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AP® PHYSICS
2019 SCORING GUIDELINES

General Notes About 2019 AP Physics Scoring Guidelines

The solutions contain the most common method of solving the free-response questions and the allocation of
points for this solution. Some also contain a common alternate solution. Other methods of solution also
receive appropriate credit for correct work.

The requirements that have been established for the paragraph-length response in Physics 1 and Physics 2 can
be found on AP Central at
https://secure-media.collegeboard.org/digitalServices/pdf/ap/paragraph-length-response.pdf.

Generally, double penalty for errors is avoided. For example, if an incorrect answer to part (a) is correctly
substituted into an otherwise correct solution to part (b), full credit will usually be awarded. One exception to
this may be cases when the numerical answer to a later part should be easily recognized as wrong, e.g., a
speed faster than the speed of light in vacuum.

Implicit statements of concepts normally receive credit. For example, if use of the equation expressing a
particular concept is worth 1 point, and a student’s solution embeds the application of that equation to the
problem in other work, the point is still awarded. However, when students are asked to derive an expression,
it is normally expected that they will begin by writing one or more fundamental equations, such as those
given on the exam equation sheet. For a description of the use of such terms as “derive” and “calculate” on
the exams, and what is expected for each, see “The Free-Response Sections — Student Presentation” in the
AP Physics; Physics C: Mechanics, Physics C: Electricity and Magnetism Course Description or “Terms
Defined” in the AP Physics 1: Algebra-Based Course and Exam Description and the AP Physics 2. Algebra-
Based Course and Exam Description.

The scoring guidelines typically show numerical results using the value g = 9.8 m/ s, but the use of

10 m/ s is of course also acceptable. Solutions usually show numerical answers using both values when they
are significantly different.

Strict rules regarding significant digits are usually not applied to numerical answers. However, in some cases
answers containing too many digits may be penalized. In general, two to four significant digits are acceptable.
Numerical answers that differ from the published answer due to differences in rounding throughout the
question typically receive full credit. Exceptions to these guidelines usually occur when rounding makes a
difference in obtaining a reasonable answer. For example, suppose a solution requires subtracting two
numbers that should have five significant figures and that differ starting with the fourth digit (e.g., 20.295 and
20.278). Rounding to three digits will lose the accuracy required to determine the difference in the numbers,
and some credit may be lost.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3

15 points

Solenoid Cutaway View

Note: Figures not drawn to scale.

A solenoid is used to generate a magnetic field. The solenoid has an inner radius a, length ¢, and N total
turns of wire. A power supply, not shown, is connected to the solenoid and generates current /, as shown in
the figure on the left above. The x-axis runs along the axis of the solenoid. Point P is in the middle of the

solenoid at the origin of the xyz-coordinate system, as shown in the cutaway view on the right above.
Assume /¢ >> a.

(a) LOCNV-8.E.a, SP 7.A,7.C
2 points

Select the correct direction of the magnetic field at point P.

+x-direction +y-direction +z-direction
—x-direction —y-direction —z-direction

Justify your selection.

For choosing the “+x-direction” and providing a justification 1 point

For a correct justification 1 point

Example: Using the right-hand rule for current on the left side of the solenoid, the
fingers curl into the loop, so the magnetic field points to the right, or in the
+x-direction.

Example: Using the right-hand rule for solenoids, when the fingers curl around the
solenoid in the direction of the current, the thumb points to the right, therefore the
magnetic field is to the right, or in the +x-direction.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3 (continued)

(b)
1. LO CNV-8.C.c, SP3.D
1 point

On the cutaway view below, clearly draw an Amperian loop that can be used to determine the magnetic
field at point P at the center of the solenoid.

For drawing a rectangle with one side along the central axis of the solenoid and another 1 point
side outside the solenoid and whose edges do not extend beyond the solenoid

ii. LOCNV-8.Cc,SP5.A,S5E
2 points

Use Ampere’s law to derive an expression for the magnetic field strength at point P. Express your answer
interms of /, ¢, N, a, and physical constants, as appropriate.

