + ’rc)Co
5Set 1 Q2 Hlbr RN AR, 1X B A LA PR AR 28 A5 i HRL A1 8 B,

BEANS

(b)  For using an appropriate loop equation by substituting a correct expression for the potential 1 point
difference across the capacitor in terms of 7, C, and 7 and IR for the potential difference

across the variable resistor, if included
Example Response

Ve Vg =0

q .4
E_I”C:[R..E:I(R'f‘rc)

For substituting R + 7 as the total resistance of the circuit 1 point

Example Response

Rtotal =R+ c

Scoring Notes:

e This point is earned if the above substitution is made anywhere in part (b).
e Ifthe variable resistor is not included in the expression, accept expressions without
R throughout.
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For a correct differential equation consistent with the first point that could be used to 1 point
determine the current / through the capacitor as a function of time ¢

Example Response

dg 1 _ dl
ac - Rre)g
L dl. . _ _dq
Ie=Rere)gs I==4

Where ¢ is the charge on one plate of the capacitor that decreases over time

ldl __ -1
Idt C(R+1p)
mL -t

Iy, C(R+1p)

-1
I = IOeC(R-H'C)

Total for part (b) 3 points

REUZBEAE. BERAMBEEN
FEREREERREBEEN, Fitl=dQ/dt. BERASMALKEIE, BMFAES. BERERE. BREE
Q/CZHMAZE,

FHEAAS: B—XNTREHEK, FTRSBHMTHE—FDZRIZAL BEK, MEBERTKEN, EHRMN
B 7EE5TM BT,

aQ — Q
& — Rtotalﬂ - 5 =0.
% 2023 Set 1 Q3 (a)
Switch
AT B
+L_ Resistor 1 % Resistor 2% )
€= Capacitor 2 " —

Capacitor 1

T

3. The circuit shown consists of a battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1 and 2
with capacitances C and 2C, respectively, and a switch. The switch is initially open and both capacitors are

uncharged.

At time t = 0, the switch is closed to Position A.
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(a) Write, but do NOT solve, a differential equation that can be used to determine the charge Q on the positive
plate of Capacitor 1 as a function of time ¢ after the switch is closed to Position A. Express your answer in
terms of €, R, C, O, t, and fundamental constants, as appropriate.

i
(a) R TIRE, AR RIFBRIIERRIE
R/2;
WG R RDSYE 2T
I =dQ/dt,
FARAE ST IR FELRH AR SRR PRI, T 7 FEL ] 5 71 L T e

At AR 77 1A

=2 X =0, Q) =0.

A H A EROR R, FERXDEIRCRS HivE XETA] 72 (a).

BAITS
. . . . 1 point
@) For a loop rule expression that includes terms for the equivalent resistance gand the potn
potential difference across the battery
For an expression that includes charge Q in the term relating the potential difference across 1 point
the capacitor and includes charge per unit time % in the term relating the potential

difference across the pair of resistors

Example Response

E~AVp—AVg,, =0

_9Q RAO _
E-c 2a ="

Total for part (a) 2 points
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#£>] 2023 Set 2 Q3 (a)
Switch
Y
A B

Resistor 1 § Capacitor 2 ——

Capacitor 1 ——

MV
Resistor 2

3. The circuit shown consists of an ideal battery of emf £, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors are uncharged.

At time t = 0, the switch is closed to Position A.

(a) Write, but do NOT solve, a differential equation that can be used to determine the charge Q on the positive
plate of Capacitor 1 as a function of time ¢ after the switch is closed to Position A. Express your answer in
terms of €, R, C, Q, t, and fundamental constants, as appropriate.

fi#:

(a) FEHLTTHE, ARMEFEHLIN R —FEIADES P R, <532
2R,
[ 6% P FEL T FE 1) 44 5 1 L REL AR P 3 5 P FEL T 2

R Q
R & C 0}, Q0)=0
X A RE Rk Set 1 1Y
R/2;

DB IR B A BA TR R
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BA¥5

(a) For a loop rule expression that includes terms for the equivalent resistance 2R and the 1 point
potential difference across the battery

For an expression that includes charge Q in the term relating the potential difference across 1 point
. . ... dO . . .

the capacitor and includes charge per unit time i the term relating the potential

difference across the pair of resistors

Example Response

E~NVe~AVpy =0
e-2 ¥ _,

C dt

Total for part (a) 2 points

L% KEVE. KESTUERE
BARVGRTE, TEBEASZFMETERMEE; BRAM/REZHETE, HEER=REC, 25
HT U EIRE,

EREAZE=Q/A, BFX5QMEF, BENEP=I?REMEHEHERTE,; BREEU=Q?/(2C)#IERIEN
B, ZEAZHBEY, FaiBUBEMEER M,

& Q?
Q=CE(l—etlr), T=="—ct" U=2.
total 20
5% 2023 Set 1 Q3 (b)
Switch
Aj B
+L_ Resistor 1 % Resistor 2% )
= Capacitor 2 ”—

Capacitor 1

T

3. The circuit shown consists of a battery of emf &€, resistors 1 and 2 each with resistance R, capacitors 1 and 2
with capacitances C and 2C, respectively, and a switch. The switch is initially open and both capacitors are
uncharged.

At time 7 = 0, the switch is closed to Position A.
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AP Physics C + EBREZ AN 2023 Set 1 Q3 (b)

(b) On the axes shown, sketch graphs of the surface charge density o on the positive plate of Capacitor 1 and the
total power P dissipated by the resistors as functions of time ¢ from time # = 0 until steady-state conditions
are nearly reached.

c P
0 ! 0 !

fi#:

(b) TEARAR I LA 2 FEE 5 P RELEL D2 T R IR, AT BRSSP R FE PR, IR 4
T =RC/2,
LA IARIIA N A, TEETFRAEA R

Q=ce1—et), o= L0 ),

Fitto WEFFEE, ETHEERRRWRD, K
CEJA,.
SR
I = (26/R)et",
L BEL I 17 A 8 P 25 5 R R L

R 2&2
— 72 _ 2% 2t/T
P=1I 5 7 e .
EMIEEYNE FRERIE, dhgkm E2h, Nl DRK - S IR IA—1, ik
u=t/T,
gy P/F,
u u
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AP Physics C + EBREZ AN 2023 Set 1 Q3 (b)

BA¥5

(b) For sketching a concave down and increasing curve on the graph o as a function of ¢ 1 point
For sketching a curve that is concave up and decreasing on the graph of P as a function of ¢ 1 point
For sketching both curves that approach a slope of zero as time increases 1 point

Scoring Note: The third point can be earned even if the first two points are not earned.

Example Response

o P
[ A
(0] -1 0 > |
Total for part (b) 3 points
il 2023 Set 2 Q3 (b)
Switch
Ny
A B

Resistor 1 § Capacitor 2 ——

Capacitor 1 ——

MV
Resistor 2

3. The circuit shown consists of an ideal battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors are uncharged.

At time t = 0, the switch is closed to Position A.
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AP Physics C + EBREZ HUMHX 2023 Set2Q3 (b)

(b) On the axes shown, sketch graphs of the current I in Resistor 1 and the energy Ug stored in Capacitor 1 as
functions of time ¢ from time ¢ = O until steady-state conditions are nearly reached.
Ig Uc
0 ! 0 !

fi#:

(b) FEFHIHLL S A LBRER R H 202

T =2RC,
FEHRIAERZS
¢ —t/T —t/T
IR:2R6 , Q=CE1—e ),
Q2 052 i
-~ _ 7 (11— /T\2
UVe=56=—7 0=

A MAERAE TR, EFHARRZHRED. fERNET EAIFET

C&?/2,
HYMERRNFT: WA
Q@ =0,
MRER S
02
HRe %
u=t/T,

REE YA —fLhZ N
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AP Physics C + EBREZ HUMHX 2023 Set2Q3 (b)

(1—e™)%
—r e
27 (2e7"—1),
Pl A3 B2,
U =1n2

JEA A N BRI TR KA REILRII - UIEE B — S W RO AR 2R ) N B TR R ZR,

B RBIER T 2R FEREARE, ESXEMRERIRIGHIIt R A ER], AEIR
BRTRRIOIHIAR, PR BRI A RECE R RS- 77 R HO AR

Ip/1, Uc/Uy
Uu Uu
BANS
(b) For sketching a concave up and decreasing curve on the graph of [ as a function of ¢ 1 point
For sketching a concave down and increasing curve on the graph of U as a function of ¢ 1 point
For sketching both curves that approach a slope of zero as time increases 1 point

Scoring Note: The third point can be earned even if the first two points are not earned.
Example Response

]R U('

Total for part (b) 3 points
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AP Physics C + EBREZ HUMHNX 2022 Set 1 Q2 (c)(i)
SRR E . INSERME

BEES=REN, STRUVAEBREV,BEEANE, 52In(VC/V,)=-t/(RC), LLETLEN, ERRERN
-1/(RC). EiLEENZE,

BHEAAMECE, BfEE#1=(R+rC)C=CR+CrC, FRULTXMIMNEPERBESZ. EELTRRIBAEE, T
BT B iR = (R .

In-C=——.  7=CR+Cre.

I 2022 Set 1 Q2 (c)(i)

2. The plates of a certain variable capacitor have an adjustable area. An experiment is performed to study the
potential difference across the capacitor as it discharges through a resistor. A circuit is to be constructed with the
following available equipment: a single ideal battery of potential difference AVj), a single voltmeter, a single
resistor of resistance R, a single uncharged variable capacitor set to capacitance C, and one or more switches as
needed.

Variable
Battery  Voltmeter  Resistor Capacitor Switch

L O

(c) The experiment is performed using a resistor of R = 150 k(). Data for the potential difference AV, across the
. . AVe . .
capacitor as a function of ¢ are recorded and a plot of In| ——| as a function of 7 is created on the graph
AV
below.
i (AVCJ
n
AV,
0.0 1(s)
B o e B T T o Bt Sy S g N O O B S A o= S A B B B
[y S Py A Ay Iy
TR Y REAEN AR SRR IR I
| e I I O O O O A A |
T [ TTTT | T T T I 0 I [ TTTT |17 IrT]
_O.ZITIITIIIIITIIIIYTITIIIIT
B B e e s il o e e B Bl ol e s el b o
B e el B S e e i B ol E S SR R S SRR
L R T | | S T R )
Ry S Y O O I O Iy Iy
_04I\II\I|III\IIII\\I\IIII\
. rrrrprrr e T e e e e
TA [ rTTTTI 7 rrTrT T 0 [ rTTT |71 rrr
'T'T_|_I__T‘TT'T__I_I_T_T'"T_!ﬂ_\_“_Y‘TT'T__I_I_I_T'
B B el o B e el o o e B B e o ol e i B e e el
T R T T O Ty T T O O S T T O Y M S
_06I1IIllllllllllllllllllll
: [y S O A Iy I
I O T Y A O I
Tt frrrrprrrr et frrriretr ol
T [ TTTTI | I T T 1 [T TTT 71T Irrr
0.8 i B b el el o e e o el el s s o ol et e s B B El et el 4
0.0 0.1 0.2 0.3 0.4 0.5 0.6

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

t
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AP Physics C + EBREZ HUMHNX 2022 Set 1 Q2 (c)(i)

i. Draw the best-fit line for the data.

fi#:

(o) (i) ARG ELRr 4 REOT L

IRl B — AR MBS N EZ, MIAANRIRUGER U RENT OB R i
ANEIRE,

0.1 —0.12
0.2 —0.28
0.3 —0.40
0.4 —0.50
0.5 —0.70
0.6 —0.76

XX SRS N

y ~ —1.303t — 0.004,
HUEREIEHICET, THAHXFSHE-SHTE4.
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AP Physics C + EBREZ HUMHNX 2022 Set 1 Q2 (c)(i)

BA¥5

()i  For drawing an appropriate best-fit line 1 point

Example Response

1 [%j
AV,
0.0 1(s)
50 0 S R Sy
1 N s I e A T
R, [ O Dy I
[T (I R I O B I
0.2 TI | T CT{TI0 [ TTTT] T
—VU. T T T T [T INg ([ rrrr[rrrrrrrr [ rrrr
B R e o ot i S UL i o o o o o B B B e
B R e e . & Ll ak ah i b el ml ab e e = N S S 5
I S . A O O
O T O A 0 6 1
B /8 N A A TR AN
g [ I I (I I
TIATC[TTTI I T INC [ TTTT] T
AT r T T T T ANy P T T T
b e o el et B R e B ey
444—F—L++4—4—###n4444—5\*i4—4—hkk
_061]IIIII11I1IIIIIJ | T
e R oL SN
T [ TTTT7] | R
TIATT[TTTT |
08 AT I
0.0 0.1 0.2

#:3] 2022 Set 2 Q2 (c)(i)

2. A non-ideal capacitor has internal resistance that can be modeled as an ideal capacitor in series with a small
resistor of resistance 7. A group of students performs an experiment to determine the internal resistance of a
capacitor. A circuit is to be constructed with the following available equipment: a single ideal battery of potential
difference AV, a single ammeter, a single variable resistor of resistance R, a single uncharged non-ideal capacitor
of capacitance C, and one or more switches as needed.

Variable Non-ideal
Battery =~ Ammeter  Resistor Capacitor Switch

- —® e b e
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MY 2022 Set 2 Q2 (c)(i)

(c) The students determine the time constant 7 for the circuit as a function of the resistance R. The students’ data
are shown in the following graph.
T (s)
08T — —
P e e e e e e e e
I H . P
e e e ot et it
| L 1 | Il 1 L | L
0.6 I | | | I | | L4
RN SRRYURY SRS 1 UER SN YU RPNV [N S ESYUC SRR SR N
| | | | | | Py | | |
i b bl teehlh Bl e Sl A (i Shebeks thebehs dhet
SR N N
04 4+—— — —
-l 11 __1__@®@_ _1__ __L__J.__‘L__
SRS N S
| | | | | | | | |
e S e e e e s Mt bl b
02+——*— — —
B S I IS N S IS (S N U N N
I [ I I I I [ I [
<+ 1+ 1L 1+ _1__|]
| | | | | | | | |
B
0.0
0.0 1.0 2.0 3.

0 R (Q)

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

i. Draw the best-fit line for the data.
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AP Physics C + EBREZ UMY 2022 Set 2 Q2 (c)(i)

fi#:

(o)1) ML EEL A EL AT ) B Bk s R T
7=CR+Cre.

XERENC, BN

Creo
ELZ, RN EERELESE R, ERNAEREEZAENER, RENTRIERN
(0.5,0.21),(1.0,0.29), (1.5,0.36), (2.0,0.51), (2.5,0.59),
BNLIT AN BRI FIRD, ARIEEE RIS, 52
7~ (0.196 F) R + 0.098 s.
7 (s)
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AP Physics C + EBREZ UMY 2022 Set 2 Q2 (c)(i)

BA¥5

(c)(i  For drawing an appropriate best-fit line 1 point

Example Response

T(s)

0.8

0.6

0.4

0.0 == R (£2)
0.0 1.0 2.0 3.0

TRERKRCHEAR: 2ARFMEEE

In(VC/V,) 3HtEIR S &1Z b5 C=-1/(Rb)s TXREIBIFIZEDbLC=b, M EEEaZirC=a/b,

EEELEB— RN NE, BEINESE LS, RENEIEHRLRENEREMEE, FTEER
ME S HT/RYERBE,

Cm—gp CIBE) :  Cob o= (ERNE) .
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AP Physics C + EBREZ UMYX 2022 Set 1 Q2 (c)(ii)

583 2022 Set 1 Q2 (c)(ii)
2B EdE 2022 Set 1 Q2 (c)(i)o

2. The plates of a certain variable capacitor have an adjustable area. An experiment is performed to study the
potential difference across the capacitor as it discharges through a resistor. A circuit is to be constructed with the
following available equipment: a single ideal battery of potential difference AVj), a single voltmeter, a single
resistor of resistance R, a single uncharged variable capacitor set to capacitance C, and one or more switches as
needed.

Variable
Battery  Voltmeter  Resistor Capacitor Switch

Al O e e

(c) The experiment is performed using a resistor of R = 150 k(). Data for the potential difference AV across the
. . AVe . .
capacitor as a function of ¢ are recorded and a plot of In| ——| as a function of ¢ is created on the graph
Y
below.
i (AVC]
nl=—<
AV,
0.0 1(s)
B e ol S S e B P el S e e e S e A R =k b
S N S Ry A Ay Iy I g
TR STRIRTIOY I AN Y ST O AT R
O (T P O O |
T [ TTTT ] T Ta 0 I [ TTTT |1 1]
_0-2ITIITIIIIITIIIITTITIIIIT
B B S el el o oty o el ol B ol kol o s B Bl R o
e e N N NS
B L R B O  k 'r o= e B ey F
S Ay O Ay Y
_04|\||\IIIII\IIII\\I\IIII\
rrrr el
T [ TTTI | r T T I [ TTTTI 1 rrr
e et " " A A A A
B B bt e e B B e e R e ol e e B ey e
A O R A O Y Y
_06|\||\|||||\||||\\|\||||\

: Ay Iy A I oy iy
A A B S
rrrrprrrrrprrrrprr e rrrie ol
IO rTTI I T T 1 T [ rTTT 71 T

08 B o ol o o s o e el SR o s B B ol o R o S s B A e . 4

0.0 0.1 0.2 0.3 0.4 0.5 0.6

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

t

ii. Using the best-fit line, calculate a value for the unknown capacitance C.
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AP Physics C + EBREZ UMYX 2022 Set 1 Q2 (c)(ii)

fi#:

(0)(ii) HRPRKRHEARREEHZ

RC,
MAZ R BOM BN 9I4G R O ELETH 2. I IE L ERI MHEERIZAI A, Bkl
(0, —0.004)
5
(0.6,—0.7858):
~—0.7858 — (—0.004) B o
c—_ 1 __ ! ~[5.1x10°0F = 5.1 uF|.

Rm (150 x 103)(—1.303)
AHNFLMUGERIAMEERNGER, BIIRPIRMS —FRIEULE, Hithd)
5k,
HURPRIN - LR B, AR5ER N SR 1A 4 2 S HUR.
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AP Physics C + EBREZ UMYX 2022 Set 1 Q2 (c)(ii)
BAIFS

(c)(ii) For using an appropriate equation to relate the unknown capacitance to the data 1 point

Example Response

_ ~t/RC . V(1) _ ~t/RC . V(?) __t
V(t)=Vye . =e s n 7, )" ’e

For correctly calculating the slope using two points from the best-fit line 1 point

Example Response

(37 )} _(070-(040)

slope = ——4, (054s-0305s)

Scoring Note: A response may earn this point regardless of the associated unit.

For correctly relating the slope to the unknown capacitance 1 point

Example Response

-1 -1
slope = ——— .. C = = =
RC slope x (R)  (-1.25 57" ) x (150 kQ)

SuF

Total for part (c) 4 points

523 2022 Set 2 Q2 (c)(ii)
Zsjn) 7&4E 2022 Set 2 Q2 (¢)(i)o

2. A non-ideal capacitor has internal resistance that can be modeled as an ideal capacitor in series with a small
resistor of resistance 7. A group of students performs an experiment to determine the internal resistance of a
capacitor. A circuit is to be constructed with the following available equipment: a single ideal battery of potential
difference AVj), a single ammeter, a single variable resistor of resistance R, a single uncharged non-ideal capacitor
of capacitance C, and one or more switches as needed.

Variable Non-ideal
Battery =~ Ammeter  Resistor Capacitor Switch

- —® e b
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MY 2022 Set 2 Q2 (c)(ii)

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

(c) The students determine the time constant 7 for the circuit as a function of the resistance R. The students’ data
are shown in the following graph.
T (s)
08T — —
P e e e e e e e e
I H . P
e e e ot et it
| L 1 | Il 1 L | L
0.6 I | | | I | | L4
RN SRRYURY SRS 1 UER SN YU RPNV [N S ESYUC SRR SR N
| | | | | | Py | | |
i b bl teehlh Bl e Sl A (i Shebeks thebehs dhet
SR N N
04 4+—— — —
-l 11 __1__@®@_ _1__ __L__J.__‘L__
SRS N S
| | | | | | | | |
e S e e e e s Mt bl b
02+——*— — —
B S I IS N S IS (S N U N N
I [ I I I I [ I [
<+ 1+ 1L 1+ _1__|]
| | | | | | | | |
B
0.0
0.0 1.0 2.0 3.

0 R (Q)

—t

ii. Using the best-fit line, calculate a value for the internal resistance 7 of the capacitor.
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AP Physics C + EBREZ UMYX 2022 Set 2 Q2 (c)(ii)

fi#:

(c)(ii) SR ATERELRE MM Al — S S L BURER S, _EIRLRAE

R =0
=
R =3.0Q
AL E(E S 51290.098, 0.686 s, #X
0.686 — 0.098
C=m= 300 = 0.196s/Q2 = 0.196 F.
R HEl
b=Crg,
T2
b 0.098

=2 2% 0500
"¢ = T 0196

X—EEE TATUREILGL, BREMFLS7ENEER. BARRSL0.4Q; s —5%a
LiBURIPEST

7= 0.20R 4 0.08

0.08/0.20 = 0.4,
R RZIGERER, BEMER R &K%, SRERMANREL LA, MM CERIE 7
re =>b/m

XL KR,
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AP Physics C + EBREZ UMYX 2022 Set 2 Q2 (c)(ii)

BA¥5

(e)(ii)

For correctly determining the slope of the line 1 point

Example Response

(0.24 -0.08) s
lope = ~————~——=02F
slope =759 02y 0 = °
For using the equation 7 = RC to determine that the slope must be C 1 point

Example Response

7 =RC

T=(R+71)C

T=CR+71C

For correctly relating the vertical intercept to the internal resistance of the capacitor 1 point

Example Response
Vertical intercept = 7, = 7-C

Vertical intercept = 0.08 s

_ vertical intercept

VC = C
_0.085s
02F
re=04Q

Total for part (c) 4 points

HETRAEEE. RERHSRENSK

FHINEEFREEERE, UKEH, NERESEBFHAGRRIE L. BARFTIREMRECELX; JFER
MERNBEAESWIRITNEBEAE.

ROTBEEMETE, BMRNALRSER; HEEMNRBERFEEASBEBAME, BRI EE

HESE, ARHIAMMRERAIM, Faey “JFER" mespi.

Czag, T=(R+rc+ry)C.
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fBI=A 2022 Set 1 Q2 (d)

2. The plates of a certain variable capacitor have an adjustable area. An experiment is performed to study the
potential difference across the capacitor as it discharges through a resistor. A circuit is to be constructed with the
following available equipment: a single ideal battery of potential difference AV}, a single voltmeter, a single
resistor of resistance R, a single uncharged variable capacitor set to capacitance C, and one or more switches as
needed.

Variable
Battery  Voltmeter  Resistor Capacitor Switch

B i O e

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

t

(c) The experiment is performed using a resistor of R = 150 k(). Data for the potential difference AV, across the
. . AVe . .
capacitor as a function of ¢ are recorded and a plot of In| —— | as a function of ¢ is created on the graph
AV
below.
i (AVC]
nl—<
AV,
0.0+-——"—m—"—"——"T t(s)
B i nh s el ah A b e bt b
B A (O A oy
AT AT TN O AN I
(T O |
T [ TTTT | rrT T [ TTTT 71T
_02|\||\IIIII\IIII\\I\IIII\
B e S el e o ot R el ol e B it o e s Bl b o
B e B B S e e R B e e e e B S SRS
B B N M EmumrE
Sy S S O I )y I iy I
_04I\II\IIIII\IIII\\I\IIII\
. Frrr ey e e frrd
TI [ TTTI | T T I [T TTT |71 T
LA e e R A B I R
[ o el o e e B e el R ol B B o S B B S B
T R T O Ty T O O S S T O Y M S
_06IJII\IIIII\IIII\JI\IIII\
: Uy O A A A O Ay
IS O ) AR O I Y
Tt rrrorfrrrrfrr [ rrriel ol
T [ TTTI | I rr T T I I [ rTTTTI |71 rrr
0.8 t4———Ft+t+tt——FtTtAA—— Tt~ 9
0.0 0.1 0.2 0.3 0.4 0.5 0.6

(d) The capacitor is adjusted so that the surface area of the plates is increased, and the experiment is repeated.
Would the slope of the best-fit line in the second experiment be more steep, less steep, or unchanged compared
to the slope of the best-fit line in part (c)?

___ More steep ___ Less steep ___Unchanged

Briefly justify your answer.
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AP Physics C + EBREZ HMHNXY 2022 Set 1 Q2 (d)
fi&:

(d) AR T A B T T AR R A TEAR RO A1 A 2L I
C=cA/d;
AR, SO, BT
m| = 1/(RC),

HAER/D, ARRERILE, KittikELess steep (BRTFE) . WRHIEHEER, HEARWHEATE
MHFEHE N EGETE Z HL M, &R — R TREEA,

EHTS

(d) For selecting “Less steep” and an attempt at a relevant justification 1 point

For correctly relating the correct change in capacitance to the slope of the graph 1 point

Example Response

Increasing the area of the plates increases the capacitance of the capacitor; thus, the
magnitude of the slope will decrease.

