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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

Question 1: Free-Response Question 15 points
(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

Total for part (a) 2 points
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(b) For equating the horizontal component of tension to the electrostatic force 1 point
Example Response

Fy = Fpsin(0)
For equating the vertical component of tension to the gravitational force 1 point
Example Response

Mg = Fycosf
For an attempt to simultaneously solve the equations 1 point

Example Response

1 Qg 1
4rey g% sinf

cos@ = Mg

Example Solution

IF, =0
Fry = Fg
Frcosf = Mg
b = I
_ 1 Qg9 1

'™ 4rey 42 sin@

I Qg 1 cos = Mg
4rmey 4% sin@
g2 - Qqcosb

47e Mg sin @

d= Oq
4re Mg tan @

Total for part (b) 3 points
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

()

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 9q9
= Fpsin(6
E 472'8 d2 T ( )
For correct substitution into an expression for tension consistent with part (b) or a correct 1 point

expression for tension

Example Solution

2F =0
Fp — Fp, =0
Fp = Fp,

1 9q
yry = F;sin(6)

1 Oq

Fp=——21
T dmeg g2 sin(0)
2
1 (6.0x107*C)
FT =
o
47{8 85 x 1012 j (0.057 m)’sin(12°)
Nem
F, = 0.048N

Total for part (¢) 2 points
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

1 point

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

Example Response

d* (m?)

0.010

tan@
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(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
Ay
Slope = —
ope =
2
Slope = _AdD)
Al—L
=)
. (0.0075 m* - 0.001 m)
ope = (10.5 - 2)
Slope = 7.647 x 10 m?
F ly relating the slope of the graph to th ion d g ! point
or correctly relating the slope ot the graph to the equation d = W
Example Response
d = Oq
4rsyMg tan 0
42 = 9q
4re Mg tan
PRI B ) 1
4rsyMg ) tan @
Qq
lope = | —~—
sove = 1ot
0Oq 1 point

For substituting the value of the slope of the graph into the equation ¢, = W to
Mg

calculate an experimental value of ¢,

© 2023 College Board



AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

Example Solution

Qg
lope = —=4__
S1ope dregMg
o = Oq
O™ 47z Mg (slope)
2
(6.0x107%C)
& =
" 47(0.005kg)(9.8 m/s?)(7.647 x 107 m?)
2
g =7.6x1072
Nem

Total for part (d) 4 points
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(e)(i)

(e)(ii)

(e)(iii)

For a “+” drawn on the left side of the sphere

1 point

Example Response

Sphere 3

For a statement that indicates correct charge rearrangement on Sphere 3 due to the electric
forces from the charges on Sphere 2

1 point

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.

For selecting “ &, < 6, with an attempt at a relevant justification

1 point

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

1 point

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 (e)

4 points

Total for question 1

15 points

© 2023 College Board



PC EM Q1 Sample 1A Page 1 of 4

Question 1

Begin your response to QUESTION 1 on this page.

PHYSICS C: ELECTRICITY AND MAGNETISM
SECTIONII
Time—45 minutes
3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

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.

Unauthorized copying or reuse of this page Is llegal. Page 2 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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PC EM Q1 Sample 1A Page 2 of 4

r |
b Question 1 -

L__|
Continue your response to QUESTION 1 on this page. :‘{
(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. -
-

e

e

=

B

Ll

L]

-—

—

-—

-

(b) Derive the relationship between the distance d and the angle 8 to show that d = |— 2% -

moﬂgtnnﬂ -

R EFFlD ﬂF& :O -

I

T - = : =

15Ty ? Time Fe-1 =0 Ty My =0 -

LA Fe ‘:qQ '=T P To";& = ﬁo) el

T = I s T: 1‘12 oo

e -

TM‘?"T;«O L.\Q M song — .

-s - -2-"‘_“", : ﬂg-lnb :

1. L:G = _ 2 e
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L]

(c)muvﬂmueooﬂwtedinomniﬂ:ﬂ=q==6.0x10‘8C,9=12°,andd=0.05‘?m.Calcu1mthe :

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

—

ka@ -

Ve =

. k@ 10" (¢ )’ :
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Unauthorized copying 6 reuse of this page Is illegal. Page 3 GO ON TO THE NEXT PAGE. :
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PC EM Q1 Sample 1A Page 3 of 4

Continue your response to QUESTION 1 on this page.
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PC EM Q1 Sample 1A Page 4 of 4

Question 1

Unauthorized copying or reuse of this page is illegal. Page §

Continue your response to QUESTION 1 on this page.