For using Ampere’s law to calculate the magnetic field along the axis of the solenoid 1 point
[Bedt = wole - (] Bedt) + (JB-dE)Z (] Bodf)3 + (jB-dz)4 = tioD e

([ Bear), + 0+ (~(]Beae) )+ Bh = g -1

14
Mz%%m
For a correct answer 1 point
Ho NI
B="—
4

Some physics students conduct an experiment to determine the resistance Rg of a solenoid with radius

a=0.015 m, total turns N = 100, and total length ¢ = 0.40 m. The students connect the solenoid to a variable
power supply. A magnetic field sensor is used to measure the magnetic field strength along the central axis at the
center of the solenoid. The plot of the magnetic field strength B as a function of the emf & of the power supply is
shown below.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3 (continued)

(©) LO CNV-8.C.c, SP4.C
1. 1 point

On the graph above, draw a best-fit line for the data.
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| For drawing a best-fit line with at least one point above and one point below the line | | 1 point
ii. LOCNV-8.Cc,SP6.B,6.C
2 points
Use the straight line to determine the resistance Rg of the solenoid used in the experiment.
For calculating the slope using the best-fit line and not the data points unless they fall on 1 point
the best-fit line
4
A (25-09)(x107" T - -
slope = 5 = (64—2(0)\/ ) =036x10* =3.6x107 T/V
For correctly giving the expression that relates the slope to the resistance of the solenoid 1 point

MNT g NE HoN HoN
1 (R slope (R 57 ¥ x slope
47 %107 (T-m)/A (100 turns
Rg = ( AN ) _ 8.7Q

(0.40 m)(3.6x107° T/V)

One of the students notes that the horizontal component of the magnetic field of Earth is 2.5 x 10°T.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3 (continued)

(d)
i. LO CNV-8.E.a, SP2.D
1 point

Is there evidence from the graph that the horizontal orientation of the solenoid affects the measured values
for B?

Yes No

Justify your answer.

If the line on the graph does not go through the origin, select “Yes”

For a correct justification 1 point

Example: The horizontal component of Earth’s magnetic field will add or subtract from
the magnetic field of the solenoid depending on the orientation of the solenoid.

Alternate Solution Alternate Points
If the line on the graph does pass through the origin, select “No”
For a correct justification 1 point

Example: Based on the graph, the line passes through the origin, so the magnetic field is
zero when the emf of the power supply is zero, therefore Earth’s magnetic field is
not affecting the values of B.

ii. LOCNV-8.E.a, SP2.E
1 point

Would the horizontal orientation of the solenoid affect the calculated value for Rg ?

Yes No

Justify your answer.

Select “No”

For a correct justification 1 point

Example: The horizontal component of Earth’s magnetic field will not affect the change
in magnetic field as the emf is changed. Therefore, the value for the resistance of the
solenoid will not change.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3 (continued)

Counterclockwise/ \\(‘Zlockwise
A Solenoid

A thin conducting loop of radius b and resistance R; is placed concentric with the solenoid, as shown

above. The current in the solenoid is decreased from 7 to zero over time At.

(e)
1. LO FIE-6.A.b, SP 7.A, 7.C
2 points

Is the direction of the induced current in the loop clockwise or counterclockwise during the time period
that the current in the solenoid is decreasing?

Clockwise Counterclockwise

Justify your answer.

Select “Clockwise”

For a justification indicating that the magnetic field inside the solenoid, and therefore 1 point
the loop, will decrease
For a justification using Lenz’s law to relate the change in magnetic field to the 1 point

direction of the current

Example: As the current in the solenoid decreases, the magnetic field inside the solenoid
decreases. As the solenoid’s magnetic field decreases, the induced current in the
loop will create a magnetic field to oppose this change. Because the solenoid’s
magnetic field is toward the right and decreasing, the magnetic field due to the
current in the loop must be toward the right. Therefore, the current in the loop must
be clockwise.

© 2019 The College Board.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3 (continued)

(e) continued
ii. LOFIE-6.A.d,SP5.A,5.E
3 points

Derive an equation for the average induced current i in the loop during the time period that the current
in the solenoid is decreasing. Express your answer in terms of /, ¢, N, a, b, R;, Ry, At, and physical
constants, as appropriate.

For using Faraday’s law to calculate the emf in the loop 1 point
d®o| d(BA) AB

s\ =
For using Ohm’s law to calculate the current in the loop 1 point
;o _V _ AAB/At_ AAB

IND 7R R, R, At
For using the correct radius for the area in the equation above 1 point
[ ma® ugNAIJl  ma® ugNI

D= R At Ryt

Learning Objectives

CNV-8.C.c: Derive the expression for the magnetic field of an ideal solenoid (length dimension is much larger
than the radius of the solenoid) using Ampére’s law.