Scoring Note: Part (d) is scored consistently with part (c).

Total for part (d) 2 points

#:5] 2022 Set 1 Q2 (e)(i)

2. The plates of a certain variable capacitor have an adjustable area. An experiment is performed to study the
potential difference across the capacitor as it discharges through a resistor. A circuit is to be constructed with the
following available equipment: a single ideal battery of potential difference AVj), a single voltmeter, a single
resistor of resistance R, a single uncharged variable capacitor set to capacitance C, and one or more switches as
needed.

Variable
Battery  Voltmeter  Resistor Capacitor Switch

L O

(e) The ideal battery is then replaced with a non-ideal battery with internal resistance », and the experiment is
repeated.

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

t
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MY 2022 Set 1 Q2 (e)(i)

] as a function of ¢ is created on the graph

INA
AV

capacitor as a function of ¢ are recorded and a plot of In

(c) The experiment is performed using a resistor of R = 150 k(). Data for the potential difference AV, across the
below.

~

%2

N—

-~
RV A A
S IV SO I I O A
A Ny Ay Y
LIy I I A Oy A
[ A U
rrrTr T T T T T T T T T
i B el ol i e el ek o ol s B Al o
4=+ A o A
B o b = = Y S SO B A B S
S RO O I ST R AR
TR I I PN A A
AL D ey O Dy Y
[ I I A I I B
TATT O TTIO [ CATTT] 7T
TS T T T T T T T
B e e e o e e el e i B e oh
RIS VO O S N Y
NN IV S I I S AR
A Ay
LAy I O
[ S e
rT T T ryrv 1 17T 1T T 1T TT1TT
B el ol o e el et o ol e B Rl o
B B it B B B B e o e R aE e
B E o T B I S eE
VA YA S Y BB
I SO N S A v |
T S AR AT
T I O A I I B
TATTCTTIO [ CrTTT] 7T
TATTE T T T T T T
b B il ol o o o B B el o o B B e o

N s ° x®

AP Physics C - FEHAZ

0.6

0.5

03 04
RC,
R+r
INEIZT
157

m = —1/(RC)
FITEIX— MBS 5 R B T P B A5 7 920

0.0

No

|
BIs

2
H

i. Would the slope of the graph in this final experiment change compared to the graph in part (c)?
Yes

Briefly justify your answer.

(e)(i) AFREAB I R ZRIRID? 14 No, HERTES, CIWIT, Fith PR r A 1E M &7 R R B
, IR

I,



AP Physics C + EBREZ UMYX 2022 Set 1 Q2 (e)(i)

BA¥5

(e)(i) Correct answer: “No”

For selecting “No” AND correctly describing the effects of the internal resistance of the 1 point
battery on the slope of the graph at = 0

Example Response

No. The capacitor still discharges only though resistor R, so the slope is the same.

#7>] 2022 Set 1 Q2 (e)(ii)

2. The plates of a certain variable capacitor have an adjustable area. An experiment is performed to study the
potential difference across the capacitor as it discharges through a resistor. A circuit is to be constructed with the
following available equipment: a single ideal battery of potential difference AVj), a single voltmeter, a single
resistor of resistance R, a single uncharged variable capacitor set to capacitance C, and one or more switches as

needed.

Variable
Battery  Voltmeter  Resistor Capacitor Switch

= O ow A e

(e) The ideal battery is then replaced with a non-ideal battery with internal resistance r, and the experiment is
repeated.

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

t
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HMFEX 2022 Set 1 Q2 (e)(ii)

AP Physics C - FEHAZ

(c) The experiment is performed using a resistor of R = 150 k(). Data for the potential difference AV, across the

] as a function of ¢ is created on the graph

INA
AV

capacitor as a function of ¢ are recorded and a plot of In

below.

~
W
N’
~
BT N NG T T S B B
[ Ay Oy Oy Iy Iy
O IR I AN
LI A O D Y
T rrr i rrrT T
rrrrirrrry T T rTT T T
i e e e s e e s e el e e e e (s ol
R il e i B B e e B Bl el o
I O R T S R A
R Ry S T ) Iy ey g I
___P____k_ﬂk_____
[P IR I I B
L rr
T TTI T T T~ T
T T T[T T T T T T
i Bl nE o i e b el e ek e B Bl kol
S R N ST A A )
Ry [ Y ) I I
I R T AN
L A O Y
L rarrprrrrprrn
rr1rr|iryrrr|rrrr— [ 117 T1T
b S e et s e s s Il e e e el
B B it B B B B e o e R aE e
RIS R NV A Y
R A S O ) )
| S N S N N I |
[ T RO I
el
— T TTI T T T T
1] =] o e et
S 0 B e e e o el ek o o B e o
<<
~— < N A o o
= S =) 0_ S 0_

0.6

0.5

0.4

0.3

0.0

ii. Would the vertical intercept of the graph in this final experiment change compared to the graph in part (c)?

No

Yes

Briefly justify your answer.

(e)(ii) ZHBCEINEERNG? 1EFENo, FEFFE SR AT T-%F, At PRH AR

Ir

WiE T, ArARE RIS RS S5

AV,

In(AV,/AVy) =In1 =0,
FEH, AP RFEUZ—AERLUE 17870 78 FL S T FEU

=
=4

BHCNEEE A, WEH S
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AP Physics C + EBREZ HMHX 2022 Set 1 Q2 (e)(ii)

BA¥5

(e)(ii)  For selecting “No” AND correctly describing the effects of the internal resistance of the 1 point
battery on the initial value of the graph

Example Response

No. The best-fit line does not change, because the internal resistance of the battery does
not affect the final potential difference across the charging capacitor.

Scoring Note: This point is scored with consistency with the circuit drawn in part (b).

Total for part (¢) 2 points

Total for question 2 15 points

% 2022 Set 2 Q2 (d)

2. A non-ideal capacitor has internal resistance that can be modeled as an ideal capacitor in series with a small
resistor of resistance 7. A group of students performs an experiment to determine the internal resistance of a
capacitor. A circuit is to be constructed with the following available equipment: a single ideal battery of potential
difference AVj), a single ammeter, a single variable resistor of resistance R, a single uncharged non-ideal capacitor
of capacitance C, and one or more switches as needed.

Variable Non-ideal
Battery =~ Ammeter  Resistor Capacitor Switch

= A l\\—||—w—}l e

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

—t

(c) The students determine the time constant 7 for the circuit as a function of the resistance R. The students’ data
are shown in the following graph.
7 (S)
0.8 I I | | i | | I |
e e e E ey e S S iy E i S i R
b
e e et e B et
0.6 I | | | I | | L |
‘S B B M O S
| | | | | | | | |
R T e e B e e e [ e e
T —————
04+—— — ——
-+t x4+ _1__ @ _1__ L __1__1__1__
P P S S S
| \ R 2 | | |
T e e e e e i et B e e
2+ — e e
0 S N IS SO ISR NN S IS R N B
I | | I I I I I |
S 0 S 10 B O S R
B R I
0.0 R(Q)
0.0 1.0 2.0 3.0
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AP Physics C + EBREZ HUMHNX 2022 Set 2 Q2 (d)

(d) The ammeter is found to be nonideal. Is the actual value for the internal resistance 7 for the capacitor greater
than, less than, or equal to the experimental internal resistance of the capacitor calculated in part (c)?

__ Greater than _ Less than ___Equalto

Briefly justify your answer using features of the graph in part (c).

fi#:

(d) HEFARAFFEARN, HSr SR EC R RRR NI

T’A>Oo

FRIR s FL R S Fr 2
R4+ro+ry4,
FiT A
T=CR+C(rg+r1y).

BRI NC, EHEEL T

Cry;
RWE IR ANRER, 2

b/C
FHEE, REDLERHE
TCexp = T 1T 40

Ktk SR AN Less than UNT) SERRFTSE, X MK H EIRBEER I, Ak BAE

K,

BEANS

(d) For selecting “Less than” and an attempt at a relevant justification 1 point

For a correct justification that the internal resistance would be less due to the unknown 1 point
resistance that is measured being the equivalent resistance of the ammeter and capacitor

Example Response

The internal resistance of the ammeter would add to the internal resistance of the
capacitor due to the fact the circuit elements are in series, this would result in an
equivalent resistance that is measured in this experiment. Thus, the internal resistance of
the capacitor is smaller than this equivalent resistance measured.

Total for part (d) 2 points
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MY 2022 Set2 Q2 (e)

£:3] 2022 Set2 Q2 (e)

Battery

e |

Ammeter

Variable N
Resistor C

on-ideal
apacitor Switch
777777777 \

OB LN

2. A non-ideal capacitor has internal resistance that can be modeled as an ideal capacitor in series with a small
resistor of resistance 7. A group of students performs an experiment to determine the internal resistance of a
capacitor. A circuit is to be constructed with the following available equipment: a single ideal battery of potential
difference AVj), a single ammeter, a single variable resistor of resistance R, a single uncharged non-ideal capacitor
of capacitance C, and one or more switches as needed.

The capacitor is fully charged by the battery. At time ¢ = 0, the capacitor starts discharging through the resistor.

(c) The students determine the time constant 7 for the circuit as a function of the resistance R. The students’ data
are shown in the following graph.

T (s)
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R S
I I | I I | I I I
i e e e e s st e e
I I | I I | I I I
T T T T T T T T T
I | | I I | I I |
0.4 T T T T T T T T
N Y TN IS AP SN TR RO IO IS
| | | | I | | | |
T A A A
| | R o | | |
——t——t——t——f——t——t——t——f——F——t——+——
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I I | | I I | | I I I i
I T s s Hy Hy iy B B B
B Ay N A U Y RSN A RO Y
I [ | | I | | | [
S T Tt AP ST SO S
0.0 | | | | I | | |
0.0 1.0 2.0 3.0

—t

R (Q)

(e) The values of the variable resistor in the original experiment ranged from 0.5 Q to 2.5 Q. The experiment is
repeated with values ranging from 3.0 Q to 6.0 Q2. Would the slope of the best-fit line be more steep, be less
steep, or remain unchanged compared to the graph in part (c)?

___ More steep

Briefly justify your answer.

__ Less steep

____Remain unchanged
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AP Physics C + EBREZ HMHN 2022 Set 2 Q2 (e)
fi&:

(e) A B ATEEIRYSMEFEE R  Remain unchanged (PREFAAR) o TEREAY IR S SR,
T=CR+Crg

XA IR REVER — & EE; EAN RABIERMEABIIELSSA 177, RRIIVEEC, HE
R AET AL EHRRR" R,

BEANSR

(e) For selecting “Remain unchanged” and an attempt at a relevant justification 1 point

For a correct justification that the slope of the line is capacitance, which is independent of 1 point
resistance

Example Response

The relationship between the time constant and the resistance, the slope, is the
capacitance, which does not change regardless of how large the value of the resistance is.

Scoring Note: This point is scored with consistency with the circuit drawn in part (a).

Total for part (e) 2 points

Total for question 2 15 points

FEKRFEBE: FEBERABRNRRE

ERREEEREREEBERS,; KTBEFVREEENT, BEHERRIZRE, EBRMABENS
EB IR R BRI

BRELRSEEREIFRNIEE ARG R, HERIZEHRBEMEY, BT R S (FBRE ER
F3 Ao
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AP Physics C « EBRES M X 2023 Set 1 Q3 (¢)(i)

583 2023 Set 1 Q3 (c)(i)

Switch

AT B
+L_ Resistor 1 Resistor 2 )

&= Capacitor 2 "—

Capacitor 1

T

3. The circuit shown consists of a battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1 and 2
with capacitances C and 2C, respectively, and a switch. The switch is initially open and both capacitors are
uncharged.

At time 7 = 0, the switch is closed to Position A.

A long time after the switch is closed to Position A, the charge on the positive plate of Capacitor 1 is O, and
Capacitor 2 is uncharged.

(c) At time £, the switch is closed to Position B.

i. Immediately after time £, is the direction of the current in the switch directed toward the left, directed
toward the right, or is there no current? Briefly justify your answer.

fi#:

(0)(i) ¥EB JEFF R AT e R UG AL B IE. SO, HHQ); FA2MAN L,
B R H b5 AR S Sl HMAERMEAL B, B R EEERGEE TR,
SHHUA2 EARGER, Pt DAERE A
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AP Physics C « EBRES M X 2023 Set 1 Q3 (¢)(i)
BEAFS

(c)(i) For a correct justification that could include one of the following: 1 point

¢ An indication that the current is to the right with a justification that includes a
statement that indicates that positive charge has accumulated on the top plate of
Capacitor 1 and/or negative charge has accumulated on the bottom plate of
Capacitor 1 when the switch was closed to Position A

¢ An indication that the current is to the right with a justification that includes a
statement that indicates that the value of the electric potential of the top plate of
Capacitor 1 is larger than the electric potential of the bottom plate of Capacitor 1
when the switch was closed to Position A

Example Responses

The current is directed towards the right because the top plate of Capacitor 1 is positively
charged, meaning conventional current will flow clockwise.

OR

Toward the right. Current flows from high to low potential so it will flow from the top plate
up and right through the switch.

#:5] 2023 Set 2 Q3 (c)(i)

Switch
Ny
A B

A\

Resistor 1 Capacitor 2 ——

Capacitor 1 ——

AN
Resistor 2

3. The circuit shown consists of an ideal battery of emf £, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors are uncharged.

At time t = 0, the switch is closed to Position A.

A long time after the switch is closed to Position A, the total charge on the positive plate of Capacitor 1 is O, and
Capacitor 2 is uncharged.

(c) At time £, the switch is closed to Position B.

i. Immediately after ¢, is the direction of the current in Resistor 1 directed up, directed down, or is there no
current? Briefly justify your answer.
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AP Physics C + EBREZ MmN 2023 Set 2 Q3 (c)(i)
fi&:

(c)(i) B JEFEFHIA AT ARG, EARIE. ™R, HBAENQ); BEAE2NHH, 1E
LA LA LY = S B FERH LR AT KB, P4 A2 EARGER, A DA RN b, X2
RTS8 12875 S 2 K.

BA ¥

(c)(i) For a correct justification that could include one of the following: 1 point
e An indication that the current is upwards that includes a statement that indicates
that positive charge had accumulated on the top plate of Capacitor 1 and/or
negative charge has accumulated on the bottom plate of Capacitor 1 when the
switch was closed to Position A
e An indication that the current is upwards that includes a statement that indicates
that the value of the electric potential of the top plate of Capacitor 1 is larger than
the electric potential of the bottom plate of Capacitor 1 when the switch was closed
to Position A

Example Responses

When the switch is closed at time 1|, positive charge has built up on the top plate of the

capacitor. This positive charge on the top plate pushes charge up through Resistor 1 and
down through Capacitor 2 to charge Capacitor 2.

OR

After a long-time the top plate of Capacitor 1 is at a high potential due to its being charged
by the battery. When the switch is closed at time 1, the resulting current is up through

Resistor 1 as the current goes from high potential on the top plate to low potential clockwise
around the circuit through Capacitor 2.

MILEBARE: BATESRLRE

ERERBAHEK, RAMRBEEERER, BMRLN, HER ELRNEBETIE, ’RERBEY, 7
AAQ,=CV. Qy=Cy\Vo
FTH(C+CV=Q KV, BRIEEBABME, BEARBRHE, FEXZFHES—F

Q_Q

Q1+ Qs = Qy, a C, =V.
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AP Physics C + EBREZ UMYX 2023 Set 1 Q3 (c)(ii)

583 2023 Set 1 Q3 (c)(ii)
Switch
AT B

+L_ Resistor 1 Resistor 2 )
&= Capacitor 2 "—

Capacitor 1

T

3. The circuit shown consists of a battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1 and 2
with capacitances C and 2C, respectively, and a switch. The switch is initially open and both capacitors are

uncharged.

At time 7 = 0, the switch is closed to Position A.

A long time after the switch is closed to Position A, the charge on the positive plate of Capacitor 1 is O, and

Capacitor 2 is uncharged.
(c) At time £, the switch is closed to Position B.

ii. Determine an expression for the total charge on the positive plate of Capacitor 2 a long time after ;.
Express your answer in terms of O, and fundamental constants, as appropriate.

fi#:

(c)(ii) FEFEMGHHA2HA HEMIBH, D EARE S EATSFIE,
Q1+ Qs = Qqo
PR EIRASHHEIFERAE, HEEEFENE, WEAHEEES:

Q/C = Q,/(20),
R
Qe = 2Q1-
ERVAE

2
QZZ%a

LT PR LB T BE,  ASRERRDN A T I FLA L - 57
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AP Physics C + EBREZ UMYX 2023 Set 1 Q3 (c)(ii)
BAIFS

(c)(ii) 1 point

For indicating that the total charge on the positive plate of Capacitor 2 is %QO

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

The potential difference across Capacitor 1 is equal to the potential difference across
Capacitor 2. Capacitor 2 has twice the capacitance of Capacitor 1. Therefore, Capacitor
2 stores twice the charge that is stored on Capacitor 1. Due to conservation of charge,

Capacitor 2 stores an amount of charge equal to %Qm

£:3] 2023 Set 2 Q3 (c)(ii)

Switch
Y
A B

Resistor 1 g Capacitor 2 "—

Capacitor 1 ——

NN
Resistor 2

3. The circuit shown consists of an ideal battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors are uncharged.

At time t = 0, the switch is closed to Position A.

A long time after the switch is closed to Position A, the total charge on the positive plate of Capacitor 1 is Q, and
Capacitor 2 is uncharged.

(c) At time 1, the switch is closed to Position B.

ii. Determine an expression for the total charge on the positive plate of Capacitor 2 a long time after ;.
Express your answer in terms of O, and fundamental constants, as appropriate.

fi#:

(c)(ii) A2 =N B EARR <P e, P A E Baa AR, Rt
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AP Physics C -

BHEF M X

2023 Set 2 Q3 (c)(ii)

BEANS

(c)(ii)

Q+Qy=Qy, —~F=-—F = |Qy=-—|

For indicating that the total charge on the positive plate of Capacitor2 is &

2
Scoring Note: This point can be earned without supporting calculations.

1 point

Example Response

The potential difference across Capacitor 1 is equal to the potential difference across

Capacitor 2. Capacitor 2 has the same capacitance of Capacitor 1. Therefore, Capacitor

2 stores the same charge that is stored on Capacitor 1. Due to conservation of charge,

Capacitor 2 stores half of the original charge equal to %.

HEFR. YIRESEER
HEMERLBRMRHES, BRIV RANBEEER. ISRE-RBEAHE;, REWIABRET

o
w2

]

EE8RHBEAE

7o
Q2
Er=U,—Uy, U= Yok
7% 2023 Set 1 Q3 (c)(iii)
Zxja)7A&#E 2023 Set 1 Q3 (c)(ii)o
Switch
Aj B
+ L Resistor | % Resistor 2% i
&= Capacitor 2 "—

Capacitor 1

T

3. The circuit shown consists of a battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1 and 2
with capacitances C and 2C, respectively, and a switch. The switch is initially open and both capacitors are
uncharged.

At time 7 = 0, the switch is closed to Position A.
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AP Physics C + EBREZ UMY 2023 Set 1 Q3 (c)(iii)

A long time after the switch is closed to Position A, the charge on the positive plate of Capacitor 1 is Q) and

Capacitor 2 is uncharged.
(c) At time 17, the switch is closed to Position B.

iii. Derive an expression for the total energy Ejp dissipated by resistors 1 and 2 from immediately after
time # until new steady-state conditions have been reached. Express your answer in terms of C, 0, and
fundamental constants, as appropriate.

fi#e:

(c)(iii) P HRHAER IS BEBIX — [ BO% A it AN GE R, HAMERENIIR/D O HBHIAE, FIANH
HIARER, KEMAEA:

L@ Q3 (2Qu/3* _ Q3

Ui=5e s 20 2(2C)  6C"

(K IE AR RE RN

Q2

i “RAMEREEL” MR, ]
AU =U; — U, = —Q3/(3C);
TR B FRRIERERD, THEXA G B RO A IR R
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AP Physics C - FEHAZ

MY 2023 Set 1 Q3 (c)(iii)

BAS

(c)(iii) For an indication that the total energy dissipated by the resistors is the difference between an 1 point
initial electric potential energy stored in one or both capacitors at time ¢ = # and a final
electric potential energy stored on one or both capacitors after the new steady state
conditions have been reached
Example Response
Er =Uc = Uy
For indicating that only Capacitor 1 stores nonzero electric potential energy initially and both 1 point
capacitors store nonzero electric potential energy after the new steady state conditions have
been reached, or alternative consistent with part (c)(ii)
Example Response
Uoc = Un
Uc=U,+U,
For correct substitutions for the charges stored on the capacitors after the new steady state 1 point
conditions have been reached consistent with part (c)(ii)
Example Response
AER =Uc =Uyc
2 2 2
AE, = l(i) Q +1(L) 2001 |_1%
B 2\e)Us 2\2c)\ 3 2 C
Example Solution
AEp =Uc = Ugc
gy = 4(&)( 2 2+1(L) 200)') 10
k 2\CJ\ 3 2\2C)\ 3 2C
2 2
AE, =2 19
R~6C 2C
__9
Ar =73C
Total for part (¢) S points
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AP Physics C + EBREZ UMY 2023 Set 2 Q3 (c)(iii)

#:>] 2023 Set 2 Q3 (c)(iii)
Zx(a)7A&dE 2023 Set 2 Q3 (c)(ii)o

Resistor 1 Capacitor 2 ”—

AA'A%

Capacitor 1 ——

NN
Resistor 2

3. The circuit shown consists of an ideal battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors are uncharged.

At time t = 0, the switch is closed to Position A.

A long time after the switch is closed to Position A, the total charge on the positive plate of Capacitor 1 is 0, and
Capacitor 2 is uncharged.

(c) At time 17, the switch is closed to Position B.

iii. Derive an expression for the total energy dissipated by Resistor 1 immediately after time # until new
steady-state conditions have been reached. Express your answer in terms of C, 0, and fundamental
constants, as appropriate.
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AP Physics C + EBREZ UMY 2023 Set 2 Q3 (c)(iii)

fi#:

7

(c)(iii) FLH LRERKIRE REAE S0 B OB IEIAE I A B2 b, DRI, $IIAAREN
Q5/(2C),

(Q/2)” _ Q3

Ur=2"¢ ~ac
BT A
2
ERlei—Uf:ﬁ.

FRARIEREZ L2 TR
FRHARIG AR R R H A B, T REFEFRRH2 R IX B B RE R 70 4H ; BERTTESCS L ZIR I &

BEANS

(c)(iif) For indicating that the total energy dissipated by Resistor 1 is the difference between the 1 point
initial electric potential energy of the system at time ¢ = ¢ and the final electric potential

energy of the system after the new steady state conditions have been reached
Example Response

AEp =Uc = Uyc

For indicating that only Capacitor 1 stores nonzero electric potential energy initially and 1 point
both capacitors store electric potential energy after the new steady-state conditions have been

reached, or an alternate response that is consistent with part (c)(ii)

Example Response

UOC = UOl AND UC = Ul + U2

For correct substitutions for the charges stored on the capacitors after the new steady state 1 point
conditions have been reached based on part (c)(ii)

Example Solution

AER = UC _UOC

o~ (S )+

ap 2 100
R=4Cc 2 C
%

Ep, = —=0
AEp 4C

Total for part (c) S points
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AP Physics C + EBREZ HUMHNX 2023 Set 1 Q3 (d)
HEEEUREN TR ENSECERT
HEXBMIIHY, HEX—BFEERBEMNTE, RELBENDHER,; HENBRELAERAANLEZX

zJNo

IREEANECECHSF; IBANTEBEMKECTK, KREELLHHEMF, FTEARENREBRENHEBE
55, TeEEEREFEREBRARIE,

A
Tt VTag
i@ 2023 Set 1 Q3 (d)
73] 84 2023 Set 1 Q3 (¢)(ii)o
Switch
AT B
+ L Resistor 1 % Resistor 2%
= Capacitor 2 ”—

Capacitor 1

T

3. The circuit shown consists of a battery of emf &€, resistors 1 and 2 each with resistance R, capacitors 1 and 2
with capacitances C and 2C, respectively, and a switch. The switch is initially open and both capacitors are
uncharged.

At time ¢ = 0, the switch is closed to Position A.

With the switch still closed to Position B, the parallel plates of Capacitor 2 are moved so that the separation
distance increases by a factor of 2.

A long time after the switch is closed to Position A, the charge on the positive plate of Capacitor 1 is O, and
Capacitor 2 is uncharged.

(c) At time 1, the switch is closed to Position B.