(e) The students modify the experiment by replacing Sphere 1 with a conducting Sphere 3 that has the same size

and charge +q. 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

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

+e posilnfch%ovt\cﬂ bo vame ™ o pordicdor ad Ui\l be
ce?glh) by the athe positteely hosd splee to e forblegt
pot possible ek o o e leH

iii. In the original experiment, when the centers of the two spheres are a horizontal distance d; apart, the

string makes an angle @, 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 @, greater than, less than, or equal to 8; ?
_92)31 L%(G] _____01-81

Briefly justify your answer.

tre Pﬁ‘lm C‘mr7es wl be glulily C-/Hrraw, m P send eope.iwent
0 e il be o Sligtly ownlle, repelsive oree ag cpuoller ovgle

GO ON TO THE NEXT PAGE.
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Use & pentil or a pen with black or dark blue ink. Do NOT write your name. Do NOT writé butside the box.
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PC EM Q1 Sample 1B Page 1 of 4

Quuiion 1

Begin your response to QUESTION 1 on this page.

PHYSICS C: ELECTRICITY AND MAGNETISM
SECTIONII
Time—45 minutes
3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part. ' '

Sphere 2
M, +Q

Sphere l>*‘?

fo——d—l

1. Students perform an experiment to determine the value of yacyum permittivity £9. 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.

Unauthorized copying or reuse of this page Is illegal. Page 2 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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PC EM Q1 Sample 1B Page 2 of 4

e

° Question 1

Continue your response to QUESTION 1 on‘this page.
(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.

Fr

(b) Derive the relationship between the distance d and the angle 8 to show that d = |——29—
. ‘ﬂomw
Cavionip's 10

= A Q.10+
| Fe ) ~“¢_\";-: *:-Ld‘- Lswme
.3 Qa d= LMD
W | (2L 9MoY
<« 4\ Q@a
Unee b porgnte \

(c) These values are collected in one trial: 0 = ¢ = 6.0 x 107°C, 6 = 12°, nndd-ﬂﬂ!’?m &hl*lh
upsehdfuuofmﬂonmudmsmz by the string.

Frawpviee. 3.904%6
¥ - LdPovienr -

g v VATV RV TV ' Fe (919797 = 0.09946
Sl S & AR,
Vel - e ™ \ Fi = o.M7a3 N
g {h.h-\h"}ts.h-m'ﬂ \ i 'u g)\l'b M 1
wnlats ag™) \——-—&W
- \ 11'5'\“-‘5\
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PC EM Q1 Sample 1B Page 4 of 4

: ",'j 't
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Continue your response to QUESTION 1 on this page.

(¢) 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 mmmmmmnmmusmsmmzmsnaqﬂmo.m
circle, draw a single “+” sign to represent the location of highest concentration of the excess positive
Charges.

Sphere 3

; “-Bﬂﬂﬂ!mmm&rﬂnmmpﬁ(‘m}_ -

CQPPOS YU Omratt ond lites YTpEl. S dpwvert T W 0N posine, W

g ot s 3}* repeusd et 3, WA G pOSTLE | Suace
Wt o~ gesiTwt, e p U{CW(WMU-L(!WWMJ o

' :hlh*MCMt/\'LLp\stmtwubcmmmw+ At

WWRMMMG{\WMWW&,M o P

Vi T e oniginal e as wilin e caisirs of the two spheres are a horizontal distance d; spart,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 6, from the vertical.

Is @, greater than, less than, or equal to &, ?

L 68 e<o N o=6

Briefly justify your answer.
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PC EM Q1 Sample 1C Page 1 of 4

Question 1 *

Begin your response to QUESTION 1 on this page.

PHYSICS C: ELECTRICITY AND MAGNETISM
SECTION I
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

Sphere 2
M, +Q

Spheml-: +q

o d—f

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.

Unauthorized copying or reuse of this page is illegal. Page 2 GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your hame. Do NOT write outside the box.
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- PC EM Q1 Sample 1C Page 2 of 4

® Question 1

Continue your response to QUESTION 1 on this page.

(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.

Fran g

me’\
Vpﬁrﬂllit)
(b) Derive the relationship between the distance d and the angle @ to show that d = ’Fﬁ"m'
0
¢~ \canVr T P!
o =+ -
¥ e Ath

(c) These values are collected in one trial: Q = ¢ = 6,0 x 10"%C, 8 = 12°, and d = 0.057 m. Calculate the
expected force of tension exerted on Sphere 2 by the string.

Pt- ‘LCLH‘&V?— Fimé\
——

Unauthorized copying or reuse of this page is illegal. Page 3

GO ON TO THE NEXT PAGE.

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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1
tané
GO ON TO THE NEXT PAGE.

Page 4
Use a pencil or a pen with black or dark biue ink. Do NOT write your name. Do NOT write outside the box.
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Question 1

Unauthorized copying or reuse of this page Is illegal. Page 5

Continue your response to QUESTION 1 on this page.

(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

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

The @o'tie Mne in the sphere s a tiagpy
P the st choee on Hhe oo,

jii. In the original experiment, when the centers of the two spheres are a horizontal distance d, apart, the
string makes an angle #; 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 8, greater than, less than, or equal to 6, ?
0,38 ____ 6,<8 _‘/_ 6, = 6,

Briefly justify your answer.

The aglts will e4ual smee W cenvers of
e dwe  ¢Niles in eadh expinfrent avp

adiskne d, apart.