CNYV-8.E.a: Describe the direction of a magnetic field at a point in space due to various combinations of
conductors, wires, cylindrical conductors, or loops.

FIE-6.A.b: Describe the direction of an induced current in a conductive loop that is placed in a changing
magnetic field.

FIE-6.A.d: Calculate the magnitude and direction of induced EMF and induced current in a conductive loop (or
conductive bar) when the magnitude of either the field or area of loop is changing at a constant rate.

Science Practices

2.D: Make observations or collect data from representations of laboratory setups or results.

2.E: Identify or describe potential sources of experimental error.

3.D: Create appropriate diagrams to represent physical situations.

4.C: Linearize data and/or determine a best-fit line or curve.

5.A: Select an appropriate law, definition, or mathematical relationship or model to describe a physical situation.
5.E: Derive a symbolic expression from known quantities by selecting and following a logical algebraic pathway.
6.B: Apply an appropriate law, definition, or mathematical relationship to solve a problem.

6.C: Calculate an unknown quantity with units from known quantities, by selecting and following a logical
computational pathway.

7.A: Make a scientific claim.

7.C: Support a claim with evidence from physical representations.

© 2019 The College Board.
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&

_ Axis of
Solenoid

\Solenoid Cutaway View
Note: Figures not drawn to scale.

3. A solenoid is used to generate a magnetic field. The solenoid has an inner radius a, length £, and N total turns
of wire. A power supply, not shown, is connected to the solenoid and generates current I, as shown in the figure
on the left above. The x-axis runs along the axis of the solenoid. Point P is in the middle of the solenoid at the
origin of the xyz-coordinate system, as shown in the cutaway view on the right above. Assume £ >> a.

(a) Select the correct direction of the magnetic field at point P.
_2(___ +x-direction ____ +y-direction __ +z-direction
_____—x-direction ____—y-direction __ —z-direction
Justify your selection.

‘Us‘.% by cgt hend fule,  curl vyl Figers i e  drterion
BN
of Vi cerhet, L‘Akm‘o PMV\LS v b dinekion ofF B PE'OQ
(b)

i. On the cutaway view below, clearly draw an Amperian loop that can be used to determine the magnetic
-0

field at point P at the center of the solenoid. _ _

Solenoid

Cutaway View

ii. Use Ampere’s law to derive an expression for the magnetic field strength at point P. Express your
answer in terms of 1, 4, N, a, and physical constants, as appropriate.

%%‘é: = /Wo—_‘:— M"V\up\k( QF '\'brl\s
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E Q3 Ap2

Some physics students conduct an experiment to determine the resistance Ry of a solenoid with radius

a =0.015 m, total turns N = 100, and total length £ = 0.40 m. The students connect the solenoid to

a variable power supply. A magnetic field sensor is used to measure the magnetic field strength along the central
axis at the center of the solenoid. The plot of the magnetic field strength B as a function of the emf &€ of the
power supply is shown below..
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i. On the graph above, draw a best-fit line for the data.

ii. Use the straight line to determine the resistance Rg of the solenoid used in the experiment.

R MONI MN\] g“ :MoN
3 = - % Bus\ wt < Tg
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K= T o
x ;"\L\()Q\ ~ ‘
TZ’%LTO\N(SH."\' '-@

(d) One of the students notes that the horizontal component of the magnetic field of Earth is 2.5 X 10° T.

i. Is there evidence from the graph that the horizontal orientation of the solenoid affects the measured
values for B ?

_X Yes __ No

Justify your answer.

T eesy TiY ar witl wot  VWawme 0 \I—I\Akrupq‘ of
2e%, Th \- o wkergept  witl e ‘:2.‘§“s‘qo."<j'.‘

)

Question 3 continues on the next page.
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E Q3 Ap3

ii. Would the horizontal orientation of the solenoid affect the calculated value for Ry ?
— Yes _¥_No
Justify your answer.
Mo y-iwdeceeph of b Sraph Weg wo aFFect  omw
VWL slept

CounterclockwisV

&Zlockwme

Solen01d

Loop

A thin conducting loop of radius b and resistance R, is placed concentric with the solenoid, as shown above.
The current in the solenoid is decreased from I to zero over time At.