U.
(d) Determine the ratio 72 of the energy U, stored in Capacitor 2 to the energy U stored in Capacitor 1 a long
1

time after the plates of Capacitor 2 have been moved. Briefly justify your answer.
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AP Physics C + EBREZ HUMHNX 2023 Set 1 Q3 (d)

fi#:

(d) FA2MREE AN IS HIBERE LT RUTEB,  AREEANS fEFa A2
2C
RO, HH
C x 1/d,
PHELARARSANE, RIHAZ A CRE IR FfT; SRAINQ, HrEIEFE AN

Qo/(20),

Qo/2
T s BIE A ] ELH AR,
U= C(AV)?/2

N

an

BA#5

(d) For indicating that the potential difference across each capacitor is the same or that the 1 point
charge stored on each capacitor in steady state is the same

Example Responses
AV, = AV,
OR

0 =0

For recognizing that the capacitance of each capacitor is now the same in the new 1 point

configuration
Example Response

After steady state conditions are reached, both capacitors have the same potential difference.
The new capacitance of Capacitor 2 is equal to the capacitance of Capacitor 1 because the
capacitance of a capacitor is inversely related to the distance between the plates of a

1 U,

capacitor. Therefore, since U = =C(AV )%, i
1

=3 =1.

Total for part (d) 2 points
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AP Physics C + EBREZ HMHNX 2023 Set 2 Q3 (d)

5% 2023 Set 2 Q3 (d)
Z[a) AdE 2023 Set 2 Q3 (c)(ii)o

Resistor 1 Capacitor 2 ”—

AA'A%

Capacitor 1 ——

NN
Resistor 2

3. The circuit shown consists of an ideal battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors are uncharged.

At time t = 0, the switch is closed to Position A.

With the switch still closed to Position B, a dielectric material with dielectric constant k¥ = 2 is inserted between
the plates of Capacitor 2.

A long time after the switch is closed to Position A, the total charge on the positive plate of Capacitor 1 is Q, and
Capacitor 2 is uncharged.

(c) At time £, the switch is closed to Position B.

(d) Determine the charge on the positive plate of Capacitor 2 a long time after the dielectric has been inserted.
Express your answer in terms of 0, and fundamental constants, as appropriate.
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AP Physics C + EBREZ HMHNX 2023 Set 2 Q3 (d)
fi&:

(d) FEFRA2HASBUTRIIEB, MHEEHK

HErRA2HCEN
2C,
FIHAAE, SEOTHA, SFEIE E B IERIRER Q). RAFBEZNGR

Ql/C = Q2/<2C):

H
2
Q=20 Q+Q=0 = ="
REHFRI TN

Qo/(3C)e
P B AR AT RIS A AR5, RRERL B 5 53 — AR (A2 b

BEANS

(d) 1 point

2
For the correct expression for charge on the top plate of Capacitor 2 (Qz = %J

Example Response

C=Cand C, = xC =2C

AVey = AVy
a9 _9

G G

Q] = %Qz

O +0, =0,
%Qz +0, =0,
0, = %Qo

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

Total for part (d) 1 point
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AP Physics C « EBRES MY 2023 Set 1 Q3 (e)(i)
FFANIEREE: BABEESRYEER

EABANBEFEESNEINERE., STRIREZFIERNEBEBRBEE, HEIRZEHNEXRER, BH
it 5 BRI BEEMRLIIZ B,

MRFESLELT RIGE, FEEBFEETR. WIRFZAIEHERMIEEMMHE, BRTEEKRES
TR FI R,

% 2023 Set 1 Q3 (e)(i)
7] 4% 2023 Set 1 Q3 (d)o

Switch
AT B

+L_ Resistor 1 Resistor 2 .
&€= Capacitor 2 ——

Capacitor 1

T

3. The circuit shown consists of a battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1 and 2
with capacitances C and 2C, respectively, and a switch. The switch is initially open and both capacitors are
uncharged.

At time t = 0, the switch is closed to Position A.

With the capacitors still charged as in part (d), the switch is now closed to Position A.

(e) Express your answers to part (e)(i) and part (e)(ii) in terms of R, C, 0, and fundamental constants, as
appropriate.

A long time after the switch is closed to Position A, the charge on the positive plate of Capacitor 1 is O and
Capacitor 2 is uncharged.

(c) At time 1, the switch is closed to Position B.

With the switch still closed to Position B, the parallel plates of Capacitor 2 are moved so that the separation
distance increases by a factor of 2.

i. Derive an expression for the current [, from the battery immediately after the switch is closed to
Position A.

178



AP Physics C « EBRES MY 2023 Set 1 Q3 (e)(i)

fi#:

(e)(i) FHEA BRI CFEMIA J5 A2 LumliF, MBS HEAIME, &y7e0 sl

Qo =C¢,
(Al

& =Qy/C.
LA VEREHE IR BT PRAE (d) B FRLA

Qo/2,

HLE N

Qo/(20);
A MR FEREARELL AR AT kAR, [mlEg =X

X, B AR H
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AP Physics C - FEHAZ

EMEX 2023 Set 1 Q3 (e)(i)

BA¥5

(e)(i) For aloop rule that includes the terms for the emf of the battery, the potential difference 1 point

across the pair of resistors, and the potential difference across Capacitor 1

Example Response

E-AVy —AV. =0

For a correct answer

1 point

Example Response

_ 0O
I_RC

Example Solution

E—AVy —AV. =0

o-1ff)-

o s
-1z
4. (s
% = IR
5= 2023 Set 2 Q3 (e)(i)
ZA) A&dE 2023 Set 2 Q3 (d)s

J-0

Switch

Sy

+
Il

Resistor 1 g

Capacitor 1 ——

M\

A

B

Capacitor 2 ”—

Resistor 2

At time t = 0, the switch is closed to Position A.

180

3. The circuit shown consists of an ideal battery of emf £, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors are uncharged.




AP Physics C + EBREZ UMYX 2023 Set 2 Q3 (e)(i)

Switch
R
A B

Resistor 1 § Capacitor 2 ==

Capacitor 1 ——

MV
Resistor 2

With the switch still closed to Position B, a wire of negligible resistance is connected between two corners of the
circuit, as shown.

(e) Express your answers to part (e)(i) and part (e)(ii) in terms of R, C, QO, and fundamental constants, as
appropriate.

A long time after the switch is closed to Position A, the total charge on the positive plate of Capacitor 1 is 0, and
Capacitor 2 is uncharged.

(c) At time 1, the switch is closed to Position B.

With the switch still closed to Position B, a dielectric material with dielectric constant ¥ = 2 is inserted between
the plates of Capacitor 2.

i. Derive an expression for the current in Resistor 2 immediately after the wire is connected to the circuit.

fi#:

(e)(i) TN EIR SLk 5 FLRH 2 I i FL 7T iR P48 2 FH S A B A 20 b i 19 e B R 2 e, i
FELREL2 A 4 0 5 LA 2B S A (R — X 19, TR B A8, PR 2 P ] S REJEIE A R FELRH I A1
22, HANGEHEET N

2Q0/3
AV ) = 2003 Qo
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AP Physics C + EBREZ UMYX 2023 Set 2 Q3 (e)(i)

FELRH 2 RIS RIS AR FL S, BRI E H4n

Q
Tr,(0") = 335

IXEATICREEAN G MR HIBEN SRR Tl SETERRITMHRT R, C2REE T pH2M

i FL

BA ¥

(e)(i)

For a loop rule equation that includes terms for the potential difference across Resistor 2 and 1 point
the potential difference across Capacitor 2 with the dielectric
Example Response

AVR,2 - AVC’z = 0
AVpyr =AVe,

For correct substitution of /R for the potential difference across Resistor 2 1 point

Example Response

AVps = IR

For correct substitutions of 2C for the new capacitance of Capacitor 2 with the dielectric 1 point
inserted and of the charge consistent with part (d) into the expression for the potential

difference across the capacitor

Example Response

o
AVey = C_j

v ()

Example Solution

AVpy = AV, =0
AVpy =AVes

(4
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AP Physics C + EBREZ HMHX 2023 Set 1 Q3 (e)(ii)
RALUG: BEAXBIABEEMREBEM
RABRABLEN, FIUBRBERIQ/AtNE., HEXERRNEBNSBEASIKREIE, BP0 ERER

HNE,

BT KHARR R B R, MERNZREEREAIIRALUE.

583 2023 Set 1 Q3 (e)(ii)
Switch
AT B

+L_ Resistor 1 Resistor 2 )
&= Capacitor 2 "—

Capacitor 1

T

3. The circuit shown consists of a battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1 and 2
with capacitances C and 2C, respectively, and a switch. The switch is initially open and both capacitors are
uncharged.

At time 7 = 0, the switch is closed to Position A.

With the capacitors still charged as in part (d), the switch is now closed to Position A.

(e) Express your answers to part (¢)(i) and part (e)(ii) in terms of R, C, O, and fundamental constants, as
appropriate.

A long time after the switch is closed to Position A, the charge on the positive plate of Capacitor 1 is O, and
Capacitor 2 is uncharged.

(c) At time 17, the switch is closed to Position B.

With the switch still closed to Position B, the parallel plates of Capacitor 2 are moved so that the separation
distance increases by a factor of 2.

ii. Determine the current I, from the battery a long time after the switch is closed to Position A.
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fi#:

HMFEX 2023 Set 1 Q3 (e)(ii)

(e)(ii) IKHRERMERR ERAIBRATIBMEES, FRAEMRBE, dQ/dt =0, FA|[,, =0} B&2
EImAOT, ARG A RIS E F F SRS

BEAHS

(e)(ii) For indicating that the current is zero 1 point

Total for part (e) 3 points
Total for question 3 15 points

£:3] 2023 Set 2 Q3 (e)(ii)

Switch
Y
A B

Resistor 1 g Capacitor 2 ”—

Capacitor 1 =

NN
Resistor 2

3. The circuit shown consists of an ideal battery of emf &, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors are uncharged.

At time t = 0, the switch is closed to Position A.

Switch
R
A B

Dielectric

|
[
A'A'A%

. Resistor 1 Capacitor 2 =

Capacitor | ——

AN
Resistor 2

With the switch still closed to Position B, a wire of negligible resistance is connected between two corners of the
circuit, as shown.

(e) Express your answers to part (¢)(i) and part (e)(ii) in terms of R, C, O, and fundamental constants, as
appropriate.
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A long time after the switch is closed to Position A, the total charge on the positive plate of Capacitor 1 is 0, and
Capacitor 2 is uncharged.

(c) At time 17, the switch is closed to Position B.

With the switch still closed to Position B, a dielectric material with dielectric constant k¥ = 2 is inserted between
the plates of Capacitor 2.

ii. Determine the current in Resistor 2 a long time after the wire is connected to the circuit.

fi#:

(e)(ii) KR T FEMLESR I RA WiT, A RSAERERIIA S it ElE, FA Fm2eid FFH R 2K
Jis, AH5

HREARBEERTFS, Fibl| I, (c0) =0k

BA ¥

(e)(ii)  For indicating that the current is zero 1 point
Total for part (e) 4 points

Total for question 3 15 points
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AP Physics C « EBRES MY 2026 Q1 (a)(i)
==l avEST )

BYSBREE: KRS aEEER
JEERUBERBEINER. US&HmAPLO, FFr BEdrfVNEFERE2nrdr, #OIZIFER
di=J(r)2mrdr,

RIBERICHZOAS BRSNS SR EREKR ENMEBA/NCAER. AIFRTI%, RitAd
LAB(2nr), SFENIFEEREREERER 0

Tonc(r) = / J(u) 2ru du, B(2nr) = pglonc.
0

iR 2026 Q1 (a)(i)

Question 1: Version J

1. Two very long, cylindrical, current-carrying Wires S and T are oriented parallel to the y-axis,
as shown in Figure 1. The centers of the wires are in the xy-plane. The wires are described as
follows.

* Wire S has radius 2a¢ and is centered at x = 0. Wire S has nonuniform current density
and carries total current /; in the +y-direction. The magnitude of the current density in
Wire S as a function of the radial distance r from the center of the wire is described by
J = Cr, where C is a positive constant.

* Wire T has radius a and is centered at x = 10a. Wire T has uniform current density and
carries total current /; in the —y-direction.

Figure 1

Wire S Wire T

=X

6a 8a
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Part A

i. Point P is located inside of Wire S at horizontal position x = a. Derive an expression
for the magnitude of the magnetic field at Point P due only to the current in Wire S in
terms of C, a, and physical constants, as appropriate. Begin your derivation by writing a
fundamental physics principle or an equation from the reference information.

fi#:

A(l) SAEB
r=a

RERRE 7 22 B R R R I N B IR L, A REER SR L) HOAF 12 a HIFRE

%B ) dZ = MOIenc'

EHFRIERE 12 a IR R R/ METR B Y)Zk, =My

B(2ma),
R 7 R, B
dr
HUTERR, Hfy
dA = 2mrdr;

HBORE EZNIS SR/ W)

dI = J(r)dA = Cr(2mrdr) = 2nCr?dr.

(Al
“ 2rCa’
Ienc:/ 2rCr? dr = ™a ,
o 3
2 3 2
B(2ma) = pyg Tga : B = Moga :

JRERAHERER, NELHEAEE; NEEIN
2mr

RfER 5 B IR,
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MY 2026 Q1 (a)(i)

BA¥5

A

() For a multistep derivation that includes the equation qSZ;’ dl = Uole,, Or an equivalent — Point Al

equation

Scoring Note: Vector notation and line integral notation are not required for this point

to be earned.

For indicating that qu/% =2ra

Scoring Note: Line integral notation is not required for this point to be earned.

For substituting d4 = 2zrdrand J = Cr into [ = IJ -dA

Scoring Note: Limits of integration are not required for this point to be earned.

For limits of integration from 0 to a for the current integral
a
(€8 Lone = [ JdA)

For a correct expression
(27[Ca3

(e.g., B = o

2ra

2
3 j, B = ,uog'a , or algebraic equivalent)

Example Response

@B . d_é = ILIOIGHC
B(27[a) = /uolenc

— :uO[enc
2ra

I= jj - dA

dA = 2rzrdr

a a 2
Iope = Io CrQ2rzrdr) = 27rCJ.0 redr

374 3
_ r _ 2nCa
I = 27Z'C|: 3 l) ==

_ My (2aCd® ) _ mCa®
2ra 3 3

MEKSL. A EEAEM

SLEINEBEIA R\ pol/ (21r), rRUBEREIBRS LR ONER, #B80

o

3z
V%)

Point A2

Point A3

Point A4

Point AS

THRiELRAMT A

MIRSLTEERA M, RAAERN. TP3IE. BEMGRE, BX&HT, FTECERNES
MBNnfE S EE—RZ,

B = tol
2mr
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=R 2025 Q4 (b)

4. Long, parallel wires S and T are a distance 24 apart. Both wires carry equal currents I, but the
currents are in opposite directions. Both wires are parallel to the x-axis. At the instant shown
in Figure 1, Sphere 1 is a distance d above Wire S, Sphere 2 is a distance d below Wire S, and
both spheres are moving with speed v in the +x-direction. Each sphere has positive charge +0Q.
Gravitational effects are negligible.

Figure 1
+

T Sphere 1 o Ve y
d +0 /
~X~ — Wire S +x
d +z
-X~ Sphere 2 e
d +Q
X L Wire T

B. Derive an expression for the magnitude By, of the magnetic field at the location of Sphere 2
due to the currents in wires S and T in terms of d, I, and physical constants, as appropriate.
Begin your derivation by writing a fundamental physics principle or an equation from the
reference information.

fi&:

Sphere 2fii FWire ST7/. Wire TLH, BEFMREZHFAOLE D, Wire SERA+X, AEFENEEE
B~z R, Wire TEIVA-X, BELEAKGEUFE-z5RANT. BIER, SK/IE.
HHAT—RBEKEL, EFRJINEOLIER, EiZGEVIKBEXNEE. y NETHESE,; BFASE
BT —/ NE&INARN, FEIB(2md),

R ol
74 Hod, S T ord
pol
Bi.,y = B B = —.
tot s+ br —d

RRIBERKN; #HHERAA-z, ARRLREREBINEF] T
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BA¥5

B

For a multistep derivation that includes the equation gSB dl= Mol or Point B1
- I(dix?
PR Gl
dr ¥

Scoring Note: Vector notation is not required for this point to be earned. A multistep

derivation that includes B = can earn this point.

27

For a correct expression for the magnitude of the magnetic field due to the current in Point B2
one wire at the location of Sphere 2

For indicating that the magnitude of the total field is twice that due to one wire Point B3
Example Response

Determine the magnitude B of the magnetic field due to one wire.

@Sédz = Hol e

B(27d) = p,l
2y

2rd

Determine B, .
_ Ml n Hol
tot
2zd  2xd

I
Btol = #L
zd

MEL2E7E: B REAE A

xR, HSEZANHEERAD. AN, BE—REEISMETHER, FNBS—E
BBERABEE T

BREESAM 100X, SHELBRERNN, ERRIGERA, TEERME; FRFLEHIE

HE

B(x):*g’f(l+1>.

T 10a — x
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IR 2026 Q1 (a)(ii)

Question 1: Version J

1. Two very long, cylindrical, current-carrying Wires S and T are oriented parallel to the y-axis,
as shown in Figure 1. The centers of the wires are in the xy-plane. The wires are described as
follows.

* Wire S has radius 2« and is centered at x = 0. Wire S has nonuniform current density
and carries total current /; in the +y-direction. The magnitude of the current density in
Wire S as a function of the radial distance r from the center of the wire is described by
J = Cr, where C is a positive constant.

* Wire T has radius a and is centered at x = 10a. Wire T has uniform current density and
carries total current 7, in the —y-direction.

Figure 1

Wire S Wire T

Part A

ii. On the axes shown in Figure 2, sketch a graph of the magnitude B of the magnetic
field due to the currents in both wires as a function of x along the x-axis in the region
2a < x < 9a. Sketches made in the shaded region will not be graded.
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MY 2026 Q1 (a)(ii)

Figure 2
B
e L ) I A B |
| | | | | | |
| | | | | | |
| | | | | | |
_— L __
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
————t e e e e —
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
e Y ) I A B |
| | | | | | |
| | | | | | |
I I I I I I I
O 2a 3Ia 4Ia 5a 6a 7a 8a 9a
fi#:
A(il) WMLz R AR/NEIXE
2a < x < 9a
NTF P FLINE; FARLEBHAE N 5 e 2B, S fFEAMEIZM
_z’
T MBI
_Z’
Fifr A
ol (1 1 )
B = —— | - .
(:1:) 2 \x + 10a — x
/7\’\
u=x/a,
RV
Mofo/@”a)

ML, FARRLE

192

\
=



AP Physics C - FEHAZ

I X

2026 Q1 (a)(ii)

fw) =1/u+1/(10 — u),
f(u) = —=1/u?+1/(10 — u)?,
1E
U =25
NE; FEMNER. AN, SuRRTE
T = da.
f7(u) = 2/u +2/(10 —u)3 > 0,
HhEcanega B, FEREE xR R, i
f(2) = 0.625,
£(9) = 1.111...,

O Vit B

2a ba 9a
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BA¥5

(i) For a curve that has a minimum between x = 4a and x = 6a Point A6

For a curve that is concave up everywhere with a value at x = 9a that is greater than Point A7
the value at x = 2a

Example Response

WA T BNgmEEEqY

H7IK/Nq|vBsina, a@RES SR A, AERETTFEAN. MiZEESFHE, Alksino=1,
Bifq. VIIRIKRFLLREZ M #FIA). BRE—REEZERGE, NEMHTZNAESEM, FEERR
piint- ANl

F =|qlvBsina.

% 2025 Q4 (a)

4. Long, parallel wires S and T are a distance 24 apart. Both wires carry equal currents I, but the
currents are in opposite directions. Both wires are parallel to the x-axis. At the instant shown
in Figure 1, Sphere 1 is a distance d above Wire S, Sphere 2 is a distance d below Wire S, and
both spheres are moving with speed v in the +x-direction. Each sphere has positive charge +0Q.
Gravitational effects are negligible.

Figure 1
+

T Sphere 1 o e y
d +0 /
% s Wire S +x
d +z
~X~ Sphere 2 o Ve
d +Q
Al L WireT
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AP Physics C - FEHAZ

A. F; is the magnitude of the magnetic force exerted on Sphere 1 due to the currents in wires S
and T. F; is the magnitude of the magnetic force exerted on Sphere 2 due to the currents in

wires S and T.
Indicate whether F; is greater than, less than, or equal to /] by writing one of the following.

b F2>F'1
c K<HK
s k©=H

Justify your answer.

f&:
A K ESERHIRSGEAREE, JTRSEREFEN, KBk
1/r

e id
b :Mol/(zﬁd)o

fESphere 1: S Hh

+bz,
°T
PR E
3d,
wh

—(b/3)z,

HEHIE—#7y, RN
2b/3o

fESphere 2: WZSFLNEEAZd, SN
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bRV

RPNV

—bz,

—bz,

2b,

MBEER S EE,

FIt A

BA ¥

F = QuB;

For indicating that F, > I

For correctly relating the magnitude of the magnetic force to the magnitude of the
magnetic field

For indicating that the magnitude of the magnetic field at the location of Sphere 2 is
greater than the magnitude of the magnetic field at the location of Sphere 1 by referring
to either:
e The relative distance from the spheres to Wires S and T
e The direction of the magnetic fields from Wires S and T at the locations of the
spheres

Example Response

The magnitude of the magnetic force exerted on a sphere is directly proportional to Q,
v, and B. Because Q and v are the same for both spheres, the difference in the
magnitudes of the magnetic forces is due to the difference in the magnitudes of the
magnetic fields at the locations of the spheres. The magnitude of the magnetic field is
greater at the location of Sphere 2 than at the location of Sphere 1 because the fields

from the wires are in the same direction. Therefore, I, > F|.

Point A1

Point A2

Point A3
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#:>] 2025 Q4 (c)
Z=a)7&4E 2025 Q4 (b)o

4. Long, parallel wires S and T are a distance 24 apart. Both wires carry equal currents I, but the
currents are in opposite directions. Both wires are parallel to the x-axis. At the instant shown
in Figure 1, Sphere 1 is a distance d above Wire S, Sphere 2 is a distance d below Wire S, and
both spheres are moving with speed v in the +x-direction. Each sphere has positive charge +0Q.

Gravitational effects are negligible.

Figure 1

+y

Sphere 1 Y
+0
Wire S +x
+Z

Sphere 2 o e

+0

Y~

A~

N N P

Wire T

C. Later, Wire T carries current 3/ in the +x-direction. At the instant shown in Figure 2,
Sphere 2 is a distance d below Wire S and is moving with speed v in the +x-direction. F,, is
the new magnitude of the magnetic force exerted on Sphere 2 due to the currents in wires S

and T.
Figure 2
+y
T L wires + (L—+x
y Z
~X~ Sphere 2 e
d +Q
1
1 3; Wire T
Indicate whether F,.,, is greater than, less than, or equal to 5, by writing one of the
following.
* Fhew > B
* Fnew < F‘Q
FI’ICW = Fé

Briefly justify your answer by referencing your derivation in part B.
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2025 Q4 (c)

fi#:

C T HBONHAHR

3IS
A1 H
—bz,
°T
AR R A AR =A%, RITERR2 AbRY522 0y
+3bz,
e
B.., = (—b+3b)z = 2b.
77 TR, ABR/ MR
2b;
ERFF)
Q,v
AAE, FrlA
Frow=F5|
IXEEORAZ IR AN, KA1
+y,
A7
—y,
HARKRHN R BHE,
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BA¥5

C

For indicating F, , = F, Point C1

3ud _ ml Point C2
For indicating B, = 2”—001 - %
T T

OR

For indicating that the net magnitude of the magnetic field at the location of Sphere 2
will remain the same even though the field from Wire T will change

Example Response

The magnetic field at the location of Sphere 2 due to the current in Wire T is in the
opposite direction to the magnetic field due to the current in Wire S. The current in
3ud ol pl
2zd  2nd nwd

Wire T is increased by a factor of 3. Therefore, B, = in this

scenario. Thus, F . =F,.

new
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$:3] 2026 Q1 (b)
Zsjm)EdE 2026 Q1 (a)(ii)o

Question 1: Version J

1. Two very long, cylindrical, current-carrying Wires S and T are oriented parallel to the y-axis,
as shown in Figure 1. The centers of the wires are in the xy-plane. The wires are described as
follows.

* Wire S has radius 2« and is centered at x = 0. Wire S has nonuniform current density
and carries total current /; in the +y-direction. The magnitude of the current density in
Wire S as a function of the radial distance r from the center of the wire is described by
J = Cr, where C is a positive constant.

* Wire T has radius a and is centered at x = 10a. Wire T has uniform current density and
carries total current /; in the —y-direction.

Figure 1

Wire S Wire T
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PartB

At the instant shown in Figure 3, a small sphere with charge Q is at horizontal position x = 5a
and moving in the xy-plane with speed v in the +x-direction. At this instant, the net magnetic
force exerted on the sphere due to the currents in Wires S and T has magnitude F.