GO ON TO THE NEXT PAGE.
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Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.
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AP® Physics C: Electricity and Magnetism 2023 Scoring Commentary

Question 1
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

The responses were expected to demonstrate the ability to:
e Draw a free-body diagram indicating the forces exerted on a nonconducting, positively charged sphere
hanging from a string near another positively charged sphere.
e Derive the relationship between the distance between two charged spheres and the angle 8 of the string to

validate a given expression for distance in terms of €, requiring the application of Newton’s second law in
two dimensions.

e (Calculate the tension in the string using an appropriate application of Coulomb’s law.

e Draw a best-fit line that shows the trend of given data.

e (Calculate the slope of the best-fit line and use the slope to find an experimental value of permittivity.

e Draw a representation of polarization on a sphere.

e Explain how charges move on a conducting sphere when near another charged sphere.

e Describe the motion of a charged conducting sphere when near another charged sphere.

Sample: 1A
Score: 15

Part (a) earned 2 points. The first point was earned for correctly showing an arrow to the right labeled for the
electrostatic force. The second point was earned for correctly showing a downward arrow labeled for the
gravitational force and an arrow pointing up and to the left labeled for the tension force. Part (b) earned 3 points. The
first point was earned for correctly equating the horizontal component of tension to the electrostatic force. The
second point was earned for correctly equating the vertical component of tension to the gravitational force. The third
point was earned for correctly using both horizontal and vertical force equations to find an expression for the
distance d . Part (c) earned 2 points. The first point was earned for correctly applying Coulomb’s law for the
electrostatic force. The second point was earned for correctly substituting numerical values in a correct and
consistent expression for tension. Part (d) earned 4 points. The first point was earned for correctly including an
appropriate student drawn best-fit line that shows the trend of the data. The second point was earned for correctly
calculating the slope using two points from the best-fit line. The third point was earned for correctly relating the
slope and given equation. The fourth point was earned for correctly substituting the slope into a correct equation to
find an experimental value of &, . Part (e) earned 4 points. The first point was earned for correctly showing a “+”
sign on the left side of the sphere. The second point was earned for correctly explaining that the charges on

Sphere 3 move due to the repulsive force from Sphere 2 . The third point was earned for indicating a correct
selection and including an attempt at a relevant justification. The fourth point was earned for correctly stating that
the greater charge separation results in a smaller force, which results in a smaller angle.
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AP® Physics C: Electricity and Magnetism 2023 Scoring Commentary

Question 1 (continued)

Sample: 1B
Score: 7

Part (a) earned 2 points. The first point was earned for correctly showing an arrow to the right labeled for the
electrostatic force. The second point was earned for correctly showing a downward arrow labeled for the
gravitational force and an arrow pointing up and to the left labeled for the tension force. Part (b) earned no points.
The first point was not earned because the response does not equate the horizontal component of tension to the
electrostatic force. The second point was not earned because the response does not equate the vertical component of
tension to the gravitational force. The third point was not earned because the response does not show an attempt to
solve a system of equations. Part (¢) earned 2 points. The first point was earned for correctly applying Coulomb’s
law for the electrostatic force. The second point was earned for correctly substituting numerical values in a correct
and consistent expression for tension. Part (d) earned 1 point for including an appropriate student drawn best-fit line
that shows the trend of the data. The second point was not earned because the response does not include a
calculation of slope using two points from the best-fit line. The third point was not earned because the response does
not include showing a relationship between the slope and given equation. The fourth point was not earned because
the response does not include using the slope to calculate an experimental value of & . Part (e) earned 2 points. The

first point was earned for correctly showing a “+” sign on the left side of the sphere. The second point was earned
for correctly explaining that the charges on Sphere 3 move due to the repulsive force from Sphere 2. The third
point was not earned because the response does not include a correct selection. The fourth point was not earned
because the response does not include a correct justification.

Sample: 1C
Score: 2

Part (a) earned no points. The first point was not earned because the response does not include an arrow representing
the electrostatic force. The second point was not earned because the response does not draw the tension force arrow
up and to the left. Part (b) earned no points. The first point was not earned because the response does not equate the
horizontal component of tension to the electrostatic force. The second point was not earned because the response
does not equate the vertical component of tension to the gravitational force. The fourth point was not earned because
the response does not show an attempt to solve a system of equations. Part (c) earned no points. The first point was
not earned because the response does not indicate an application of Coulomb’s law. The second point was not earned
because the response does not include an expression for tension. Part (d) earned 1 point for correctly including an
appropriate student drawn best-fit line that shows the trend of the data. The second point was not earned because the
response does not include a calculation of slope using two points from the best-fit line. The third point was not
earned because the response does not include showing a relationship between the slope and given equation. The
fourth point was not earned because the response does not include using the slope to calculate an experimental value
of &, . Part (e) earned 1 point for correctly showing a “+ sign on the left side of the sphere. The second point was

not earned because the response does not include an explanation that the charges on Sphere 3 move due to the

electrostatic force from Sphere 2 . The third point was not earned because the response does not include a correct
selection. The fourth point was not earned because the response does not include a correct justification.
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