©
i. Is the direction of the induced current in the loop clockwise or counterclockwise during the time perlod
that the current in the solenoid is decreasing?
Clockwise ___ Counterclockwise
Justify your answer.
( N N
P\C,Lmol:v\s to Llenzy bLaw , # d‘“"“s""s c‘tld lo He
LIS Wit tadwe s Vevd v e seare direclion
\ n erdLe h M;nh‘:\juy )
d4
ii. Derive an equation for the average induced current ipp, in the loop during the time period that the
current in the solenoid is decreasing. Express your answer in terms of 1, ¢, N, a, b, R;, Rg, At, and
phys1cal constants as appropriate.
4 - 9&) ' 9_(,’159';_1 A MoN =
Bt
N v G
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Solenoid
=

Solenoid Cutaway View

Note: Figures not drawn to scale.

3. A solenoid is used to generate a magnetic field. The solenoid has an inner radius a, length £, and N total turns
of wire. A power supply, not shown, is connected to the solenoid and generates current I, as shown in the figure
on the left above. The x-axis runs along the axis of the solenoid. Point P is in the middle of the solenoid at the
origin of the xyz-coordinate system, as shown in the cutaway view on the right above. Assume ¢ >> a.

(a) Select the correct direction of the magnetic field at point P.
" +x-direction
. —x~direction —y-direction —z-direction

+y-direction +z-direction

Justify your selection.

AuorA‘ih'] fle Tle rigi hand rule, T 'ﬁ'\‘y.ry weap T
waY cwvven Y 1) %\u&*‘j and T Thwwb poialy e e
magvetic Liug.

(b)

i. On the cutaway view below, clearly draw an Amperian loop that can be used to determine the magnetic
field at point P at the center of the solenoid. :

ii. Use Ampere’s law to derive an expression for the magnetic field strength at point P. Express your
answer in terms of 1, £, N, a, and physical constants, as appropriate.

, @\ ? T =xeakIh
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E Q3 B p2

Some physics students conduct an experiment to determine the resistance Rg of a solenoid with radius

a=0.015 m, total turns N = 100, and total length £ = 0.40 m. The students connect the solenoid to

a variable power supply. A magnetic field sensor is used to measure the magnetic field strength along the central
axis at the center of the solenoid. The plot of the magnetic field strength B as a function of the emf £ of the
power supply is shown below.
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©
i. On the graph above, draw a best-fit line for the data.

ii. Use the straight line to determine the resistance Rg of the solenoid used in the experiment.

2.9w0 - 0.3 p™!
05,00, g S
&'1.‘1 ‘)" w 7.57¢ \

(d) One of the students notes that the horizontal component of the magnetic field of Earth is 2.5 X 10°T.

i. Is there evidence from the graph that the horizontal orientation of the solenoid affects the measured
values for B ?

l Yes No

Justify your answer.

Question 3 continues on the next page.
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E Q3B p3

ii. Would the horizontal orientation of the solenoid affect the calculated value for Rg ?

_Yes _s/_ No

Justify your answer.
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Counterclockwise/

\\Clockwise

Solenoid

-
)
\J

Loop

A thin conducting loop of radius b and resistance R, is placed concentric with the solenoid, as shown above.
The current in the solenoid is decreased from I to zero over time At.

(©)
i. Is the direction of the induced current in the loop clockwise or counterclockwise during the time period
that the current in the solenoid is decreasing?

v/ Clockwise Counterclockwise
Justify your answer. . . LN CASY
pnpqreic Reld decreast | &
(urven Y S dpereased ;50 N \7

So e Wwdwrt e onl
[
WANTTYy  ave eteee

e flny
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TN

ii. Derive an equation for the average induced current ifyp, in the loop during the time period that the
current in the solenoid is decreasing. Express your answer in terms of I, 4, N, a, b, Ry, Rg, At, and
physical constants, as appropriate.

= -d8
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Solenoid Cutaway View.
Note: Figures not drawn to scale.

3. A solenoid is used to generate a magnetic field. The solenoid has an inner radius a, length £, and N total turns
of wire. A power supply, not shown, is connected to the solenoid and generates current I, as shown in the figure
on the left above. The x-axis runs along the axis of the solenoid. Point P is in the middle of the solenoid at the
origin of the xyz-coordinate system, as shown in the cutaway view on the right above. Assume ¢ >> a.

(a) Selgct the correct direction of the magnetic field at point P.