Figure 3

Wire S Wire T

|

(@)

Derive an expression for F in terms of a, Q, ], v, and physical constants, as appropriate. Begin
your derivation by writing a fundamental physics principle or an equation from the reference
information.

2.
B x = ba
ACER PRS2 171 RN ERE I R ) e B AR /2
Do
I BA EIRERR S RN
tolo/(10ma);
73 TR N
—2z,
FT LA
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M X

2026 Q1 (b)

MWL) E

thk, IR

SWEeE, W

FH QR TEH AR, EF

SEITFRIEMR, W IEHEA 1A

AHQRENIATTSHM, 1A

KM 3K

B!
Il
L
Sy
X
wy!

+x,

_ M010|Q|U
Sra |

MOIOQU/(SWG)’

+y;

_y’

202



AP Physics C + EBREZ UMYX 2026 Q1 (b)
BAIFS

B For a multistep derivation that includes F = q(ﬁ X E) Point B1

Scoring Note: Vector notation is not required for this point to be earned.

For indicating that the net magnetic field (or net force) due to the currents in the wiresis ~ Point B2
equal to the combination of the fields (or forces) from both wires

Fo HoloOv ) Point B3

For a correct expression (e.g.
p (e.g. Sra

Example Response
Cﬁé dl = Mol enc

Wire S
Bg(27(5a)) = poly
Holy
B =
S T 107a

Wire T
Br (27 (10a — 5a)) = w4yl
_ Holy

T 7 107a

Net Magnetic Field

Holy | Holy Holy
B =B+ B; = + =
s T 7 10za  107a Srma

F = q(V x B)

F =qvB

7o HoloQv
Sra
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BT 5T

BRERAIER:. RANNBEBETW

FRINEBRNAEE B EAE, HHEEFMANBISIER KL, BN RIGXMEN: RS

ISR HERF IR TR, HESRAY T E R AT Ao

RIREE RN, tAFHHERMENLBNEY, MisESHNERAMERRAME. Fitth, misnik
BREMEH, BERE&ERNEY;, XEKESRLN BiI0RRN FZERE. EMEIMTHEARIRRE, ERY
TWEBEAIEEENE; FERIMGERERETEERTI .

BIR% 2022 Set 2 Q3 (a)
Solenoid Solenoid
[\}oop of Wire
1(r)
— 0 Loop of 1(1)
Wire

Side View End View
Note: Figures not drawn to scale.

3. A single loop of wire with resistance 3.0 Q and radius 0.10 m is placed inside a solenoid, with the normal to the
loop parallel to the axis of the solenoid. The solenoid has 500 turns, is 0.25 m long, and is connected to a power
supply that is not shown. At time ¢ = 0, the power supply is turned on, and the current / in the solenoid as a
function of ¢ is given by the equation (¢) = B, where 8 = 5.0 A/s. The direction of the current in the solenoid is
clockwise, as shown in the end view.

(a) At time ¢ = 2.0s, is the induced current in the loop, as seen from the end view shown, clockwise,
counterclockwise, or zero?

Clockwise Counterclockwise Zero

Justify your answer.

f&:
(@t =2.0s
RN, FELIE 77 A4S T 8 U265 IR - MR LR S L = AR AR 3 ;
I, =10t

SiED N ISTE: NN AN 1] 9] 73 iR L € N e VAL a5 e g = S s A £91 78 7] A w411 S DIVAE )
[El#& LN Counterclockwise GHIER) o XEARGIARZHOEZRM, AR —E SRR M —
5 E AR,
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BA¥5

(a) For selecting “Counterclockwise” and an attempt at a relevant justification 1 point

For a justification that correctly relates how the changing current in the solenoid changes 1 point
the flux through the loop with respect to time

For a justification that has a correct relationship between the change in magnetic flux 1 point
through the loop of wire and how the current in the loop changes to oppose the change in
magnetic flux

Example Response

In the end view, the magnetic field due to the solenoid is directed into the page. The current
in the solenoid is increasing; thus, the magnetic flux is increasing. According to Lenz'’s
law, because the magnetic flux is increasing and into the page, the current in the loop must
create a magnetic field directed out of the page; thus, the current in the loop must be
counterclockwise the counter the change in magnetic flux.

Total for part (a) 3 points
£:3] 2026 Q4 (a)

4. In Scenario 1, a square conducting loop with side length s has total resistance R. The loop is
held fixed in the xy-plane in an external, uniform, time-varying magnetic field that is initially
directed in the +z-direction, as shown. The z-component of the magnetic field changes as a

function of time ¢ as described by B, = B, cos (27[%), where B, and # are positive constants.

Ty
BZ
° . . ° 1: . +2 =

Part A
Indicate whether the induced current I in the loop is clockwise, counterclockwise, or zero

t
during the time interval 0 < ¢ < Zl by writing one of the following.

» [Jis clockwise.
» Jis counterclockwise.
» Jiszero.

Justify your answer without only manipulating equations.
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fi#:

A 0<t<t /4

LI TT I EIX BN [R], ANz I]

+2z,
ER/NN B 38310, BIHARER RS R D A5 E ORI AE I BEHASIX — /b, Bt DU 37
i

+2o
HFFRUNHEihN, #afhEn

+z,
A1

(I,

R “IEE DR tHARE @™, RERUURR I 5MaTT AR ; AR 71a 55k
A,

BA ¥

A For indicating that / is counterclockwise Point A1
For indicating that the magnitude of the magnetic field is decreasing Point A2

For indicating that the induced magnetic field will oppose the changing flux through the =~ Point A3
loop

Example Response

During the time interval, the magnetic field is directed in the +z-direction and is
decreasing in magnitude. To oppose this change in flux through the loop, the induced
magnetic field must also be directed in the +z-direction. Therefore, a counterclockwise
current is induced in the loop.

[EERANZIYBRENE, RENEEFERIXENRIBRER. SMEORTFIEBRHHENSHZE
£; WHEEHIN—RESERATIEABA. AFTIMLAENIE, HARE, PREIZIA-BA.

B E2L, sigEx=LE#EN: WNBEEEx-L, EIRA2L(x-L). xFEEEER, EAREEERE
MEE K. FEEZ BERERERBE A —IRNT. BRAAFHIETERG M.

®=—-B[2L(zx—L)] (L<xz<2L).
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AP Physics C + EBREZ UMYX 2024 Set 1 Q3 (b)(i)

f5IRE 2024 Set 1 Q3 (b)(i)
‘ Region 1 IReglon 2 |
— A AR k
R :XXXXXX:OOOB.:
T —WWA— IX X X X X X!e o o o Ty
IX X X X X X|® @ o o]
ixxxxxxiooooi £ x
oL S :XXXXXX:—.—_.__.__._: +z
IX X X X X XIX X X XI
IX X X X X XX X X X|
IX X X X X X|X X X X|
- IX X X X X XX X X X|
=L X ¢ x X xdx X x xd
} t t t t t t f f t X
0 L 2L 3L 4L
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.

(b) Consider the instant when Point S reaches x = 1.5L.

i. Indicate whether the current I that is induced in the rectangular loop when Point S reaches x = 1.5L
is clockwise, counterclockwise, or zero.

Clockwise Counterclockwise Zero

Briefly justify your answer.

(b)(@)

x=1.5L
L7 TSR B IEFEME N FSTATAIGSS, FARAIRORGE R A AN, A SR Ik H e
A ARSI RIS UX TGN, AFEN LS

Ay |

NG R IE RS, ARERIEFTE M BAEL S NI R
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MY 2024 Set 1 Q3 (b)(i)

BA¥5

(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

OR

1 point

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.

XRBIFAKD, Fif+z, HeRTBEER:
FAZ, AEREHERENHIEIMLGBIEN, BHERNERST .

#:>] 2024 Set 2 Q3 (b)(i)

B Mx=DFF4a#E N, EIRAD(x-D), M4M7HREBR

 Region1 ~ Region2
n— — 1
v | @ o e o o o o
— i1 B i 2B I +y
| ® © 1o o o o o
£ | | |
! o o i e o o o o : tx
| | 1 +2Z
S : e e o o o o o :
I
i ° L] i e o o o o i
D_>| i ® ) i e o o o o i
| I I
1 @ o loe o o o o
f t t t t t t t t t X
0 D 2D 3D 4D
Figure 1
3. A wire is connected to a resistor of resistance R to form a rigid square loop of side length D. 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 = D and x = 2D. The loop later enters Region 2 of external uniform
magnetic field of magnitude 2B that is directed in the +z-direction. Region 2 has boundaries x = 2D
and x = 3.5D. Point S is the midpoint of the leading edge of the loop.

(b) Consider the instant when Point S reaches x = 1.5D.

i. Indicate whether the current Ig that is induced in the square loop when Point S reaches x = 1.5D is

clockwise, counterclockwise, or zero.
Clockwise

Briefly justify your answer.

Counterclockwise

Zero
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AP Physics C + EBREZ UMYX 2024 Set 2 Q3 (b)(i)
fi&:

(b)) £
x=1.5D

(R TS A 7T PRI IEAEE N BB — X, 4RAMAE G N, RN FRIRTEE ™ A AR 7 R AR ST WY
m, GFENLS

IRe |

BA ¥

(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.

I 2022 Set 1 Q3 (a)

R=10.0Q
0

W=2.0cm

L=40cm sz 1.0 cm
C u—»[([)

3. A lightbulb of resistance R = 10.0 Q is connected to a rectangular loop of wire of negligible resistance near a
very long current-carrying wire. The rectangular loop has a length L = 4.0 cm and a width W = 2.0 cm and is
positioned so one of the longer sides of the loop is a distance d = 1.0 cm above and parallel to the long wire, as
shown. The current in the long wire is initially flowing to the right and is given by I(¢) = C — Dz, where
C=10.0A and D = 2.0 A/s. Attime t = 5.0 s, the current in the long wire is instantaneously zero as the current

changes direction.
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(a) What is the direction, if any, of the magnetic field produced by the induced current in the rectangular loop as
the current in the long wire changes direction?

___Into the page ___ Out of the page __ No direction, because the field is zero

Justify your answer.

2.
(a) LA, SRR 77 1 10 L LR AE IR B L B AR, DA AR
Wb SeRMARERGERD, T

t=25.0s

JEAERRAARE GBI N, XD RIBIERE BT SHOE — BN, B OCE FZR E# 4 H AT
HEARIBUX—2M, #iEOut of the page (HHAKME) , A RLEL LI £,

e eI
I, =0,

KSLMZINHANE, HHGEZNRANT, BNEAREANEE, BV HZERIE, AR
FH B N R (EL UE

BA ¥

(a) For selecting “Out of the page” and an attempt at a relevant justification 1 point

For a justification that correctly relates how the changing current in the long wire changes 1 point
the flux through the loop with respect to time

For indicating the induced current will oppose the change in magnetic flux 1 point

Example Response

Because the current in the straight wire is decreasing, the magnetic field, which is
originally pointing out of the page, is decreasing. Hence, the induced current produces a
field that is directed out of the page to compensate for the decreasing flux.

Total for part (a) 3 points
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AP Physics C + EBREZ HUMHX 2022 Set 1 Q3 (b)
AR SDE: BE— RIS

B8 EEEIRE, HIBEBA; RIETEBAcosD, 0ZH5EIRELIIT A,

KES&NTMEEL T, ERRBEZFERBBERE. BUAREZFAMNAE KL F@Ed,
dCD:B(r)er, }‘ALlEEIJEl_$/\ﬁO

® = BAcos®, <I>:/B(r)€dr.

fBI=A 2022 Set 1 Q3 (b)

R=10.0Q
0

W=20cm

L=40cm Td=l.00m
( ()—»[(t)

3. A lightbulb of resistance R = 10.0 Q is connected to a rectangular loop of wire of negligible resistance near a
very long current-carrying wire. The rectangular loop has a length L = 4.0 cm and a width W = 2.0 cm and is
positioned so one of the longer sides of the loop is a distance d = 1.0 cm above and parallel to the long wire, as
shown. The current in the long wire is initially flowing to the right and is given by I(r) = C — Dz, where
C =10.0A and D = 2.0 A/s. Attime 7 = 5.0 s, the current in the long wire is instantaneously zero as the current

changes direction.

(b) Calculate the magnetic flux through the loop due to only the long wire at time ¢ = 3.0s.

b)t=3.0s
At It LRI Y
I, =10.0—2.0(3.0) = 4.0 A,
KS&HMEREZN, TRtiniaiyiig i, EES&r. %EEN
dr
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R AR S TR
dA = Ldr,
%5k BRG] -
d+Ww
toly pol L d+W
B,(r) = Oy = B,Ldr = .
w(r) 2mr B /d whdr 2 n d

fUECKIONAK)E, o ETRR70.010 50.030 m:

Py = (2.0 x 1077)(4.0)(0.040) In3 = |3.52 x 108 wb |.

TEHAREONIERIZ)E, #EXE N IE,

BRI

(b) For using an appropriate integral equation, with a substitution of an expression for 1 point
magnetic field, to calculate magnetic flux

Example Response

®p = | Bdd

For writing a correct equation for the magnetic field as a function of distance from the wire 1 point

Example Response

Hol
B=—
27y
For substituting the value of ¢ = 3 s to find the electric current 1 point

Example Response

I1(t)=C - Dt

I(3s)=10A - (2 A/s )3 s)

I(3s)=4A

For integrating B with correct limits and a correct substitution for dA4, to determine the 1 point

total flux through the loop

Example Response

d+W ,U()IL
b, =
B jd 2y dr

IL
q)B — Ho ln[r]d+W

27 d
®. - HolL [d+W}
5 27 d
-7
O, = (47 x107" T m/A)(4 A)(0.04 m) 111[0.03 m} =352 %108 Tom?2
27 0.0l m

Mantal Fasm mnaw 4 A madnba

212



AP Physics C + EBREZ HUMHX 2022 Set2 Q3 (b)
EEEE. FHFEREZE: FREEE L

FHRIEEERRNEM RS NE LD, FEHEARS., BE/ AR, @R/ LARD RARREE,
BRS8N

BSHA=BA; KEGABEKENZEMTD; BLERB=4nl, HFAnNEBRUKENERR. &E
RAE RSB EEENE T NER.

=% r=pee
dt Rtotal
5% 2022 Set 2 Q3 (b)

Solenoid Solenoid

Loop of Wire
10 0
0 Loop of 10
Wire
Side View End View

Note: Figures not drawn to scale.

3. A single loop of wire with resistance 3.0 Q2 and radius 0.10 m is placed inside a solenoid, with the normal to the
loop parallel to the axis of the solenoid. The solenoid has 500 turns, is 0.25 m long, and is connected to a power
supply that is not shown. At time ¢ = 0, the power supply is turned on, and the current / in the solenoid as a
function of ¢ is given by the equation I(¢) = Bz, where 8 = 5.0 A/s. The direction of the current in the solenoid is

clockwise, as shown in the end view.

(b) Calculate the current in the loop of wire at time ¢ = 2.0's.

213



AP Physics C + EBREZ HUMHX 2022 Set2 Q3 (b)

fi#:

(b) SRR LRI B A A AT TP ER S AR 5], @ RN N

®=DBA,
Hrp
A = ma?
SR AR, ANRIREE IR, TR e S M e A
dB N dI I
=A = pg—A—= I, = —.
€] ‘ dt Ho~y 2 s 1 R,
T
dl /dt=b
TEE, R HmIEE, ARZEN
t=2
{hpE]
I, =10A

EREAN B AERART o RARE:

7 2 10)2)(5.
p, = Arx 10 )(500/??05)[7“0 OG0 5 10" a~ 13 x 10 14

JiEH ()4, MR Er,
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BA¥5

(b) For using an appropriate equation to calculate emf in the loop 1 point

Example Response

‘ _d (BA) _ 448
dt
For correctly substituting the magnetic field for a solenoid into above equation 1 point

Example Response

_ ,d(unl) _ al
=4 7 = :“O”AE

For using Ohm’s law to calculate the current in the loop 1 point

Example Response

[ HonA dI
loop = R R dt

For correctly substituting into the previous equation for the induced current in the loop 1 point

Example Response

47 %107 Tem/A )22 WM ) (790,10 m)
Ligop = ( )((3055 )( )(5.0 Als)=13x10" A
Total for part (b) 4 points
i7" 2022 Set 1 Q3 ()
ZA) A&#E 2022 Set 1 Q3 (b)s
R=10.0Q
I

W=2.0cm

L=40cm Td= 1.0cm
C u—»[([)

3. A lightbulb of resistance R = 10.0 Q is connected to a rectangular loop of wire of negligible resistance near a
very long current-carrying wire. The rectangular loop has a length L = 4.0 cm and a width W = 2.0 cm and is
positioned so one of the longer sides of the loop is a distance d = 1.0 cm above and parallel to the long wire, as
shown. The current in the long wire is initially flowing to the right and is given by I(¢) = C — Dz, where
C=10.0A and D = 2.0 A/s. Attime t = 5.0 s, the current in the long wire is instantaneously zero as the current

changes direction.
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(c) Calculate the current through the lightbulb at time ¢ = 3.0s.

fi#:

(o) KTTRHFR LA EAS), WNRIZEOCR H LR, KIt/ofrE
I,(t)

RS

d® 5 _ oL n d+WwWdl, _ poLD

dt 2T d dit 27

ERIRES 77 A 5 AR A M E RSN Er, HmfF55 (@5, WEHRS

& (2.0 x1077)(0.040)(2.0
L=4= (2.0 % 13)&) J20) s 176 x 10 A~ 1.8 x 10 9A]

n 3.

T
dI,/dt
P, AR 7 L7 40 T D (R ) — R NI
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BA¥5

(©) For using Faraday’s law to determine the emf across the light bulb 1 point

Example Response

o-jie
dt
- (€D, [dw]
T odt 27 d
(#DL[de]
€ = ( T In 7
For using Ohm’s law to find the current in the light bulb consistent with the emf 1 point

determined from the previous point

Example Response
I =
_ [ #DL [d + W }

= ( 278 M|

_ dl
For correct substitutions of the values of —and R

dt

=l

1 point

Example Response

;_ rx 107 Tem/A)(2.0 A/s)(0.04 m) 1n[o.os m}

(27+100Q) 0.0l m
I=18x10" A

Total for part (c) 3 points
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Hil7% 2025 Q2 (b)

Question 2: Version J

2. A rotating, circular, conducting loop of area A and resistance R is in an external uniform
magnetic field of magnitude B that is directed in the —z-direction. At time ¢ = 0, the magnetic
field is perpendicular to the plane of the loop, as shown in Figure 1. The loop is rotating with
constant angular speed @ and period 7 about the dashed line that is along the diameter of the
loop. The value of the magnetic flux through the loop as a function of time ¢ is ® = BA cos(@t?).

X X X X X X

Figure 1

B. Derive an expression for the maximum induced current in the loop in terms of A, R, B,
w, and physical constants, as appropriate. Begin your derivation by writing a fundamental
physics principle or an equation from the reference information.

fi#:

B BN RS ZEN S E RSN, IR e B S B A B :

&= —%[BA cos(wt)] = BAwsin(wt),
I(t) = % _ Bdw sin(wt).
IEZAHER RN, HIit
BAw
I...=—"1:
max R

XA R AMER BIRA R RANE, NEE DN EE 7T RRA RS .
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AP Physics C + EBREZ UMYX 2025 Q2 (b)
BAIFS

B dd, Point B1

dt

For a multistep derivation that includes the equation £ = —
Scoring Note: The negative sign does not have to be present in the expression for
this point to be earned.

For a correct expression for the induced emf (e.g., £ = BAwsin (a)t) ) Point B2

. E Point B3
For using Ohm’s law to relate current and emf (e.g., [ = E)

For a correct expression for the absolute value of the maximum induced current Point B4

BAw
eg., [=——
(eg R )

Example Response
_ dq)B
dt

&= —%[BA cos(a)t)] = BAwsin(at)

E... =BAw

;A&
R R
Eow  BAw

I — max

£:.312026 Q4 (b)

4. In Scenario 1, a square conducting loop with side length s has total resistance R. The loop is
held fixed in the xy-plane in an external, uniform, time-varying magnetic field that is initially
directed in the +z-direction, as shown. The z-component of the magnetic field changes as a

function of time t as described by B, = B, cos (27[%) where B, and ¢ are positive constants.

+y
BZ
. ° . . 1: . +2 =
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Part B

Derive an expression for I as a function of t in terms of s, R, B, t, t, and physical constants, as
appropriate. Begin your derivation by writing a fundamental physics principle or an equation
from the reference information.

fi#:

B HIBEN R ZRIA TR B E S TERL SR 2 #THA

S 2t dd
(I)B:/B-dA:BOSQCOSl, E=——2=.
t dt
HEARIEE, XS RIZAII AR 2R 7
e 27 By s? .in 27‘('75.
ty ty
FH
I=¢/R:
2nBys® 2wt
I(t) = 205 G 270 |
Rt, t

X DN DO IERE TS IR, 5 AR NIEREERME; EA RIXAIEZONIE, SHREES
RARTT
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HIMHX 2026 Q4 (b)

BA¥5

B

For a multistep derivation that includes @ = JE -dA , &= — dfl;B ,or [ = ATI/

Scoring Note: Vector notation is not required for this point to be earned.

For substituting B, cos(27z%j for B into an equation for magnetic flux
1

. 27s*B, .
For a correct expression (e.g., [ = ﬂtSR 0 s1n[27rtij)
1 1

Scoring Note: Sign will not be considered when awarding this point.

Example Response

©y = [B-dd

Oy = B, cos(27rtijs2
1

_dPy
dt

d t
_B.g2 & 2
& S l(cos( V4 ; D

275*B, .
&= ”j OSIH(ZIZ'L)
1

Point B1

Point B2

Point B3

MEER ERRE: RETUREHRT

BRAANBAHBTEMEBEME, BRLITEKN, AREXRMRIMITHEREAKR, BRm, AR
BRIERALATITH, LRRTEEIRE.

TSR RETER G R RN EF. (B, HHBHEUERERER—ITE, FRZZH R

=
[e]
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fBI=A 2022 Set 1 Q3 (d)

W=20cm

L=40cm Td:l.Ocm
( ()—»[([)

3. A lightbulb of resistance R = 10.0 Q is connected to a rectangular loop of wire of negligible resistance near a
very long current-carrying wire. The rectangular loop has a length L = 4.0 cm and a width W = 2.0 cm and is
positioned so one of the longer sides of the loop is a distance d = 1.0 cm above and parallel to the long wire, as
shown. The current in the long wire is initially flowing to the right and is given by I(r) = C — Dz, where
C =10.0A and D = 2.0 A/s. Attime 7 = 5.0 s, the current in the long wire is instantaneously zero as the current

changes direction.

(d) A group of students attempts to experimentally verify whether the current through the lightbulb is consistent
with the current calculation from part (c). The current in the rectangular loop is measured to be greater than
the current calculated in part (c). Which of the following could explain this discrepancy? Select one answer.

___ The students did not account for Earth’s magnetic field.

___The rectangular loop is tilted and is not in the same plane as the wire.
___The resistance of the lightbulb is greater than the recorded value.
___The long side of the rectangular loop is shorter than the recorded value.
___The current in the long wire changes at a faster rate than expected.

Briefly justify your answer.

fi#:
(d) L FERA T BEE R SRR A L mE R, AXNER ERT
dI,,/dt|;

ZACRIER, WO, BN TSR, R R AN RS AR (2R [
B KT FH R SRR K AR, AT REMPREA IR FL It I R
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BA¥5

(d) For selecting: “The current in the long wire changes at a faster rate than expected.” 1 point

For correctly justifying the selection 1 point

Scoring Note: A response cannot earn this point if the incorrect selection is chosen.

Example Response

If the current in the wire changes at a faster rate, there will be a greater rate of change of
magnetic flux. So the induced emf and current will be higher.

Total for part (d) 2 points

%3] 2022 Set 2 Q3 (d)
Solenoid Solenoid
[\}oop of Wire
1(t)
— 0 Loop of 1
Wire
Side View End View

Note: Figures not drawn to scale.

3. A single loop of wire with resistance 3.0 Q2 and radius 0.10 m is placed inside a solenoid, with the normal to the
loop parallel to the axis of the solenoid. The solenoid has 500 turns, is 0.25 m long, and is connected to a power
supply that is not shown. At time ¢ = 0, the power supply is turned on, and the current / in the solenoid as a
function of ¢ is given by the equation I(¢) = ¢, where 8 = 5.0 A/s. The direction of the current in the solenoid is
clockwise, as shown in the end view.

(d) A group of students attempts to verify experimentally the calculation of the current from part (b). The current
in the inner circular loop at time ¢ = 2.0 s is measured to be less than the current calculated in part (b). Which
of the following could explain this discrepancy? Select one answer.

___ The experiment did not account for Earth’s magnetic field.

___The plane of the loop is not perpendicular to the axis of the solenoid.
____The center of the loop is not on the axis of the solenoid.

___The resistance of the loop is less than the given value.

___ The radius of the loop is actually larger than 0.10 m.

Justify your answer.
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AP Physics C + EBREZ HUMHNX 2022 Set 2 Q3 (d)

fi#:

(d) SR FEL it e /) S R e ] s P R SR E R L, R TR TR SR TAT,

¢ = BA;
WFER SR NG, N
® = BAcos 6,
TEEE AR A T FREN A5 RN FL T4 /N M R 3t
| cos 6|

L

FaoE UG A N S0 D A BB LR, BRI S BRI, (818 Fh L 18 78 Bl A AR
i, HEREJEEfENER, B E DR A ER N S L FR R, 775 5L N RN

o

ek

BA ¥

(d) For selecting “The plane of the loop is not perpendicular to the axis of the solenoid.” 1 point

For correctly justifying the selection 1 point

Scoring Note: A response cannot earn this point if the incorrect selection is chosen.

Example Response

If the plane of the loop is not perpendicular to the axis of the solenoid it is not
perpendicular to the magnetic field. Therefore, the magnetic flux and emf will be less, so
the current will be less.

Total for part (d) 2 points

ERSEREERNTEL: ZEFLLER

E 5. FAATLHERELTSAKE, BIRRTINMGE, EREAME, Bk ERERERR
& RN IR EARFR AR LR,

B MREAR S A RN KEMBEIFIOGCERHRENZE, ARZEERD . @B EEEENRE
HE__I- H L,(ﬂﬁéﬁfﬁjﬂ /&o

A

= (A—959%kE) .

Tax

224



AP Physics C + EBREZ HMHN 2022 Set 2 Q3 (e)

BT 2022 Set 2 Q3 (e)
Solenoid Solenoid
[\}oop of Wire
1(t)
— 0 Loop of 1(1)
Wire
Side View End View

Note: Figures not drawn to scale.

3. A single loop of wire with resistance 3.0 Q and radius 0.10 m is placed inside a solenoid, with the normal to the
loop parallel to the axis of the solenoid. The solenoid has 500 turns, is 0.25 m long, and is connected to a power
supply that is not shown. At time ¢ = 0, the power supply is turned on, and the current / in the solenoid as a
function of ¢ is given by the equation (¢) = B, where 8 = 5.0 A/s. The direction of the current in the solenoid is

clockwise, as shown in the end view.

(e) The power supply is now turned off. The original loop of wire is then replaced with a second loop made from
wire that has the same thickness and is made from the same material as the original loop of wire. The second
loop has radius 0.20 m, is placed in the same orientation as the original loop, and fits completely inside the
solenoid. The power supply is turned on, and the current / in the solenoid as a function of ¢ is again given by
the equation I(¢) = Bt, where 8 = 5.0 A/s. Which of the following expressions correctly indicates the ratio Ili

1

where I} represents the current induced in the original loop of wire in part (b) and I, represents the current

induced in the second loop of wire?

yé I
2o 1< 2<2 2 -9 245
I L L 1

Justify your answer.
i
(e) BEIEE-FILNNEEE N EFE 12N
ay = 0.20 m = 2a,4,
e e E N BRGNP, R DAR —8& b B A8 (e300 B A S . LA 3 i 2
52 = 4810
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AP Physics C + EBREZ HUmiH

2022 Set 2 Q3 (e)

HB H It g 7 AR RAIARRI S0, AREFEEIES FEH S /A2, SN

R =pl,/A,;
PHRHFER pFI FLREI A, A, BEEK
l, =2ma
a2,
Ry =2R,,

T2

§_52/R2_é_2
I, &/R, 2 |

RN RPN, RSB RS ERIGE, B EEESERR, UM 2R R

I=¢&/R.

BEANS

e . 1 . o . 1 point
© For selecting “~2 = 2 with an attempt at a relevant justification P
1
. : : : . 113 12 ER] :
Scoring Note: The response can earn this point if selecting 7> 27 and only referencing
1

the increase in flux through the loop in the justification.

For a statement that indicates that the resistance of the second loop is double the resistance 1 point

of the original loop

For a statement that indicates that the new emf is four times greater than the original emf 1 point

due to the increased flux through the loop resulting from the quadrupled area
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Example Response

The magnetic flux quadruples. This is because of the increase in area of the loop, which
quadruples the emf. The resistance of the loop doubles because the length of the wire

doubles. Therefore, % =2.
1
2\dl
&= ,uOn(Aloop) = ﬂo”(”’” )E

The radius of the loop doubles. Therefore, the area of the loop quadruples.

27r
A

R=p

wire

The radius of the loop doubles. Therefore, the resistance of the loop doubles.

L _ & _ tn®Adl
2R (DR dr _
I =< - tonA dI B
'""R~ R 4t
Total for part (e) 3 points
Total for question 3 15 points
£:.51 2026 Q4 (c)
Z(a) 73z 2026 Q4 (b)o

4. In Scenario 1, a square conducting loop with side length s has total resistance R. The loop is
held fixed in the xy-plane in an external, uniform, time-varying magnetic field that is initially
directed in the +z-direction, as shown. The z-component of the magnetic field changes as a

function of time t as described by B, = B, cos (27[%), where B, and # are positive constants.

. ° ° ° . ° +y
BZ
. ° . . 1: . +2 >
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fi#:

C

Part C

In Scenario 2, a new square conducting loop with side length 2s and total resistance 2R is
placed in the same external, uniform, time-varying magnetic field as in Scenario 1.

Indicate whether the maximum induced current /, in Scenario 2 is greater than, less than, or
equal to the maximum induced current /; in Scenario 1 by writing one of the following.

. L>]
. L<]
. 12=I1

Briefly justify your answer by referencing the expression you derived in part B.

WK S HERRER IS BB, HiRiRIES
s?/R

BUEEE, BRI N PUfE, Ry, HALEEAER, FreA

I, (2s)%/(2R)

L RIMEAZEANE, S B ARR s, AR 2 B

BEAHS

C For indicating 7, > [ Point C1

For a justification that correctly references the functional dependence of the current ons  Point C2
and R in the expression derived in part B

Example Response
1, > I,. The side length and the resistance of the loop doubles. The derivation in part

B shows that the current is proportional to the square of the side length and inversely
proportional to R, so the current increases.
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{2022 Set 1 Q3 (e)

W=20cm

L=40cm Td:l.Ocm
( ()—»[([)

3. A lightbulb of resistance R = 10.0 Q is connected to a rectangular loop of wire of negligible resistance near a
very long current-carrying wire. The rectangular loop has a length L = 4.0 cm and a width W = 2.0 cm and is
positioned so one of the longer sides of the loop is a distance d = 1.0 cm above and parallel to the long wire, as
shown. The current in the long wire is initially flowing to the right and is given by I(r) = C — Dz, where
C =10.0A and D = 2.0 A/s. Attime 7 = 5.0 s, the current in the long wire is instantaneously zero as the current
changes direction.

Td: 1.0cm

(e) Later, the same rectangular loop with lightbulb is rotated such that a short side of the loop is 1.0 cm above and
parallel to the long current-carrying wire, as shown. The current in the wire is again initially flowing from left
to right and given by I(z) = C — Dt, where C = 10.0 A and D = 2.0 A/s. The current through the lightbulb in
the loop’s new orientation at time ¢ = 3.0s is /,. Which of the following correctly relates the current I, to I,
the current through the lightbulb in part (c)?

_12 < 11 _12 = 11 R 12 > 11

Justify your answer.

fi#:

(e) BEELIEIG LR L, 5 1, BeR e RO W AT T 348, IO FEkd, TS FERRITR A P52 R
Lo B 5w mRsch

W dr,
By ERRECHN

d+L:
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7 _,uODWlnd—l—L é_W[n[(d—l—L)/d]_0.0201n5N0732
27 27R d ' I, Lin[(d+W)/d 004003~ 77

FRIA| I, < 1) | BEFZEREBATE, REERZSEMRBETESLEOE. WI7RBHUE; BAUSLERIN

19779 GE 0 AT 1 3 e Y 1= S ) o LA S A NAY 1 57 275 g O N 122 1 2 1 T B TR v
[l

BEANS
(e) For selecting “7, < 1, ” with an attempt at a relevant justification 1 point
For indicating the total flux in the loop is less in the new orientation 1 point
For correctly relating the rate of change of the flux to the total flux inside the loop 1 point

Example Response

With the new orientation, some parts of the rectangle are further away from the straight
wire, which means that the magnetic flux through the rectangle will be less. The rate of
change of the flux has the same dependence on distance and will also decrease, resulting in
a smaller current.

Total for part (¢) 3 points

Total for question 3 15 points

FZXPRERE . ESmNGHEE

HESMXIEYS, BN ARFAKNATRE, BEREZXKNESERDFIEA,. Ay, HRASHE
HAB,A+By Ay

FRSERSERZDE, MARANERERUELETH, EESMINEETIHRANSRSERITE, RS
RENR, BEABEmANRE{EEM.
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BIR% 2024 Set 1 Q3 (a)
‘ Region 1 IReglon 2 |
— A AR k
R :X X X X X X:o ° .B.:
T —WWA— IX X X X X X!e o o o +y
IX X X X X X|® @ o o]
ixxxxxxiooooi £ x
oL S :XXXXXX:_.__.__.__._: +z
IX X X X X XIX X X XI
IX X X X X XX X X X|
IX X X X X X|X X X X|
- IX X X X X XX X X X|
=L X ¢ x X xdx X x xd
} t t t t t t f f t X
0 L 2L 3L 4L
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.

(a) On the following axes, sketch a graph of the magnetic flux @ through the rectangular loop as a function of the
position x of Point S from x = 0 to x = 4.5L. The +z-direction indicated in Figure 1 corresponds to +®.
[

| | | | | | | | |

| | | | | | | | |

| | | | | | | | |
-——t--—-tr-——rr-——-——=-——"-"——"4—-——=—=t%t—-——A

| | | | | | | | |

| | | | | | | | |

| | | | | | | | |

i mhednt et meti e A Attty Stk feety |

1 | | | | | I | |

| | I | | | I | |

| | | | |
___T___J‘____l____:____I___J‘___—(___J[___'I

| | | | | | I | |

TR T T O O A

B it ol Bl e s ity Sty St

| | | | |

| | | |
| | | | |
| | | |
o] Bt i el Rl Sl debe bl nhl s bk

O v L 2L 1 3L 1 4L
R N N N [N R PN (NP S

| | | | | | | | |

| I | | | I | [ |

| | | | | | | | |

_ e ]

| | | 1 | I | 1 |

I | | | | | | | |

| | | | | | | | |
]

| | | | | | | | |

| | | | | | | | |

| | | | | | ! | |
S R

| | | | | | | | |

| | | | | | | | |

| | | | | | | | |
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fi#:

(a) REERBES BEAEY ST 5L A RiE
B.A,

Region 2 /', RES R B REBMERAESE, AT RABEES MIEEHNE. FERETE
I % Region 1 B, FRE

2L
5 SN
—B,
0<z<L
N AR AW,
b =0,
L <x<?2L:
BEWEN
r— L,
HE B A E R R i, -
2L <z <25L:
BAEfERegion 1, WBEREF
—2BIL32,

25L <z < 3.5L:
B {ERegion 1 % EN
3.5L —x,
TUBRMEAMELME R D, -
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3.5L <x<4.5L:
Region 1 B ANNEIFE, Region 2 IEFHLH, BENE,

A1t
0, 0<x<L,
—2BL(x — L), L <x<2L,
d(x) = < —2BL?, 2L < x < 2.5L,
—2BL(3.5L —x), 25L < x < 3.5L,
0, 3.5L < x <4.5L.

L 20250 350 45L

—2BL>

ARERFAEE ARegion 2 AEIZIX I —HiE & BN SOE & 5 —FmHRN A,
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BANR
(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<25L
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

r———F—————1-—-

g

———T-—-T-—-r——-r
|
]
|
| N R . £
]
|
RN A A S
T
]
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
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f5IRE 2024 Set 2 Q3 (a)
 Region1 ~ Region2
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Figure 1
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3. A wire is connected to a resistor of resistance R to form a rigid square loop of side length D. 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 = D and x = 2D. The loop later enters Region 2 of external uniform
magnetic field of magnitude 2B that is directed in the +z-direction. Region 2 has boundaries x = 2D
and x = 3.5D. Point S is the midpoint of the leading edge of the loop.

(a) On the following axes, sketch a graph of the magnetic flux ®@ through the square loop as a function of the
position x of Point S from x = 0 to x = 4.5D. The +z-direction indicated in Figure 1 corresponds to +®.

R T |

A S S

St
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fi#:

(a) HEEREEDHHEAEMX AR, FAHEEEE A,

0<z<D
IFFARIEN,
d = 0,
1E
D <z < 2D,
HEASE — X BEE N
x — D,
mAND, FrbA
® = BD(x— D),
1E
2D <z < 3D,
M — e — X, WEN
3D —x;
BE—EAEE X, TEEN
x—2D,

T2
® = BD(3D —x) + 2BD(x —2D) = BD(z — D).
FAGERE /B, X E RS X R EHE o, e R
BDdz,
Rl AE
x =2D
AEERPR,
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1E

IR T

X,

MG, BN

BRIETE
EHRE T
O(x)
2BD?
BH BN

3D <z < 3.5D,

0

BD(z — D),

2BD?,

2B

$ = 2BD?,

45D — x,

x=4.5D

0<z <D,
D <x<3D,
3D < x <3.5D,

2BD(4.5D — z), 3.5D < x < 4.5D,

x=4.5D.

9D  3D3.5D 45D ¢

2B,

TE R D 1R 5 B TR AT, iy AR HH Bt 3R 4 G E 2 B W A BRI 1
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BA¥5

(a) For a sketch that indicates that the absolute value of the magnetic flux increases from zero at 1 point
x = D with a constant slope until x = 2D
For a sketch that is continuous at x = 2D and the absolute value of the magnetic flux 1 point
increases until x = 3D with the same slope as the slope in the region D < x < 2D
For a sketch that indicates that the magnetic flux is constant and nonzero in the region 1 point
3D <x<3.5D
For a sketch that indicates that the absolute value of the magnetic flux decreases from a 1 point

nonzero value at x = 3.5D to zero at x = 4.5D

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

a5 A PEASIEED

HERE X ERI R EENE, BRERRERNER; BREEFRE.
A REMERERY, BRNVEAEENINAERRERR, BENNDENIEREH. BENFKINERE
BEHMZIFHRESEIR, UNEHREEERRRE.
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5831 2023 Set 1 Q2 (a)

Conducting Bar

X X X X X
R X X X
B
X X X X X

X
X
X X X

[t

Top View (at time f)

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R =0.30 Q 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.

* Attime ¢ = 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 #,, 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 3, 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 #,, the bar enters a region with no magnetic field.

Consider time tg such that t, < tg5 < #3.

(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 #g. If the net force is zero, write o = 0.
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fi#:

(a) t g B TT AR E M 5, K ROk BRI, A R8sl Rl #E AR R ROE S,
LA AR A KRR U B, AR, FRNRYIE M52

qv X B
F_ERIVER, RN HFTEER L, TR EAR
1/ x B
falm ke, GHFEkNIA A,
F net
BAITS
(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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#£>] 2023 Set 2 Q2 (a)

+y

+x
+z
B,
Va4
Perspective View (at time ¢ = 0)
R L] Bl L] L] L] L] L] L] Bz _dr
— r
— I I I I I x
0 %o X B X A3 X4

Top View (at time f)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.20 Q0 connects
the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails. Frictional forces and the resistances of the bar and rails are negligible.

* At time ¢ = 0, the bar is released from rest from position x; and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time £, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude B; = 0.40 T that is directed in the
+y-direction.

* At time t,, the bar reaches position x, and enters a region with no magnetic field.

* At time 3, the bar reaches position x5 and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.

* At time #,, the bar reaches position x, and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time #g such that ; < 5 < 5.

(a) On the following diagram of the bar, as observed from the Top View, draw an arrow indicating the direction of

the net force F,; exerted on the bar at time #g. If the net force is zero, write Fo; = 0.
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fi#:

(a) BB—BHEAHRIE v

+x,
B, i
+y,
IEHLAR 52 7]
qv X By
st
+z,

RITTVIARL AR AR R o BT T
+z Xty =—zx,
FtBUKFE 6 AL, B S SRR S BT A B, ARSI MK A

Fnet +$

BEANSR

(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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PANEREE: RizohRNER

BRUIEEERNEEVIEoHE, SMWRANERL; HOEEDERIHE KRB, EFFFENZXET, £
EIEEYIE AR EEEK,

B 5EKELZATIT, RNEFIRRNINE. BEBMERBIE, TEEEEIEAMRENRASMEHE,

Bt
Rtotal.

‘€| :BLEU, I

55 2023 Set 1 Q2 (b)(i)

Conducting Bar

X X X X X
R x X X
B
X X X X X

X
X
X X X

[t

Top View (at time #)

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R =0.30 Q 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.

e 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 1,, 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 73, 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 4, the bar enters a region with no magnetic field.

Consider time tg such that t, < t5 < #3.

(b) At time g, the speed of the bar is v = 2.5 m/s.

i. Calculate the magnitude of the current in the bar at time #g.
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fi#:

(b) (i) HELFTAR/ MRS AR Ny

Lo,
(At
|E| = BLw,
v=25m/s
i
€] = (0.50)(0.40)(2.5) = 0.50v,  |I = Bé’“ — % _1.7A

XHSRRN, BT RIEH (@) fE, SHIERERT S EE S E RS SRR D,
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BA¥5

(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

E=""a

_d(BLx)

&= dt

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

& =-5L(4)

dt
dx
BL— = BL
dt v

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

Example Solution

_dop
T dt
_ d(BLx)
&= dt
dx
=-BL%
¢ dt
& = —-BLv
& = —(0.50 T)(0.40 m)(2.5 m/s)
£=-050V
AV
=%
_lél
I'= R
_0s0v]
I'= 030Q L7A
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£:3] 2023 Set 2 Q2 (b)(i)
+y

+Xx
+z

BZ
pd /\9( payd
T

Perspective View (at time ¢ = 0)

Top View (at time f)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.20 Q connects

the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails. Frictional forces and the resistances of the bar and rails are negligible.

* At time ¢ = 0, the bar is released from rest from position x( and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time 1, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude B; = 0.40T that is directed in the
+y-direction.

* At time #,, the bar reaches position x, and enters a region with no magnetic field.

* At time t3, the bar reaches position x5 and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.

* At time 14, the bar reaches position x4 and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time #g such that f; < tg < .

(b) At time g, the speed of the bar is v = 2.5 m/s.

i. Calculate the magnitude of the current in the bar at time #g.

fi#:

#LL2.5 m/siaRMian), S—REZEETKTER. SPEINERZd, BEESENB dv; &
BYEBFEAIBES, [BlR&AEFE90.20 Q.

€] = Bydv = (0.40)(0.30)(2.5) = 0.30V,

&l 0.30
=5 =2 —15A
R~ 020
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BA¥5

(b))

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

dd,
dt
d(B,dx)

dr

£=-

8:

L. 1 point
For a correct substitution of v for % poi

Scoring Note: A student can earn points 1 and 2 of part (b)(i) by starting with the

expression & = Bidv.

Example Response

€= —Bld(
& = -Bjdv

il
dt

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

Example Solution

dd,
T dt
__d(Bdx)
&= dt
_ _pdlax
—
8 = _Bldv
& = —(0.40 T)(0.30 m)(2.5 m/s)
E=-030V
AV = IR
_Ar
I'= R
_lél
I'= R
_|-0.30v]
I = 0200 1.5A
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AP Physics C + EBREZ UMY 2024 Set 1 Q3 (b)(ii)

#:>] 2024 Set 1 Q3 (b)(ii)

+y

L.

+Z

3]

h

92]
X X X X X X X X X X
X X X X X X X X X X
X X X X X X X X X X
X X X X X X X X X X

X X X X X
X X X X X
X X X X X

fe—L—+ %

r
I
I
I
I
I
I
I
I
I
I
I
I
I
I
L
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h<_
o
h.
)
™~
S
[\‘

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.

(b) Consider the instant when Point S reaches x = 1.5L.

ii. Derive an expression for [z when Point S reaches x = 1.5L. If Iy = 0, indicate how the derived
expression shows that Iz = 0. Express your answer in terms of R, L, v, B, and physical constants, as
appropriate.
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AP Physics C + EBREZ ESQINEING

2024 Set 1 Q3 (b)(ii)

fi#:

(b)(ii) RN HIRAEHEAREL, BEIEEERN, mEN

2L,
Fr A
dA dd
E = QLU, % = —QBLU
PR E A RN FEEh S, BOSINE IR, HshEoNiE:
dd
gind = —E = 2BLv.
i FH R0 R F Bh A s R -
2BLv
I, = JEA:N )
R= T G
BT
B, L,v
FZHRAR, HRANEF, NREHEINHEHA
217

PREGEAMERNR; X ERAZ R 2R,

249



AP Physics C + EBREZ UMY 2024 Set 1 Q3 (b)(ii)

BA¥5

(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 dd)B__d
€= dt dt(BA)

For indicating 6411_1;1 is 2Lv 1 point

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

= Bd—A =2BLv
dt

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

determined for the emf &

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

_ 2BLv
R

Example Solution

Ir

_doy
dt

5:—%(]22-012)

E =

d d
£ = ~2:(BA) = —2(-B(2L)x)

dx
=2BL—
€ dt
& =2BLv
_ A
= R
_ &
Iy = 7
_ 2BLv
Iy = i
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AP Physics C - FEHAZ

X 2024 Set 2 Q3 (b)(ii)

#:>] 2024 Set 2 Q3 (b)(ii)

+y

L.

+2

(b) Consider the instant when Point S reaches x = 1.5D.

exerted on the loop so that the loop always moves with constant speed v in the +x direction, as shown in Figure 1.

the +z-direction. Region 1 has boundaries x = D and x = 2D. The loop later enters Region 2 of external uniform

 Region1 ~ Region2
n— — 1
v | @ o 1o o @ o)
—_— i1 B 1 2B I
| o o 1o o @ o)
R 1 : 1
I o o e o o o
I 1 I
S i e o : e o o ° i
I
i ° L] i e o o [ ] i
|<—D_>| i Y ® i e o o ° i
I I I
@ e le o o o)
0 D 2D 3D
Figure 1
3. A wire is connected to a resistor of resistance R to form a rigid square loop of side length D. An external force is
The loop then enters Region 1 of external uniform magnetic field of magnitude B that is directed in
magnetic field of magnitude 2B that is directed in the +z-direction. Region 2 has boundaries x = 2D
and x = 3.5D. Point S is the midpoint of the leading edge of the loop.

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

appropriate.
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AP Physics C + EBREZ UMY 2024 Set 2 Q3 (b)(ii)

fi#:

(b)(ii) REM. FEIR AR/ INHE A X B IR

A= D(x— D),
{EfE Iz B
dz/dt = v,
(Al
%ézlh, y@mpzéiszDu
R e BT 2

BD
|%p:—§3 (IRESEH) |

o DO R RF SR IE A7, U
I¢ = —BDu/R;
TS KNS EARR B, FUERAE, DA E N R S S L
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AP Physics C + EBREZ UMY 2024 Set 2 Q3 (b)(ii)

BA¥5

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

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

1 point

Example Response

d®p _

__ _d
€= d d?(li4)

For indicating % is Dv

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

1 point

Example Response

dA

SZ—BE

= —BDvy

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

determined for emf &

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

1 point

Example Response

_BDy

Example Solution

_dDy
dt

o =—t{]5-di)

£ =

__4d __4d - _pp%x
= dt(BA)_ dt(B(D)x)_ BDdt
& = —-BDv

A
r= R

_£&

IS—R

_ _BDv

Iy = R

BRRRE KBMEHKN

BEERSHIZERR, BAOKNBL, KFSNLENSZERIR, BAEERLKEEMKTS, B

FRMRFRE o
FeRLERIRERIIZRER, BRLAMZEMER; FAELBHEEZRSFE.

Fg =1IB/sina.
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AP Physics C - FEHAZ

583 2023 Set 1 Q2 (b)(ii)
iR &#E 2023 Set 1 Q2 (b)(i)o

Conducting Bar

X X X X X
R X X X
B
X X X X X

X
X
X X X

et

Top View (at time f)

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R =0.30 Q 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.

e 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 73, 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 4, the bar enters a region with no magnetic field.

Consider time tg such that t, < t5 < #3.

(b) At time g, the speed of the bar is v = 2.5 m/s.

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

fi#:

(b)(ii) EHRNMESHHER, WIIN
F=1LEB,
AR F& AR :

BL B2L? 0.50)2(0.40)%(2.5
F— RULB: RU:( )(030)< )Z_

HmAtie, H
Fv=1I°R
AlkER : RIAIZN0.83 W, HEHUERINIIMII 2R S HEE = —2
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AP Physics C + EBREZ UMY 2023 Set 1 Q2 (b)(ii)

BA¥5

(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 = j 1dix B
F =ILB
F = (1.7 A)0.4m)(0.5T)
F =033N
OR
F = j 1di x B
F = ILB
_(BLv
F = ( X )LB
_ B*%y
F==%
F_ (05 T)?(0.4 m)* (2.5 m/s)
a 03Q
F =033N

Total for part (b) 4 points
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AP Physics C + EBREZ UMY 2023 Set 2 Q2 (b)(ii)

.51 2023 Set 2 Q2 (b)(ii)
71874 2023 Set 2 Q2 (b)(i)o

Ty

+Xx
+z

B 2
Z \9( pd
T

Perspective View (at time ¢ = 0)

Top View (at time f)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.20 Q connects
the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails. Frictional forces and the resistances of the bar and rails are negligible.

* At time ¢ = 0, the bar is released from rest from position x( and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time 1, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude B; = 0.40 T that is directed in the
+y-direction.

* At time #,, the bar reaches position x, and enters a region with no magnetic field.

* At time t3, the bar reaches position x5 and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.

* At time 4, the bar reaches position x, and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time tg such that ) < tg < .

(b) At time tg, the speed of the bar is v = 2.5 m/s.

ii. Calculate the magnitude of the net force F; exerted on the bar at time #g.

fi#d:
BEEBERNM, EHSZFNERESEEIR, KESRANEHREHEN, F—BiH5FEER,
Itk PR R Y B SR SRR FNAE K

Foet = IB,d = (1.5)(0.40)(0.30) = 0.18 N.
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AP Physics C + EBREZ UMY 2023 Set 2 Q2 (b)(ii)
BAIFS

(b)(ii) For substituting the current or an expression for the current obtained from part (b)(i) into an 1 point
appropriate equation for calculating the magnetic force
Example Responses

F = I[d? x B

F = IdB,

F = (1.5 A)(0.3m)(0.4T)
F=018N

OR

F= j]d? x B
F = IdB,

_( Bdv
(5
B Blzdzv
- R

~ (0.4T)*(0.3m)*(2.5m/s)
a 02Q

F

F

F =0.18N

Total for part (b) 4 points

DEOREE: MEBRIRAFIMRIE

v-tEIRRIERZMNRE, SEEHEIEDINEM EREEN; EANEG X EHAREBSVAIEL, &
ETRETHEEREE; BFESRTAINTT, BEKTE,

BT T RRENSFIRRAEENT, THREEHRTETRE. S MEERZIXN N KOHAMERE
BERo

dv  B3f?

T R (4hEEHITNER)
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AP Physics C + EBREZ UMYX 2023 Set 1 Q2 (c)

583 2023 Set 1 Q2 (c)

Conducting Bar

X X X X X
R X X X
B
X X X X X

X
X
X X X

[t

Top View (at time f)

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R =0.30 Q 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.

* Attime ¢ = 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 #,, 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 3, 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 #,, the bar enters a region with no magnetic field.

Consider time tg such that t, < tg5 < #3.

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

‘ 1 1 1 1
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

! ! ! ! ‘
o f t) f A

fi&:
(c) WREIREI B 7 3 1]
0 <t <ty
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AP Physics C + EBREZ UMYX 2023 Set 1 Q2 (c)

g, JRENFT BT, AR, A SIRE R, BAhZra NS, BT
HARKERFHEENRRNE,

t; <t <ty
TR, TRFECRF R
ty <t <ty
T3 11 5 RUE EE,
dv B2%L?
meoy =g v

DRIHEIR R, TREIERE RREFIZN /D, AREREE N, dhskia L2, ¢ i mE iRt
BIA]; A R AFR R PR E e Ae, T EL

B2
AAE, WORERITEZAGES HRIERESE, e MR, NEIGGRRIERF SR, SRR E

[ B AH

259



AP Physics C + EBREZ UMYX 2023 Set 1 Q2 (c)

BA¥5

(©) For drawing a curve that starts at the origin, is increasing, and is concave down from ¢ = 0 1 point
to 4
For drawing a horizontal line from # to 7, 1 point
For drawing a curve that is decreasing and concave up from ¢, to #, 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 + EBREZ UMYX 2023 Set2Q2 (c)
#£>] 2023 Set 2 Q2 (c)
+y
+x
+z
B,
V4
Perspective View (at time ¢ = 0)
X mlo B, i
L] L] L] L] L] L] L] L] _l_
— r
- : : : | x
0 %o X B X A3

Top View (at time f)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.20 Q0 connects
the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the

rails. Frictional forces and the resistances of the bar and rails are negligible.

* At time ¢ = 0, the bar is released from rest from position x; and slides down the sloped section

of the rails, as shown in the Perspective View.

* At time £, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude B; = 0.40 T that is directed in the

+y-direction.
* At time t,, the bar reaches position x, and enters a region with no magnetic field.
* At time 3, the bar reaches position x5 and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.
* At time #,, the bar reaches position x, and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time #g such that ; < 5 < 5.

(c) On the following axes, sketch a graph of the speed v of the bar as a function of time # between ¢ = 0 and #4.
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AP Physics C + EBREZ UMYX 2023 Set2Q2 (c)

fi#:

(c) R 7 BRI
0<t<t:
HAWE DI BIEE, TR, FrCWRESindizas), #ERMERITES BT,
ty <t <ty
W15 oRIEL L, JEEE R HOURERE TRV, thdkm B,
by <t <ty
Ty, IKCFIEEEE,
s <t <y
WIREHES TR, By i
+z,

SHAEAT, AR FEIN, {8 2R TR AR ;

vV X By

BETHE, RN AR MNmaA Bahh, B AR TCRN iR, MIAHIEIT, ks
CRIFSATBAHRIRY &L, ARERDN By B H B SR B0E,  [ER KRR B IR

()
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AP Physics C + EBREZ UMYX 2023 Set2Q2 (c)

BA¥5

(© For drawing a straight line with a positive slope that starts at the origin from ¢ = 0 to ¢ 1 point
For drawing a curve that is decreasing and concave up from # to f, 1 point
For drawing a nonzero horizontal line from 7, to # 1 point
For drawing a nonzero horizontal line from # to #4 1 point

Example Response

Total Points for part (c) 4 points

FEEPHRVIIE : FoRiHEXEEREX

E—XTRZERIMERFK, BREDX; W—F DX ELREESEK. RFERREBHE, EEAR
ZfESBIERRERS.
FEREEETR, GHEEHE, FER[HHE

11 1
Rparallel Rl Rz '

Rseries = Rl + R2a
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AP Physics C + EBREZ UMYX 2023 Set 1 Q2 (d)(i)

BT 2023 Set 1 Q2 (d)(i)

Conducting Bar

X X X X X
R X X X
B
X X X X X

X
X
X X X

[t

Top View (at time f)

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R =0.30 Q 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.

* Attime ¢ = 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 #,, 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 3, 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 #,, the bar enters a region with no magnetic field.

Consider time tg such that t, < tg5 < #3.

(d) The scenario is repeated but an additional resistor of resistance R = 0.30 Q is connected, as shown.

i. Determine the total resistance Ry, of the closed circuit for the new scenario.
fi2:
HERFHRY MR 2| REENR—NT R, FIERIBEAFK. ©11%750.30 Q; HEXESEBIHEM.

O S
Rioal 0309 ' 0.309°

Rtotal - 015 Q
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AP Physics C + EBREZ UMYX 2023 Set 1 Q2 (d)(i)
BAIFS

(d)(i) For a correct answer with units (0.15Q) 1 point

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

Example Response

I _y1
Rp—zi:Ri

1 1

1

R, 030 030
1 __2

R, 030

R, =0.15Q
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AP Physics C + EBREZ UMY 2023 Set 2 Q2 (d)(i)

$:3] 2023 Set 2 Q2 (d)(i)

+y
+x
+z
B,
Va4
Perspective View (at time ¢ = 0)
R L] Bl L] L] L] L] L] L] Bz _dr
— r
— I I I I I x
0 %o X B X A3 X4

Top View (at time f)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.20 Q0 connects

the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails. Frictional forces and the resistances of the bar and rails are negligible.

* At time ¢ = 0, the bar is released from rest from position x; and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time £, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude B; = 0.40 T that is directed in the
+y-direction.

* At time t,, the bar reaches position x, and enters a region with no magnetic field.

* At time 3, the bar reaches position x5 and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.

* At time #,, the bar reaches position x, and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time #g such that ; < 5 < 5.

(d) The original scenario is repeated but with a new bar that has the same mass but with a nonnegligible

resistance R = 0.20 (). The new bar is released from rest and smoothly transitions to the horizontal section of
the rails and enters the first uniform magnetic field.

i. Determine the total resistance of the closed circuit.

fi#:
Hi%ERY0.20 QS AHK0.20 QBB FRE—FEE I ZHNHAEREZE, BBk,
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AP Physics C + EBREZ UMY 2023 Set 2 Q2 (d)(i)
BAIFS

(d)(i) For a correct answer with units (0.4 Q) 1 point

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

&:Z&
R, =(02Q)+(02Q)
R, =04Q

SEEMEMNE: LERNINZIERE
Mg, 758, HRMGEFEN, ERMHEER; RS SBERREL, #EAOMIMEE BENL

i
o

XEBIRBIZHNGE], FERHANGRARNRE, SARMPKRLFHESEE, BERER - ME
Eo

B2
mRiotal

ol =
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AP Physics C + EBREZ HUMHX 2023 Set 1 Q2 (d)(ii)

583 2023 Set 1 Q2 (d)(ii)
2B &#E 2023 Set 1 Q2 (d)(i)o

Conducting Bar

X X X X X
R X X X
B
X X X X X

X
X
X X X

et

Top View (at time f)

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R =0.30 Q 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.

e 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 73, 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 4, the bar enters a region with no magnetic field.

Consider time tg such that t, < t5 < #3.

(d) The scenario is repeated but an additional resistor of resistance R = 0.30 Q is connected, as shown.

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

new- IS @y greater than, less than, or
equal to dping ? Justify your answer.

fi#:

FORENEZREBRE], #NRE. BE. S5 KEMRR. BrEXRENEBNE, BihEiIn
Blvo HEIEEAIFRLEEFAR0.30 QFF790.15 O, BiERREEMRINE, #EEDMMEREARNELMNE,

ﬁi?ﬁa >a

new original®
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AP Physics C + EBREZ HUMHX 2023 Set 1 Q2 (d)(ii)

BA¥5

(d)(ii) For a statement that correctly describes the inverse relationship between resistance and 1 point
current (e.g., as resistance decreases current increases)
For a statement that describes the direct relation between current and force (e.g., as current 1 point
increases force increases)
For a statement that describes the direct relation between force and acceleration (e.g., as 1 point

force increases acceleration increases)
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
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AP Physics C + EBREZ HUMHX 2023 Set 2 Q2 (d)(ii)
#+>] 2023 Set 2 Q2 (d)(ii)

Zjr) 4% 2023 Set 2 Q2 (d)(i)o

Ty

+x
+2Z
B,
Z /\9( Z
V4
Perspective View (at time ¢ = 0)
R .Bl L] L] L] L] L] L] Bz Z
— Iy
H i I i I } x
0 %o X B X2 3 X4

Top View (at time f)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.20 Q connects

the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails. Frictional forces and the resistances of the bar and rails are negligible.

* At time ¢ = 0, the bar is released from rest from position x( and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time 1, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude By = 0.40 T that is directed in the
+y-direction.

* At time #,, the bar reaches position x, and enters a region with no magnetic field.

* At time t3, the bar reaches position x5 and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.

* At time 4, the bar reaches position x, and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time tg such that ) < tg < .

(d) The original scenario is repeated but with a new bar that has the same mass but with a nonnegligible

resistance R = 0.20 Q). The new bar is released from rest and smoothly transitions to the horizontal section of
the rails and enters the first uniform magnetic field.

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

immediately after the bar enters the first uniform magnetic field is @, IS a,.,, greater than, less than, or
equal to @ pging ? Justify your answer.
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AP Physics C + EBREZ HUMHX 2023 Set 2 Q2 (d)(ii)
fi&:

PRENEE R BRENREARR, shEREIFEYAB dv. FEIKEREME, EERARF; HK. 558
FEARE, EHEBENSIMEEXINEF, EFa,,, <

CLoriginal°

IB,d  Bdv

|a’ = = .
m mRiotal
= e
B AR
(d)(ii) For a statement that correctly describes the inverse relation between resistance and current 1 point

(e.g., as resistance increases, current decreases)
For a statement that correctly describes the direct relation between current and force (e.g., as 1 point
current decreases, magnetic force decreases)
For a statement that correctly describes the direct relation between force and acceleration 1 point

(e.g., as force decreases acceleration decreases)
Scoring Note: Full credit can be earned with a justification that is consistent with the
resistance calculated in part (d)(i).

Example Response

The new acceleration Gy, is less than gy, . Greater resistance of the bar causes the

current to be less than in the original scenario. Less current causes the magnetic force
F = IdB on the bar to also be less than the original. By Newton's second law F = ma so
less force on a bar of the same mass results in less acceleration.

Total for part (d) 4 points

EEE AT/ EREIERAXEF

S ERBHEB LASEHNEIZNAERERX; BRAKRRUSER, EERREEERAITFRERNF
o

RELEERMBERE, EEHmMgH=mv?/215%8Iv=/ (2gH); REESESHRTENTRE, BELEESH,
BB HIHH AT N RIR B E S EREE,

€]

&l =B v, T=-"1,
+ Rtotal

v=+/2gH (TEEEEH) .
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583 2023 Set 1 Q2 (e)

Conducting Bar

X X X X X
R X X X
B
X X X X X

[t

X
X
X X X

Top View (at time f)

2. Two horizontal, parallel, conducting rails are separated by distance L = 0.40 m. A resistor of resistance
R =0.30 Q 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.

* Attime ¢ = 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 #,, 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 3, 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 #,, the bar enters a region with no magnetic field.

Consider time tg such that t, < tg5 < #3.

(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.

fi#e:

(e) {5 FELRH _E AR AR HL B/ N B R/ INEV D, HABSRAEA R, MRAEE NSRS BRI
2, NizWrE oME, TR AR

A

|AV,| = BLv

BT B, DA N 5 A TR B INFURIEE L,  SAE 58 096 T 40 B A A B R
JiiEE: AHIRIHERE RS

muv*,

N

JREBERIN AR RN, 8 H A G i — DI SR RIR K A&
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BA¥5

(e) For correctly indicating one of the following, with an attempt at a relevant justification: 1 point
e Decreasing B
e Decreasing L
e Increasing m

For correctly justifying the identified modification that will result in a smaller induced 1 point
potential difference across the original resistor
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 = 0.5T 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
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#:>] 2023 Set 2 Q2 (e)

+y

+x
+z
B,
Va4
Perspective View (at time ¢ = 0)
R L] Bl L] L] L] L] L] L] Bz _dT_
— r
— I I I I I x
0 %o X B X A3 X4

Top View (at time f)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.20 Q0 connects
the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails. Frictional forces and the resistances of the bar and rails are negligible.

* At time ¢ = 0, the bar is released from rest from position x; and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time £, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude B; = 0.40 T that is directed in the
+y-direction.

* At time t,, the bar reaches position x, and enters a region with no magnetic field.

* At time 3, the bar reaches position x5 and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.

* At time #,, the bar reaches position x, and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time #g such that ; < 5 < 5.

(d) The original scenario is repeated but with a new bar that has the same mass but with a nonnegligible

resistance R = 0.20 (). The new bar is released from rest and smoothly transitions to the horizontal section of
the rails and enters the first uniform magnetic field.

(e) Describe a modification to H, By, or d that will result in a larger induced current in the new bar immediately
after the bar enters the first uniform magnetic field. Justify your answer.
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fi#:

(e) BT A RTIAA RN, FLIAT BE R AT ARSI H . TR AR b
mgH = %mv%,

FIt A

vy =+/29H;
WK H 2GRN RYIEEE, el S AR5 0.40 €,
I= Bldvl/Rtotal

KIHHE R, 48 HAAPUAE, NI NGRSO Ml 8 H B AR VAR HAR S R [ R
B, sFHHEd, HAFRZEERE—ITER,

BEANSR

(e) For correctly indicating one of the following, with an attempt at a relevant justification: 1 point
e Increasing H
e Increasing B
e Increasing d

For correctly justifying the identified modification that will result in a larger induced current 1 point
in the new bar at position xg

Example Responses

Increasing H will increase the induced current. If the ramp is higher, then the potential
energy is greater and this results in greater kinetic energy and greater velocity at the bottom
of the ramp. A greater velocity causes a greater rate of change in flux as the bar moves
through the field. By Faraday’s law the emf is greater and therefore also the current.

OR

Increasing By will increase the induced current. If the magnetic field is stronger this

increases the flux through the circuit and therefore also the rate of change in the flux. By
Faraday'’s law the emf is then greater and therefore also the current.

OR

Increasing d will increase the induced current. A larger width results in a greater area
encompassed by the circuit. Greater area increases the flux through the circuit and therefore
also the rate of change in the flux. By Faraday'’s law the emf is then greater and therefore
also the current.

Total for part (¢) 2 points

Total for question 2 15 points
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BLREBER: KRENFEHRTIE

FEFHICEBRERE AR, BRESINRIPR, MR S@LEBEN, BRNERMIXEME; MREZ 1M, X
B2 ThER A 2= R R A BB fE,

52
P=I’R=—.
R
f5IRE 2024 Set 1 Q3 (b)(iii)
Zsjm) 3% 2024 Set 1 Q3 (b)(ii)o
Region 1  Region 2
v, A SR J
R :XXXXXX:OOOB.:
- —WWA— IX X X X X X!e o o o +y
IX X X X X X|® @ o o]
| | |
e x X x xle o 0 o) NCons
2L S I o - '
IX X X X X XIX X X XI
IX X X X X XX X X X|
IX X X X X X|X X X X|
- IX X X X X XIX X X X|
i X X X X X XIX X X X1
—_—
0 L 2L 3L 4L
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.

(b) Consider the instant when Point S reaches x = 1.5L.

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.

276



AP Physics C + EBREZ HMHN 2024 Set 1 Q3 (b)(iii)
fi&:

(b)(iii) FEFHAERLIR LA RIIRE

P =1I2R,
TCIE LT AAne],  HZRERAEDL
b <2BLU) 2 R [AB L
"\ R LR
BlLv
AR IR, B A
(BLv)?*/R
A BN BLRY
BAED
(b)(iii) For using a correct general expression for P 1 point
Example Responses
2 (ar)*
P=I"R OR P= OR P=IAV
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’
R
Example Solution

P =

P=1I°R
pe (2BLv)?
R
_ 4B*[H?
P= R

Total for part (b) 7 points

277



AP Physics C + EBREZ HIMHN 2024 Set 2 Q3 (b)(iii)

#:>] 2024 Set 2 Q3 (b)(iii)
2B E$E 2024 Set 2 Q3 (b)(ii)o

Region 1 Region 2

. : e o e o o o -:
—_— i B ' 2B I +y
: e o :o e o o o:
K | | |
: o o :. e o o o: +x
! I I +Z
S : e o :o e o o o:
i e o io e o o oi
|<;D4>| i ) ) i. e o o .i
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f f f f f f f f f t X
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Figure 1

3. A wire is connected to a resistor of resistance R to form a rigid square loop of side length D. 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 = D and x = 2D. The loop later enters Region 2 of external uniform
magnetic field of magnitude 2B that is directed in the +z-direction. Region 2 has boundaries x = 2D
and x = 3.5D. Point S is the midpoint of the leading edge of the loop.

(b) Consider the instant when Point S reaches x = 1.5D.

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

fi#:

(b)(iii) FERCEN=R

BDU>2R | B2D*?

P:I2R:<
S R R

ARSI A SETINR,; EHEFERER M7 e,
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BAIFS

(b)(iii)  For using a correct general expression for P 1 point
Example Responses
2
P=rr OR pP-L" or p_jar
For an expression for power that is consistent with the response in part (b)(ii) that is in 1 point

terms of the provided quantities only
Example Response

B*D*?
R
Example Solution

P =

P=1I°R
2
P-= (— Bgv) R
B’D*?
P=
R

Total for part (b) 7 points

BFEA: BRIV SR EHIRD

DWERIESWEANGESE, EEMERBERIEE, RENIPRAL;, BERMENEXRT, WE/NEHRSHEMA
| I?Rdt,

BrppXn5tE, BEMYISKRNERMFLNE, FRRSEIHE, FEREEIRM7INTE

BT ERo

Ep= / I’Rdt,  E;=I!RAt; (IBRE) .
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BT 2022 Set 2 Q3 (c)
Solenoid Solenoid
[\}oop of Wire
1(t)
— 0 Loop of 1(1)
Wire
Side View End View

Note: Figures not drawn to scale.

3. A single loop of wire with resistance 3.0 Q and radius 0.10 m is placed inside a solenoid, with the normal to the
loop parallel to the axis of the solenoid. The solenoid has 500 turns, is 0.25 m long, and is connected to a power
supply that is not shown. At time ¢ = 0, the power supply is turned on, and the current / in the solenoid as a
function of ¢ is given by the equation (¢) = B, where 8 = 5.0 A/s. The direction of the current in the solenoid is

clockwise, as shown in the end view.

(c) Calculate the total energy dissipated by the loop of wire from time ¢ = 0 to time ¢t = 2.0 s.

fi&:
(c) 712.0 s #EBLAY S REE M H AT HRRE DAE HRE FERY,  Dh&
P — I]?Rlo
AL IR TEE, #ENREE, Pl AERESEN )

P =(1.32x 107%)2(3.0) ~ 5.20 x 1078w,

2.0
B, = / I?R,dt = P(2.0) =[1.04 x 107"y~ 1.0 x 1077 J|.
0

FLAEIREE PR R, AR 2L RIS DAE 2 Rl XE AR iy
PAt
IR AL
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BAIFS

(©) For using an appropriate expression for the power for a constant current through a resistor 1 point

Example Response
2
P =l R

For a correct substitution consistent with (b) into a correct expression for electrical power 1 point

Example Response

2 ponA di Y 4 4\ 8

— — 0 — _ -

P = Ijpy’R = (TE) R=(13x10" A) 3.0Q) =52x10°W

For correctly substituting the power dissipated by the loop of wire into a correct energy 1 point
equation

Example Response

_9E _AE g
= =% - AE=PAr

AE = (52x107°7)(2.05) =1.0x 107 J

Total for part (c) 3 points
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IR 2024 Set 1 Q3 (¢)
Zx(a)73E 2024 Set 1 Q3 (b)(iii)o
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0 L 2L 3L 4L
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.

The total energy dissipated by the resistor in the rectangular loop as Point S moves from x = 0 to x = 4.5L
is Eoriginal'
The vertical boundary between regions 1 and 2 is now shifted to x = 1.5L. After the boundary is shifted, the
rectangular loop again moves with speed v in the +x-direction, as shown in Figure 2. The total energy dissipated
by the resistor as Point S moves from x = 0 to x = 4.5L is E ..
Region 1
| | Region 2 |
—V . R !
Ir)( X ‘I-. e o o o o .‘i
R | I B ,
- —MN\— IX Xle o o o o o 0! +y
IX X/e o o o o o o
:Xx:ooooooo:
:xx:ooooooo: +2Z =
2L S I bmm—m—mmm 4 '
IX XIX X X X X X X X!
IX XIX X X X X X X X!
IX XX X X X X X X X|
X IX XIX X X X X X X X|
~L— :Lxx!_xxxxxxxxj
—_—
0 L 2L 3L 4L
Figure 2
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2024 Set 1 Q3 (c)

(c) Indicate whether E,., is greater than, less than, or equal to Egina-

E .. >E

—— Fnew original E < Eoriginal Enew = Eoriginal

new

Briefly justify your answer.

fi#:

(c) Mandbts, SFEREERRILERegion 1 KA ALE]

1.5L,
H 58
1.5L
B
0.5L,
Region 2 f_E FRIEIEGL, HriEEHE ARegion 1 I AR FL i HRFEE
0.5L/v,
BFFRegion 1 B HHpsz
0.5L/v;
MERZFNERALE, BT, SN IEZMERITHERRAIMN
2BLv/R.
JEIRTERI N EZ R B 57452
L/v,
DIZR M FMARZ YR AN FRE, B
Erew < Eoriginal |-

ARG E
L _ABLA2L SBL%
original — R v - R )
AB?L*>v? .  4AB%L3 1
Enew = - - = o = _Eori inal*
R v R 2 °"8

ARG B EANE . RXEIREEANE, (BB BRI R R
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AP Physics C « EBRES MY 2024 Set 1 Q3 (c)

BA¥5

(o) For selecting E, ., < E,

original 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 ., < Egqging -

Total for part (c) 2 points

#:3] 2024 Set 2 Q3 (c)
Z[a) A&dE 2024 Set 2 Q3 (b)(iii)o

| Region 1 | Region 2 |
Fm—————- m————————— -
v : e o 1o o o o o :
—_— | B ! 2B I +y
: ® o g o o o o :
£ | ’ |
I
: ° ° : e o o o o : +x
! I I +Z
S : ° e o o o o o :
I
i [ ) i ° ° ° L] o i
D_>| i ) ® i e o o o o i
I I I
1o o lo o o o o
f t t f f t t t t t X
0 D 2D 3D 4D
Figure 1
3. A wire is connected to a resistor of resistance R to form a rigid square loop of side length D. 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 = D and x = 2D. The loop later enters Region 2 of external uniform
magnetic field of magnitude 2B that is directed in the +z-direction. Region 2 has boundaries x = 2D
and x = 3.5D. Point S is the midpoint of the leading edge of the loop.
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The total energy dissipated by the resistor in the square loop as Point S moves from x = 0 to x = 4.5D
is Eoriginal'

The vertical boundary between regions 1 and 2 is now shifted to x = 2.5D. After the boundary is shifted, the
square loop again moves with speed v in the +x-direction, as shown in Figure 2. The total energy dissipated by

the resistor as Point S moves from x = 0 to x = 4.5D is E ..

|
1
v i-. [ ] [ ] ._i [ ] [ ] [ ] -E
—_— | B ! 2B 1 +}'
R :o e o olo o o :
I

i' o o L : e o o i

| | | +X

1 I | +2Z
S :o e o o : e o o :
I
io e o o]0 o o i
|<_ — 1 ! |
b | :o e o o : e o o :
1 ! |
'e o o oio o o
A J H
f t t t t t t t t } X
0 D 2D 3D 4D
Figure 2
(c) Indicate whether E,, is greater than, less than, or equal to Ejgin,-
_— Enew > Eoriginal _— Enew < Eoriginal D Enew = Eoriginal

Briefly justify your answer.

fi#:

(c) 752D #%312.5D HEER HEEIZRIAMED, HIE

3.5D,

KM BE
2B

FIZE AL 5

0.5D,
FEEE = A IR A I AR
1. NTE#t A BIX, SN B, diERs:

D/v,
RNl

BDwv,
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2. \NBIXi# A
2B
X, SN B, SRS
D/v,
CERIE= Y NANIEYS)
BDwv,
3. M
2B
XEJTEITEY, SN
2B,
R
D/v,
RN N
2BDw,

JRIGIE SR B RIX =T0R/N, RS RIERMEIE ; SRR R TR ERIAE M PRI F R XA, P
MBI HARRRIS I B 2 e AR, G — BRI R AR E N, (Al

(BDv))D (BDv)>D  (2BDv)? D

E =

R v R v R v
_ 6B%Dv
R
H
Eoew = Eoriginal ‘

IXIAEL IR BRI IR 75 SRS R, AEEXCL “SiEEMNFEEIE" RKIUE; &R
APRUEA B A
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BA¥5

(© For selecting Ee, = Eyriging With an attempt at a relevant justification 1 point

For indicating one of the following 1 point
e The change in magnetic flux is the same for both scenarios.

e The induced current occurs for the same amount of time for all transitions.

e 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, E ., = Eqigina

Total for part (c) 2 points

ZATERENL:. RETEEH

ZAMHNGXE, ORISR EERRANEZEELMNRE, FEEAEFIEEREE,

TABM=ATRTARLEE, BEJA/A=EE Xy, FFI=(B/R)dA/dte REFHREBREIKES =
FEARRIOTRE; AEFEXEEZERY, RELZEEEM LR M—MAE, BERINE
BHECHIEAR, HEEBERF—; EREEXTEMHR B AIRTE—EIRE,

“Rdt’ ac O\

55 2024 Set 1 Q3 (d)

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.

X

+y

+Z

XXXXXXXXXwX
X X X X X X X X X

____________________

Figure 3
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(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.
Iy

eSSl — — — = 1— — — el SIS S S 4
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |

i e el e i I A A |
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |

Bttt il iy ity Rt ety ety At
| | | | | | | | |
| | | | |

SR [ o a1 ]
| }‘ | | I 4 | J[ I
| | | | I | | | |
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5 S |
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i | | [ I | I | !
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______ | IR I S S et e S

0 L 2L 3L 4L

(d) Z=ATEIA IR EIX He s p— R AR, (6

L <z <3.5L,
=AWKFIRIBK L, BEESE

2L;

S B NTTAUERIA A, BOBIN BN IE,
REAE

L <x <2L:
BRI NEEEAHIN=MIE, a@RMEREDFKPERE, BEERIUTXR,

;L;YfL
| B=-B?
S
%fxif X
Vi =i
L <z <2L,
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A NI EIRE N
a=x—L,
HAHCI =M, WAL RN S ERKE N
2a,

2a
=A%, Rl

X Pk 7R SRR RIE L, EEE S

dz/dt = v,
TR
Epa =~ 22 %) _ pae— L,
2B
@@9:7;@—L) (L<az<2L)|
BRI, SR Er, 5
x> 2L,
A= TG EHER — 15 (A EEE
oL < z <3L

W, BERMAREITAGS, EEAE, RIKHERNE,
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T
3L
=2L
PRI BRARARR AR R AR R AR REERAPREIX N B, RIS — DRI 2 B (A FRA E A I
2
BAES
(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

I
1
0 L

2L 3L 4L

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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#:>] 2024 Set 2 Q3 (d)

The original magnetic fields are modified so that the region D < x < 3.5D 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 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 corner of the loop.

v +y
S

ﬁl B
I MR

P___D___ﬁ ° ° ° [ ° °
[ ] L[] [ [ ] L] [ ]
f f f f f f f f f t X
0 D 2D 3D 4D
Figure 3

(d) On the following axes, sketch a graph of the induced current I in the loop as Point S moves
from x = D to x = 3D.

h’

B et e e B |
| | | I I I I | |
| ] | I | I I | ]
| | | I I I I | |

———ft———t——"FF——" I~~~ ——tT-——1
| ] | I I I I I |
| ] | I | I | | ]
| | | I I I I | |

i i e ety Ity ity Aty S|
| ] | I | I | | ]
| | | I ]

___J____>>___I____‘____I___<‘___J ______ J
| ] | i |
| | | | I | I |
| | | I | | I | ]

5 O (A (|
| | | | | | | | |
| | | I | | I | ]
| | | | | | | | |

0 e e e el el e e e B el i
D 2D 3D 4D
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AP Physics C + EBREZ HMHNX 2024 Set 2 Q3 (d)

fi#:

(d) =MAIFEALISB T HETE AL
D <z <35D

NEFERASMISI Y B, =M PRIAK D, BE&D; S4B, S0t 8RR ED,
FRERUITR B B IE,

RN E
D < x<2D:
E I NN R, EihBEE

D —a,
Asiseiim D, BHRFRIUAIER,
X = D
v : g
i B = Bz
D_ D
a=x—D
D T X
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AP Physics C + EBREZ M

2024 Set 2 Q3 (d)

DHEANRE
a=x—D,
£
D < x < 2D,
BN AW SN D, WL S r &N
D —a;
BENERIT R, WY
A, = D+(§_a)a:Da—%2
SR EYE 2]
da,
W ZE SR
D —a,
FIt A
d:;i” =(D—a)v= (2D — z)v.

AIMEIERIE, BRI KRN

Ip(z) = %(QD —z) (D<x<2D)|
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AP Physics C + EBREZ HMHNX 2024 Set 2 Q3 (d)

WITFHEREAR, Frid sl mERL D, Ml

BDv/R;
HENBUR, WA, HIRRIER N, #
x=2D
NHEI %,
2D <x<3D
N, BAN=ABCESSET, MARBFHD, FEER—EIZF,
I7
BDv/R}--
D oD 3D

EHUERATIAR=AMARE: RSN —REFBEITEEN, Frid i s, Ktk
irRE, NEMNE LT,

BHITS
(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
l"I
B i oo e - - - E—
i R T
 pEEEEEE
i N T
SR . cmmdeccd e
i i i 1 i
] | 1 ] | |
- e - S PR R p———']
1 I 1 |
1 I ] 1 I
1 | ] ] |
b k== == == -t - -
0 D 2D 3D aD

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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AP Physics C + EBREZ HMHNX  2025Q2 (a)
IE5ZHGE: RSMmiEEESEE RN

HaOREEO=BAcoswt, wWEREE, BIIFNHSFBHENE; REKARBURNZT, ITLE
LS 7N

ERERERZIEN sinwt| BIRE—REEHE, 5/RKcosutiVEE,

|€] = BAw|sinwt|.

i@ 2025 Q2 (a)

Question 2: Version J

2. A rotating, circular, conducting loop of area A and resistance R is in an external uniform
magnetic field of magnitude B that is directed in the —z-direction. At time ¢ = 0, the magnetic
field is perpendicular to the plane of the loop, as shown in Figure 1. The loop is rotating with
constant angular speed @ and period 7 about the dashed line that is along the diameter of the
loop. The value of the magnetic flux through the loop as a function of time ¢ is ® = B4 cos(a)t).

i
|
Q:)w
X X % x X
+y
X X
X X +x
x > +Z
X X
B
X X X X
|
|
|
|
Figure 1
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AP Physics C - FEHAZ

MY  2025Q2 (a)

A. The absolute value of the induced emf in the loop is |€|. The partially completed bar chart in

Figure 2 shows a bar that represents |€| at 1 = %T. In Figure 2, draw bars to represent |€| at

1

times = 0, %T, and 57 relative to |e| shown at %T. If |€| = 0, write a “0” in that column.

fi#:

Figure 2

A KB EARERE N A AR THOB R AR, NIRRT HOEEAR SRR/ ST

et

Al

NN

()
E = —le—t = BAwsin(wt),
t=0,T/2
t =T/4,3T/4
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AP Physics C - FEHAZ

MY  2025Q2 (a)

InEiiSeed]

BAw,
JE ]

3T /4
AIREE 3 MEXT AL, B

T /4
&3, HRMWAIE “07 .
5
3
0 0

0 T/4 T/2 3T/4

BAIFS

. 1
For drawing a bar at ZT

. 1 . .
For drawing a bar at ZT that has a height of 3 units

For indicating that |5| is zero at times ¢ =0 and ET

Example Response

le]

EN[S}

t=0 %T %T

Figure 2

Point A1

Point A2

Point A3
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AP Physics C + EBREZ MY 2025Q2 (c)
hEph%: HEohBTANERPSHS

EBRATHEP=£%/R, FILERBNBWAFEHIE, EXEHBTHE, T—BEERMEEE, &K
HEEIBENNEANER, BEHFENENNEINEK,

EHEEEENEE, BAPSSNTAXZRBNRENITRE—E,

il 2025 Q2 (c)

Question 2: Version J

2. A rotating, circular, conducting loop of area A and resistance R is in an external uniform
magnetic field of magnitude B that is directed in the —z-direction. At time ¢ = 0, the magnetic
field is perpendicular to the plane of the loop, as shown in Figure 1. The loop is rotating with
constant angular speed @ and period 7" about the dashed line that is along the diameter of the
loop. The value of the magnetic flux through the loop as a function of time ¢ is ® = BA cos(@t?).

X X X X X X

Figure 1
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AP Physics C + EBREZ MY 2025Q2 (c)

C. On the axes shown in Figure 3, sketch a graph of the instantaneous power P dissipated by
the loop as a function of # during the time interval 0 <¢ < T.

P
A
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
———————————— +--——t - - —————————]
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| ! | ! ¢
0 ll T
5T T
2
Figure 3
.
C IR EHELRINRN
P = IR,

PR, RRRTERAEN, RIRTIRARN A R

2 42, 2
P(t) = %sing(wt) .
FE—DEERZ AN, DA R =
0,7/2,T
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AP Physics C + EBREZ MY 2025Q2 (c)

T/4,3T /4
NEKME
P.. = B2A%W?/R,
XL A AR E,

P
Pmax
T/4 TJ/2 3T/4 T
BAITS
C For a curve that is approximately sinusoidal Point C1
For a curve that shows exactly two cycles Point C2
For a curve that starts at the origin and has equal maximum values and equal minimum Point C3

values

Scoring Note: A curve that starts and ends at P =0 and has a single maximum can
earn this point.

Example Response

T T

D=

Figure 3
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AP Physics C + EBREZ UMYX 2025 Q2 (d)

#2025 Q2 (d)
Zsa)7&4%E 2025 Q2 (a). 2025 Q2 (¢)o

Question 2: Version J

2. A rotating, circular, conducting loop of area A and resistance R is in an external uniform
magnetic field of magnitude B that is directed in the —z-direction. At time ¢ = 0, the magnetic
field is perpendicular to the plane of the loop, as shown in Figure 1. The loop is rotating with
constant angular speed @ and period 7 about the dashed line that is along the diameter of the
loop. The value of the magnetic flux through the loop as a function of time ¢ is ® = B4 cos(a)t).

X X X X X X

Figure 1

D. Indicate whether the sketch you drew in part C is or is not consistent with the bars that
you drew in part A. Briefly justify your answer by referencing the functional dependence
between P and |€|.

fi#:

D ESHIKRERZRSE 88, KFAH
P — 82/Ro

A RN RINZ], C IR, A PR S ERAN L, X RIC RS B
i, ThE

P x e,

IEWRFRR V7o
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AP Physics C + EBREZ UMYX 2025 Q2 (d)

BA¥5

D

For correctly indicating whether the representations are consistent in parts A and C Point D1

For a correct justification that indicates that the maxima and/or minima of the graph in Point D2
part C align with the bars drawn in part A because P is proportional to &

Example Response

Yes, part C is consistent with part A. P is proportional to € > When |<9 | is maximum, P

is maximum.
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AP Physics C - FBRET HIHNX 2024 Set 1 Q2 (a)(i)
RS S LCHRSZ SR8
EBERNISEEHE: BiEEHmR

BEXREIM I REBETRZE, VB —BHFRREE, NHAKMASEREEHN.

MRS RERRIR R, MEEREMBEE R, E. ARREDRERGBRENEERRR
Ho

RH 2024 Set 1 Q2 (a)(i)

Figure 1

2. Students are asked to determine the resistance R of two identical resistors. The resistors are in parallel with each
other and are connected in series to a battery of known emf &£, an inductor of known inductance L, and a switch,
as shown in Figure 1. The students have access to a voltmeter that can measure potential difference as a function

of time. The students are required to measure a quantity that decreases with time to determine R.

(a)

i. On the circuit diagram shown in Figure 1, draw the voltmeter, using the following symbol, with
connections that would allow the students to correctly measure a potential difference that decreases with
time.

~@-

Voltmeter Symbol
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AP Physics C + EBREZ HMHN 2024 Set 1 Q2 (a)(i)

fi#:

(a)(i) HLFEZRAE RIS R R AL IS P, FEUE PR SR e PR B T N, T
MEV, ; FHEEDRE AT,

WIAIEITR, HEERER MM T RALAE, HHEENE, HilEETE R ARG b BT
drkahne, FEFHA NN, FEEREE NRE, A H EK,

NERTTARIRTIERR T, WA RIYEH R RV EBHREL #F.

R

J
R
& L
BEAHS
(a)(d For correctly placing the voltmeter in parallel with the inductor 1 point
Example Response
R

)
I
4115
Lo

#:3] 2024 Set 2 Q2 (a)(i)

Figure 1

2. Students are asked to determine the resistance R of identical resistors R, and Rg. The resistors are connected in
series with each other, a battery of known emf &£, an inductor of known inductance L, and a switch, as shown in
Figure 1. The students have access to a voltmeter that can measure potential difference as a function of time. The
students are required to measure a quantity that increases with time to determine R.
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AP Physics C + EBREZ #HMHN 2024 Set 2 Q2 (a)(i)

()

i. On the circuit diagram shown in Figure 1, draw the voltmeter, using the following symbol, with
connections that would allow the students to correctly measure a potential difference that increases with
time.

~@-

Voltmeter Symbol

fi#:
(a)(i) HEREER_AHBERIFIAE R AN NIETH, FRREHE R AR GE M T FRIRERAT,
R, FHHEAE; BEE BRI AK,
Vy=1R
ok, EEENEHER ETHE,

P5HE R g8 HIHA S AT, EMAENRSHEEARR, ARy N, mEAaAEIMEE
HYZAEL

Ry—Bp
E L
BARS
(a)(i) For correctly placing the voltmeter in parallel with Resistor A, Resistor B, or the 1 point

combination of resistors A and B

Example Response

o
I

LA
t—-
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AP Physics C + EBREZ UMYX 2024 Set 1 Q2 (a)(ii)
ERES: A—SRSESEXRE

ST XS RERMENT, IRUBEREEEESE. AAFXANNE, ELIREBHN
B ERRE RS,

ESHBLUBRREARE, BREMEBEVEIT, FEERABRIME T RIRBEEMNZFSA,

I8 2024 Set 1 Q2 (a)(ii)

Figure 1

2. Students are asked to determine the resistance R of two identical resistors. The resistors are in parallel with each
other and are connected in series to a battery of known emf £, an inductor of known inductance L, and a switch,
as shown in Figure 1. The students have access to a voltmeter that can measure potential difference as a function

of time. The students are required to measure a quantity that decreases with time to determine R.

(a)

ii. Describe a procedure for collecting data that would allow the students to graphically determine the
experimental value for R using the measured quantity that decreases with time. Provide enough detail so
that another student could replicate the experiment.

i
()(il) FIESNEIRBERF WK, SRR EmRRE N, IO EREN AR ERE
RHURES, IHRE RS RIRA, HEIFRNBERIZ A
t =0,
MR & FFHRIESICF 2 H
(¢, VL),

HEMERET, sSE/DESREEN R R NRER, R, FURESEEANE, =
T FREEEE, IR ERIRE,

FUCSRRESFEE, JCiRAWr MREA 20, HRiiiok R,
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AP Physics C + EBREZ UMYX 2024 Set 1 Q2 (a)(ii)

BA¥5

(a)(ii) For a procedure that indicates that the voltmeter should be used to measure the potential 1 point
difference for at least one time

For measuring the potential difference from immediately after the switch is closed to when 1 point
steady-state conditions have been established or during a time interval that would allow the
time constant to be determined

Example Response

Close the switch. Using the voltmeter, record the potential difference as a function of time
until steady-state conditions are established.

Total for part (a) 3 points

#:3] 2024 Set 2 Q2 (a)(ii)

Figure 1

2. Students are asked to determine the resistance R of identical resistors R, and Rg. The resistors are connected in
series with each other, a battery of known emf &, an inductor of known inductance L, and a switch, as shown in
Figure 1. The students have access to a voltmeter that can measure potential difference as a function of time. The
students are required to measure a quantity that increases with time to determine R.

(a)

ii. Describe a procedure for collecting data that would allow the students to graphically determine the
experimental value for R using a measured quantity that increases with time. Provide enough detail so
that another student could replicate the experiment.
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AP Physics C + EBREZ UMYX 2024 Set 2 Q2 (a)(ii)
fi&:

(a)(ii) UWeEE EABARKIF G, SFRFEMBIRESE, EICRBUEBERBER o HEHFRNE
t=0,

MRE TR G IE R ZH
(t,Va),

HEBERNikasE, s/ e e R ERIX A, iSRS~ 3, HESMIFICR,
P EEE M,

SRS EIHE R RS
/2,
TSR, R IR RS MR T3 Fit

BAED
(a)(ii) For a procedure that indicates that the voltmeter should be used to measure the potential 1 point
difference for at least one time
For measuring the potential difference from immediately after the switch is closed to when 1 point
steady-state conditions have been established or until a time at which the time constant can be
determined

Example Response

Close the switch. Using the voltmeter, record the potential difference as a function of time
until steady-state conditions are established.

Total for part (a) 3 points

RLEBERRZ: BT, HELH

IRAB B RRPH I B RAN T, YIBEBRASE, BHEBEAS, BERFEBEMBE; RAGERGE, B
REEEL dI/dthE

BBl B T=L/RE. BRBEENTE,; EEBEMERER EAZEDELRE. ARMERBHEKTZ
B, REMAERREIRE.

I =

£ L
(1—e ), V=&Y, 7= .
Rtotal g Rtotal
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AP Physics C + EBREZ UMYX 2024 Set 1 Q2 (b)(i)

BT 2024 Set 1 Q2 (b)(i)

Figure 1

2. Students are asked to determine the resistance R of two identical resistors. The resistors are in parallel with each
other and are connected in series to a battery of known emf £, an inductor of known inductance L, and a switch,
as shown in Figure 1. The students have access to a voltmeter that can measure potential difference as a function
of time. The students are required to measure a quantity that decreases with time to determine R.

(b)

i. On the axes shown in Figure 2, produce a graph that represents the expected trend of the data by
completing the following tasks.

* Label the quantities graphed on the vertical and horizontal axes.
* Sketch a line or curve that represents the expected trend of the collected data.
* Label any appropriate intercepts and/or asymptotes in terms of the quantities provided.

Figure 2
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AP Physics C + EBREZ UMYX 2024 Set 1 Q2 (b)(i)

fi#:

(b)(i) MEHEhZM D RAFBRAISE RN

11 1 R
— —=—4—, R,=-.
R. R R =73
FEAELL R FELIG (OS2 LR R A B 1 S R -
L 2L
T=—=—".
R/2 ™ R

FEL SRS VR i FEL s P N T P P 8T

Vo(t)=Ee tm = e RUCL) |

MIbRE, PRV o BHZ

JHE, MREEHE M, B

AEEE NI ER IER EL.

VL
E
0.37&
t
BAFS

(b)(i) For correctly labeling potential difference on the vertical axis and time on the horizontal axis 1 point
For a concave-up and decreasing curve 1 point
For a curve that asymptotically approaches zero, or a curve that starts at the origin and 1 point

approaches a horizontal asymptote that is consistent with the placement of the voltmeter in
the response in part (a)(i)

For including a vertical intercept or a horizontal asymptote that is consistent with the 1 point
placement of the voltmeter in the response in part (a)(i) that is correctly labeled as £
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AP Physics C + EBREZ UMYX 2024 Set 1 Q2 (b)(i)

Example Response

5% 2024 Set 2 Q2 (b)(i)

Figure 1

2. Students are asked to determine the resistance R of identical resistors R, and Ryg. The resistors are connected in
series with each other, a battery of known emf &£, an inductor of known inductance L, and a switch, as shown in
Figure 1. The students have access to a voltmeter that can measure potential difference as a function of time. The
students are required to measure a quantity that increases with time to determine R.

(b)
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AP Physics C + EBREZ UMYX 2024 Set 2 Q2 (b)(i)

i. On the axes shown in Figure 2, produce a graph that represents the expected trend of the data by
completing the following tasks.

¢ Label the quantities graphed on the vertical and horizontal axes.
* Sketch a line or curve that represents the expected trend of the collected data.

* Label any appropriate intercepts and/or asymptotes in terms of the quantities provided.

Figure 2

fi#é:

(b)(i) EV_A Bt FUrhZemi HFHAREK, S

oR,
[

L

°R’

UL

V, =0,
SKBIRAAST, MAHEIR AR, SE

E/(2R),
A DA LA

/2,

Valt) = & (1—etim) = £ (12|

B, AV, SNBSS, BAEETRI, ACPHRELdT
/2.
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AP Physics C + EBREZ UMYX 2024 Set 2 Q2 (b)(i)

Va
EJ2 o
0.63(&/2)F----. ‘
!
p= t
HROEMHEHH SRS EE, MBIk TR, KENZE; RREIELDR , FIHSHH
8/20
BAIFS
(b)(i) For correctly labeling potential difference on the vertical axis and time on the horizontal axis 1 point
For a concave-down and increasing curve 1 point
For a curve that starts at the origin and asymptotically approaches a nonzero potential 1 point
difference value
For correctly labeling the horizontal asymptote that is consistent with the indication of the 1 point

connection of the voltmeter in the response in part (a)(i)

Example Responses

One Resistor OR Combination of Resistors

BhZORAY ) EE: BMols B
B TREEVENL eAitt, EABEAENL-1/eiikt,. METIMNHEL/RE, FEEEL/RE

— 0O
/N0

RE—NEHERN, SHRESRE: W MEREMEHEXZER/2, HEXE2R, BHTXARMR,

- L
- )
Rtotal

T 1/e~0.368, 1—1/e~0.632.
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AP Physics C + EBREZ UMY 2024 Set 1 Q2 (b)(ii)

583 2024 Set 1 Q2 (b)(ii)
2[R EdE 2024 Set 1 Q2 (b)(i)o

Figure 1

2. Students are asked to determine the resistance R of two identical resistors. The resistors are in parallel with each
other and are connected in series to a battery of known emf £, an inductor of known inductance L, and a switch,
as shown in Figure 1. The students have access to a voltmeter that can measure potential difference as a function
of time. The students are required to measure a quantity that decreases with time to determine R.

(b)

ii. Describe how the information from the graph in part (b)(i) would be used to determine the
experimental value for R.
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AP Physics C + EBREZ ESQINEING

2024 Set 1 Q2 (b)(ii)

fi#:

(b)(ii) HIER—/EFENRIERMZ LA ERZI9ME
1/e ~ 0.37
EHINZ, KN

e—t/T — 1

X B
t=r,
B AU AR PR I R &,
R=2L
T
AT 8 ER RS AR
V, = Ae7 %
HARIESL R
A=¢,
TR
b= R/(2L),
FT LA
R = 2Lb,
bIEAN s,
L/t
) B A R A
L/t
e fan]= P
R/2,

AR AR R, FFBRORRIUE T & IF IR,
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AP Physics C + EBREZ UMY 2024 Set 1 Q2 (b)(ii)

BA¥5

(b)(ii)) For indicating that a curve fit to the graph is that of an exponential function or for correctly 1 point
relating the area under the curve to the current in the circuit

Alternate Solution

For indicating the time on the graph where the potential difference is approximately 0.37&,
or 0.63& for a curve that starts at the origin and approaches a horizontal asymptote that is
consistent with the placement of the voltmeter in the response in part (a)(i)

T L L 1 point
For indicating that the coefficient in front of the ¢ of the curve-fit equation is equal to % pom

or for correctly relating R to L and the current

Alternate Solution

For indicating that the time constant is equal to %

Example Response

The data in the graph should be fit with an exponential function for the equation

R
Vv, = E(e "L ) . Because £ and L are known, R can be calculated.

Alternate Example Response

The potential difference at 0.37E along the vertical axis corresponds to the time constant
along the horizontal axis. Because the time constant is equal to % and L is known, R
can be calculated.

Total for part (b) 6 points

#:3] 2024 Set 2 Q2 (b)(ii)
2B EdE 2024 Set 2 Q2 (b)(i)o

Figure 1

2. Students are asked to determine the resistance R of identical resistors R, and Rp. The resistors are connected in
series with each other, a battery of known emf &, an inductor of known inductance L, and a switch, as shown in
Figure 1. The students have access to a voltmeter that can measure potential difference as a function of time. The

students are required to measure a quantity that increases with time to determine R.
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AP Physics C + EBREZ UMY 2024 Set 2 Q2 (b)(ii)

(b)

ii. Describe how the information from the graph in part (b)(i) would be used to determine the
experimental value for R.

fi#:

(b)(ii) I _ETHZCKRRIE R EIEAERY

1—e!~0.63

&, Bl

0.63(£/2),
BRHEIAREAX —mERNZ T, T2

—
WALE
V= A(l—e ),

AR

A=¢E)2,

b=2R/L,
4

R =bL/2.
TRES

L/T =2R

EHRSAE— RN R,
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AP Physics C + EBREZ UMY 2024 Set 2 Q2 (b)(ii)

BA¥5

(b)(ii) For indicating that a curve fit to the graph is that of an exponential function 1 point
Alternate Solution

For indicating the time on the graph where the potential difference across Resistor A or

Resistor B is approximately £ or that the potential difference across the combination of

resistors A and B is approximately 0.63E

For indicating that the coefficient in front of the ¢ of the curve-fit equation is equal to 2TR point

Alternate Solution

For indicating that the time constant is equal to %

Example Response

The data in the graph should be fit with an exponential function for the equation
2R
Ve = S(l —e T J Because £ and L are known, R can be calculated.

Alternate Example Response

The potential difference at 0.63E along the vertical axis corresponds to the time constant

along the horizontal axis. Because the time constant is equal to % and L is known, R can

be calculated.

Total for part (b) 6 points

RLEIEE ST BREERSEREAR

BERAEEER: BARHAE, BERERS, REERL/L d/dRTEREHIOEKE;
E5HRRTHE.

TR EIRAREEAEMAZ, BEMD AR, REIBERFTERN, FUSREERE.

dl
g — IRtotal - La — 0
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AP Physics C + EBREZ UMYX 2024 Set 1 Q2 (c)

fBI=A 2024 Set 1 Q2 (c)

Figure 1

2. Students are asked to determine the resistance R of two identical resistors. The resistors are in parallel with each
other and are connected in series to a battery of known emf £, an inductor of known inductance L, and a switch,
as shown in Figure 1. The students have access to a voltmeter that can measure potential difference as a function
of time. The students are required to measure a quantity that decreases with time to determine R.

(c) Starting with an appropriate application of Kirchhoff’s loop rule, derive, but do NOT solve, a differential
equation that can be used to determine the current / in the inductor at time ¢ after the switch is closed. Express
your answer in terms of R, €, L, t, and physical constants, as appropriate.
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AP Physics C + EBREZ UMYX 2024 Set 1 Q2 (c)
fi&:

(c)  MIEIESE HEE L IR 0 7 R FLI T ISR S el s, ARt ST m, FHA SRS
TRt AR

SRR TR RS, Fit

Vi = I(R/2).
FE R S A L I AN P2 A S Tl N3, L R R R &N
LdI/dt;
dI/dt
FRRZEREHRTZ /D, RAEE]
R dl
£—§J—LE—O,
5%
al _¢ R,
dt L 2L |

B RS R, SR, R
I(t),
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AP Physics C + EBREZ UMYX 2024 Set 1 Q2 (c)
BAIFS

() For a multi-step derivation that begins with an attempt at using Kirchhoff’s loop rule 1 point

Example Response

E—AVy—AV, =0

For indicating that the potential difference across the parallel combination of resistors is 1 point
R
7|&
( 2 )
s C . .dl 1 point
For indicating that the absolute value of the potential difference across the inductor is LE

Example Solution
E-AVy —AV;, =0
R i/
8—1(?)—LE—O
E_IR _dI
L 2L dt
_E(L_é)zﬂ
L\2 R dt

Total for part (c) 3 points

#:>) 2024 Set 2 Q2 (c)

Figure 1

2. Students are asked to determine the resistance R of identical resistors R, and Rg. The resistors are connected in
series with each other, a battery of known emf &, an inductor of known inductance L, and a switch, as shown in
Figure 1. The students have access to a voltmeter that can measure potential difference as a function of time. The
students are required to measure a quantity that increases with time to determine R.

(c) Starting with an appropriate application of Kirchhoff’s loop rule, derive, but do NOT solve, a differential
equation that can be used to determine the current / in the inductor at time ¢ after the switch is closed. Express
your answer in terms of R, €, L, t, and physical constants, as appropriate.
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WX 2024 Set 2 Q2 (c)

fi#:

(c) [EIEE 755 FLITHN o0 75 R I s FELIAE L s PP BN 7T T SEIR B PSS T i 5 R A AR

PR R — 1, 7
Vy+Vg=IR+IR =2IR;

P A FEL T PR

T

LdI/dt,

5—2RI—Lﬁ:O
dt

al _ & 2R,
dt L L |

IXEH EREI o 7588 T e FRIA A 1R] R A

BEANS

(c) For a multi-step derivation that begins with an attempt at using Kirchhoff’s loop rule 1 point

Example Response

E-AVy—AV, =0

For indicating that the potential difference across the series combination of resistors is /(2R) 1 point

For indicating that the absolute value of the potential difference across the inductor is L%

1 point

Example Solution

E-AVy—AV, =0
dl

~I(2R)- L% =

E-1(2R) -1 =0

£ 2[R _dI

L L ar

R E\_dl
‘f(”‘ﬁ)— dt
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RERESAME: RENAREBMAEERE

RERSEI/dt=0, BERBREDHEBENE, BEENERIIERFNEFE.

EE}_‘%E /|\££.E—.rlnu WBHEE,_‘ IJE,JEEIZHE-I, ¥ﬁii|7§||3H|3%’ffE:u%uEE/m, JttEE’J*L;\IL:\J_B:FIKZF
1Ko ScERMEBEREW—3T =o

I

[ =——
Rexternal +7

[eo]

55 2024 Set 1 Q2 (d)

Figure 1

2. Students are asked to determine the resistance R of two identical resistors. The resistors are in parallel with each
other and are connected in series to a battery of known emf £, an inductor of known inductance L, and a switch,
as shown in Figure 1. The students have access to a voltmeter that can measure potential difference as a function

of time. The students are required to measure a quantity that decreases with time to determine R.

After reaching steady state, the absolute value of the potential difference across the inductor is |AV1 | The students
replace the original inductor with a new inductor that has nonnegligible resistance. The experiment is repeated.

After a long time, the absolute value of the potential difference across the new inductor is |AV2 |
(d) Indicate whether |AV2| is greater than, less than, or equal to |AVl |

Al A javl<lav] ) = [ay]

Justify your answer.
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fi#:

(d) APFHATHERS: FRASHE R FOR B iR A A BIREAS S, AL,

dl/dt =0,
Fifr DAL it FEL
Avl - Oo
HTEEARER T HBSINY, H NEREHERH
r >0,
FRASI BRI A R, (HNERFRRHA &
I r>0:
E Er

IL——S  A,=—" <o
< R/247’ 2 R/2+r>

FIt A

AV, > AV |

RAHRBRISEY T SE” G THAEZAE RS, NREFTrrT R R,

BEANS

(d) For selecting |AV,|>|AV;| with an attempt at a relevant justification 1 point

For indicating that the potential difference across the original inductor is zero when steady- 1 point
state conditions are established

For indicating that the potential difference across the inductor of nonnegligible resistance is 1 point
nonzero when steady-state conditions are established

Example Response

|AV,|>|AV,|. The potential difference AV, across the original, ideal inductor is zero at

steady state. The potential difference across the new inductor would be nonzero due to the
inductor’s nonnegligible resistance. The value of |AV,| would be the product of the steady-

state current and the inductor’s resistance.

Total for part (d) 3 points

Total for question 2 15 points
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#:>] 2024 Set 2 Q2 (d)

Figure 1

2. Students are asked to determine the resistance R of identical resistors R, and Rg. The resistors are connected in
series with each other, a battery of known emf £, an inductor of known inductance L, and a switch, as shown in
Figure 1. The students have access to a voltmeter that can measure potential difference as a function of time. The
students are required to measure a quantity that increases with time to determine R.

After reaching steady state, the absolute value of the potential difference across Ry is ]AV] | The students replace
the original inductor with a new inductor that has nonnegligible resistance. The experiment is repeated. After a

long time, the absolute value of the potential difference across R, is |AV2 |
(d) Indicate whether |AV2| is greater than, less than, or equal to |AV1|.

(sl (AR avl<]av] A= |y

Justify your answer.

325



AP Physics C + EBREZ HMHNXY 2024 Set 2 Q2 (d)

fi#:

(d) #HMAEAHBEZREE, RA RIS ER SRS HE TN

I, =&/(2R),
FIt A
A%:Jﬂ?zg.
T FELRK AR S T FELRE
r > 0,

FRASIT RN LR %, (H[A]E S L RH AR

2R +r,
IR
E ER E
I — A = I = —.
27 2R+’ Vo =Lt Rtr 2
(At
AV, <AV} |

IXHILEHZE R yFm i, A2 dm . NGRS, #rds B B ERESERE, Ba
PN BER EELRE A S R 38D
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BA¥5

(@)

For selecting |AV,| < |AV;| with an attempt at a relevant justification 1 point
For indicating that the total resistance has increased 1 point
For indicating that the current decreases due to the increased resistance 1 point
OR

For indicating that the potential difference across the inductor will increase, and, therefore, the
potential difference across R , must decrease

Example Response

|AV,| < |AV;|, because the inductor has nonnegligible resistance, and the total resistance of

the new circuit increases as compared to the original circuit. Therefore, the current in the new
circuit is reduced compared to that of the original circuit when steady-state conditions are
established.

OR

|AV,| < |AV;|, because the inductor has nonnegligible resistance, and the total resistance of
the new circuit increases as compared to the original circuit. Therefore, the potential
difference across the inductor increases, which decreases the potential difference across R ,

compared to that of the original circuit when steady-state conditions are established.
Total for part (d) 3 points

Total for question 2 15 points

LCEARAREE: NEENESERE

EBAALCER T, BptEEME7MEREREIRMR, THRIFRIRS, BREEq/CSBREREN; 45
nEBRFTENE, FEILq"+q/C=0, HAq"®RREFN_MIYESH. EEMq"=-q/(LC)iY, EE{EMA
FthFBFEAAER, 5EEREHARQ" = wqRE, Mw=1// (LC), BAEAT=2n/ (LC),

BABEq/CAEHEBAM. IERBEMRIEIKR, UBABEAGFRRIENERNUT;, HAEEMCE
g, AIRRKAMEBREL

T =2nvLC.
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il&% 2026 Q3 (a)(i)

The following information applies to parts A and B.

3. In Experiment 1, students are asked to collect data that can be graphed to determine the
inductance L, of an inductor. The students have access to multiple charged capacitors, each of a
different known capacitance, and a voltmeter that measures potential difference as a function
of time. In each trial, the inductor is connected to a charged capacitor and an initially open
switch, as shown in Figure 1.

Figure 1

Part A

i. Indicate quantities that could be measured by the students that would allow them to
determine Z, using a linear graph.
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fi#:

A() EB—LRMT 2T REERFFEAE AP, ST RIEIExR

Ve(1),
HAEARIE 77 AR e RO IS R 22 3R AR R AT . W T AR CHEAES, 153
(C,T)
BiE, N2 A HIR? REEEHA Y S R < RR M, LC [FE 5N
ng + % — 0.
B HIEBsh S
¢ +wiq=0
XN,
w? =1/(L,0),
T = 27T\/Ll—C' .
ESp)]
Ve =4q/C,
PR A ] A 5 P A ] BT [
B35
A (i) For indicating that the potential difference across the capacitor or the inductor is Point Al

measured over time

Example Response
Measure the potential difference across the capacitor as a function of time after the

switch is closed for long enough to measure the period of oscillation.
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MY 2026 Q3 (a)(ii)

FARNEIRE: ZEHERKINTY

BT AR R E AR R, WESLNNTEERNSNEAL, HMAY/nS2IEAR; nfX, EFER

BEORE & B ERRRILL AR
FA—HRAZREE. FTRERZAHANETUREBAIRESERBEE,

75 2026 Q3 (a)(ii)

The following information applies to parts A and B.

3. In Experiment 1, students are asked to collect data that can be graphed to determine the
inductance Z; of an inductor. The students have access to multiple charged capacitors, each of a
different known capacitance, and a voltmeter that measures potential difference as a function
of time. In each trial, the inductor is connected to a charged capacitor and an initially open

switch, as shown in Figure 1.

Figure 1

Part A

ii. Briefly describe a method to reduce experimental uncertainty.

fi#:

A(L) IR AERE LRSI > FE B A R SN )
At,
A
T = At/n

SRIE, PRI ARG H N TR R0 R A ER IR, AR AR E S

BORYE 1 iz
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BA¥5

(ii) For indicating a reasonable method of reducing experimental uncertainty Point A2
Examples of acceptable responses may include the following:

o Different capacitors are used in subsequent trials
e  Multiple trials are completed with the same capacitor

BRI &R IRRILAR
THCAREEEZ, RATELTFV C BEMRFLR/IT?=4-2LC; FIL#EMC. IHT I REL, #

2%3471'2 Lo

WETAY CIEtEM. TENH, ERENEXBZHRT., EF—4HG, BREMRRBIIRLERR—X

T? = 47 LC.

7% 2026 Q3 (b)(i)

The following information applies to parts A and B.

3. In Experiment 1, students are asked to collect data that can be graphed to determine the
inductance L, of an inductor. The students have access to multiple charged capacitors, each of a
different known capacitance, and a voltmeter that measures potential difference as a function
of time. In each trial, the inductor is connected to a charged capacitor and an initially open
switch, as shown in Figure 1.

Figure 1

Part B

i. Indicate what quantities the students could graph on the horizontal and vertical axes to
create a linear graph that can be used to determine Z,.
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i
B(i) ZRMEEIM AR 77
T2 = 472L,C.
REHIEC (F) , H\EEL
T2
(s?) , MRRLME, BEFETNCRYIRMLZ; HHEET, M

V.

/t\\
=
=i

BEAHS

B () For indicating appropriate quantities that can be graphed to determine L, , consistent

with the response in part A (i), such as:

e T as a function of \/E

e T?asa function of C

[ 1
e Angular frequency @ as a function of E

Scoring Note: Responses that include the reciprocals of the preceding examples, in
addition to other equivalent graphs, also earn this point.

THAMERNE: FREE

Point B1

MERBHNESL R RN LITERRLESITE, TN CERZEDb=472L, EILEBRD/(472)
RERFERBBEEEZFN, FRGRASHIRPMESLII—E; FREIES—ALIRHNRERATURRER,
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Fll= 2026 Q3 (b)(ii)
Z=a)7&4E 2026 Q3 (b)(i)o

The following information applies to parts A and B.

3. In Experiment 1, students are asked to collect data that can be graphed to determine the
inductance Z; of an inductor. The students have access to multiple charged capacitors, each of a
different known capacitance, and a voltmeter that measures potential difference as a function
of time. In each trial, the inductor is connected to a charged capacitor and an initially open
switch, as shown in Figure 1.

Figure 1

PartB

ii. Briefly describe the relationship between L, and a feature of the graph from part B (i).
Your answer may include an equation that relates 2, and the chosen feature of the
graph.
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fi#:

B(ii) AR L, #

CH, Basi®

Fir A
m
) 1
V™ Yr2

NG TIE:

s?/F =H,
RN ER,
BEAITS

(i) For correctly relating an appropriate feature of the graph to L, Point B2

Example Response

Graph T as a function of 272'\/6. The slope of the best-fit line is equal to \/LT

RUNEZ%R: NBERBEESTHERE

EIER X ZRE-IR-L dI/dt=0i%BEEB X EBEVL=C-IR, TERMLAIFdI/dtEE, BILGTEVL, ®EVL¥tdl/dt,
FEFZ L,

A@E=12 V. R=100Q, AMtE—ITAH12-101itBEH) LR, dI/dtiEMEIA/s, VLAAGHER(TLV,

dI
V, =12 —10I = L—.
L 0 dt
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ilE% 2026 Q3 (c)(i)

The following information applies to parts C and D.

In Experiment 2, the students are asked to use a graph to determine the inductance L, of a
new inductor. The inductor is connected to a 12 V battery, a 10 Q resistor, and an initially open

switch, as shown in Figure 2.

Figure 2

12V =

-~

After the switch is closed, the current I in the circuit is measured at different times and the
corresponding rate of change of the current, %, is determined. The collected data are shown in

Table 1.
Table 1
dl
GV A OND
0.40 280
0.50 230
0.75 150
0.90 100
1.00 68
Part C
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B

AP Physics C -

= 0.

dt
12 —107

dI/dt
336

Vi

V, =12 — 101,
V, = Ly(dI/dt).

12— IR— L,

LRMEALTR IR T TSR, R AT P RE 5 PR P -

S

units, as appropriate. The graphed quantities should yield a linear graph that can be used
WA

to determine L,.

— 57

i. Label the axes of the grid provided with measured or calculated quantities. Include

¢
V) , R L,

[ b FEL e 9 i L

(A/s) , PNk

iV

e

()
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HUMHENX 2026 Q3 (c)(i)

BANR
C

o AV

. 7
Baery — IR as a function of —
dt

dl
e AV, asa function of —

Scoring Note: This point may be earned:

e If the vertical and horizontal variables are reversed
e For other equivalent graphs

HEENRIE: B AMTETH S

FoaRRRENEITITREE—1TVL, BE(dl/dtVL)ERFE—RE. B DIRBEZIEM R,

EEEE o
S5RFEFFZFITNE, MEE-THISHZ—ITHEUEER,
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(1) For indicating appropriate quantities that can be graphed to determine L, , for example:

\U*



AP Physics C - FBRET HITHN 2026 Q3 (c)(ii)
583 2026 Q3 (c)(ii)

Zs1a)7&3E 2026 Q3 (c)(i)o

The following information applies to parts C and D.

In Experiment 2, the students are asked to use a graph to determine the inductance L, of a

new inductor. The inductor is connected to a 12 V battery, a 10 Q resistor, and an initially open
switch, as shown in Figure 2.

Figure 2

~C

12V= 3L,

After the switch is closed, the current I in the circuit is measured at different times and the
corresponding rate of change of the current, %, is determined. The collected data are shown in
Table 1.

Table 1
1@ | 4L g
0.40 280
0.50 230
0.75 150
0.90 100
1.00 68

Part C

ii. On the grid provided, create a graph of the quantities indicated in part C (i).
* C(learly label each axis with a numerical scale.
* Plot the corresponding data points on the grid.

* Table 2 is nrovided in vour booklet for scratch work and will not be scored.
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HES51E

C(ii)

12 — 101 (V)

VL —

dl/dt (A/s)

I A

8.0
7.0

280
230

0.40
0.50

12 — 101 (V)

VL —

dI/dt (A/s)

I N

4.5

150
100

0.75
0.90
1.00

3.0
2.0

68

0-300 A/s, NHH0-O V; PAIEISIZIRE, MRIKbRH 1L

N

L
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9 -
8 1 °
7 1 °
> 6-
a5
I [ )
N 4-
I
SER ¢
2 °
1 -
0 T T T T T 1
0 50 100 150 200 250 300
di/dt (A/s)
BREFENERZFITHN; ERBER.
BATS
(ii) For labeling both axes (including units where appropriate) with a linear scale Point C2
For correctly plotting data points consistent with one of the following: Point C3

e The quantities indicated in part C (i)
e The quantities provided in the table

HRGER . INGBAZRITES

BRBESHEATURNXRARESL. BRERNEREEENESH—FESE, R YerEL L,
FEZFRENE; BLT-RBANENEERER, RitFrEELNBEEBANBEMER.,
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IR 2026 Q3 (c)(iii)

Zin)#dE 2026 Q3 (c)(ii)o

The following information applies to parts C and D.

In Experiment 2, the students are asked to use a graph to determine the inductance L, of a

new inductor. The inductor is connected to a 12 V battery, a 10 Q resistor, and an initially open
switch, as shown in Figure 2.

Figure 2

~C

12V= 3L,

After the switch is closed, the current I in the circuit is measured at different times and the
corresponding rate of change of the current, %, is determined. The collected data are shown in
Table 1.

Table 1
1@ | 4L g
0.40 280
0.50 230
0.75 150
0.90 100
1.00 68

Part C
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B

AP Physics C -

iii. Draw a best-fit line for the data plotted in part C (ii).

REDGS— S BRI ELETA]; RERA

C(iii)

V; &~ 0.02887(dl/dt) + 0.119

AL S, AN ERERE RURUGERITER,

dI/dt (A/s)

50 100 150 200 250 300

0
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BA¥5

Point C4

(iii) For drawing a line or curve that approximates the trend of the plotted data

Example Response

T
=l
L J
I
[
L -
1
I
F
L 4
1

—LJd_ L1

TTATETATOT O

-Ld_p L1
TTATTATOT
P PR

-Ld

Ll
[}

_%ﬁ
-l da
LI

TETOTC T

- L lLJa_ L 4.
~TTrTATCT T
-k - da

S Ry (N
[

—-Lkd-LJd-

R R P R [ Y M Y

L4

- -

“raT|-rn
-Ld]-La

1
“riTtr

4 -
1
F T

—LdJ-LJa_

“raiTfcra-
L L

12

10

(A) av

0

100 150 200 250 300
dl/dt (A/s)

50

HEBERNE

B EN TR

=H,

MIAE L EERBERENA R, NHMERRE. BMERA/s, FRBMV/(A/s)

HEIPXARVL

&R EHATRE AR R B RAr 2,

==
™

L(dI/dt)ERIFREZRSFTEEL, KRBT

AV,
A(dI/dt)
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il 2026 Q3 (d)
Zsa) &% 2026 Q3 (c)(iii)o

The following information applies to parts C and D.

In Experiment 2, the students are asked to use a graph to determine the inductance L, of a

new inductor. The inductor is connected to a 12 V battery, a 10 Q resistor, and an initially open
switch, as shown in Figure 2.

Figure 2

~C

12V= 3L,

After the switch is closed, the current I in the circuit is measured at different times and the
corresponding rate of change of the current, %, is determined. The collected data are shown in
Table 1.

Table 1
1@ | 4L g
0.40 280
0.50 230
0.75 150
0.90 100
1.00 68

PartD

Using the best-fit line that you drew in part C (iii), calculate an experimental value for L,.
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fi#:

HUmiHENX 2026 Q3 (d)

D HUEHIEBUERR AN

V/(A/s) = Ho
TEML AL B A R
(100, 3.006)
5
(280, 8.203),
A
g = 8‘323 — ?6%06 H~[0.0289H ~ 0.029H|
BRI
Vy/(dI/dt)

ARG ER R, AR E R R EUS LRI R,

BRI

D For correctly relating the slope of the best-fit line of the graph to L Point D1
For a value of L, that is within a range of 0.026 H to 0.032 H Point D2

Example Response

Determine the Potential Difference Across the Inductor:

AV, —AV,—AV, =0

Battery
AV, = AV, AV,
IR

Battery -
AVL = AVBattery -
Determine the Inductance of the Inductor:

e
AV, | = Lo

A(AVLD
(%)

A(AV)  (77V)-(53V)

A(ﬂ) (260 A/s) — (180 A/s)
dt

oL, =003H

slope = L =
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