__— +x-direction ___ +y-direction ____ +z-direction
—x-direction __ -y-direction ___ —z-direction
Justify

Rﬂ‘?rmﬁ& e shaus diedkon ok B- Feld

r

®)

i. On the cutaway view below, clearly draw an Amperian loop that can be used to determine the magnetic
field at point P at the center of the solenetd

ii. Use Ampere’s law to derive an expression for the magnetic field strength at point P. Express your
answer in terms of I, £, N, a, and physical constants, as appropriate.

§BAL-MT,,
B-wt= N, T
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E Q3 C p2

Some physics students conduct an experiment to determine the resistance Rg of a solenoid with radius

a =0.015 m, total turns N = 100, and total length ¢ = 0.40 m. The students connect the solenoid to

a variable power supply. A magnetic field sensor is used to measure the magnetic field strength along the central
axis at the center of the solenoid. The plot of the magnetic field strength B as a function of the emf € of the
power supply is shown below.

19 AT R
. B I TOU R S
B e
I
2-5 1 ] ]
F=T— T~
F-t—t— 1
F—t—t—A——
.
2'0 (R SO [
e
::IrZTl:_;ZZ r
-4 1.5 T T
B(Tx107) > T -
F—+—+——d-— + -
e e B S ol s Sl il ik St e e i i Et
IO I IR ELY 0% SN P AN SONGT IOU SN DI SO TN
10 1 1 L i 1 il 1 i Il i 1
il IS RN ¢S S T A E S S N N
e P e e i e ik
:IIIT]ZZ::;:IZ?{::IZ,EZ]Z:_TrZZZI‘;Z;:ZI
0-5 1) ) t t 1) 1 ) T T T 1 Ll
0 S St e Wit St ts Bty it atd sy Sk Eubey bl Shob oty
A -t A=ttt — = — =~ = ]
[ e R e e B e e St [N Ty S RS
S ERR RPN [SEUN SUVIY [N Wy DU MNP [P SN DU " E— S -
0 1 Ll L [ 1 | 1 L 1 1 1
0 2 4 6 8
EWV)

©
i. On the graph above, draw a best-fit line for the data.
ii. Use the straight line to determine the resistance Ry of the solenoid used in the experiment.

0 AKX

R
k- Y

(d) One of the students notes that the horizontal component of the magnetic field of Earth is 2.5 X 10°5T.

i. Is there evidence from the graph that the horizontal orientation of the solenoid affects the measured
valugs for B ?

Yes No

Justify your answer.

He v-indecepy s ot 20 heele dhee s nteclerence
wih ke B-Ll)  genernted

Question 3 continues on the next page.
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E Q3 C p3

ii. Would the horizcilyﬂ orientation of the solenoid affect the calculated value for Rg ?
Yes N

(o)

Justify your answer.

Resishnce 75 nob eFhecled bg Pos{%'oqin\ﬁ

CounterclockwisV

\Clockwise
\

Solenoid

A thin conducting loop of radius b and resistance R; is placed concentric with the solenoid, as shown above.
The current in the solenoid is decreased from I to zero over time At.

O)

i. Is the direction of the induced current in the loop clockwise or counterclockwise during the time period
th':iy{he current in the sglenoid is decreasing?

Clockwise Counterclockwise

Justify your answer.

Nnature mkes an SﬁA\A@B' B—L(‘C\A AMC o "'Hne
fC&V\U‘\f\O wrrel\x’ [Va) ‘Hw(. SQ\enO;A

ii. Derive an equation for the average induced current ipy, in the loop during the time period that the
current in the solenoid is decreasing. Express your answer in terms of I, ¢, N, a, b, R;, Rg, At, and
physical constants, as appropriate.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING COMMENTARY

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

Overview
The responses to this question were expected to demonstrate the following:

¢ An understanding of the relationship between current and the magnetic field in a solenoid
e The ability to identify an appropriate Amperian loop

e The ability to use Ampere’s law

e An understanding of the meaning of the slope of a best-fit line.

e An understanding of the meaning of the y-intercept of a best-fit line

e The ability to use Faraday’s law to determine induced current

e An understanding of Lenz’s law

Sample: EQ3 A
Score: 15

All parts of this response earned full credit. Part (a) has a correct selection and justification, so 2 points were
earned. Part (b)(i) has a correct Amperian loop, so 1 point was earned. Part (b)(ii) has a correct use of Ampere’s
law and a correct answer, so 2 points were earned. Part (c) has an appropriate best-fit line, an acceptable
calculation of slope, and correctly relates the slope to the resistance of the solenoid, so 3 points were earned.

Part (d)(i) has an appropriate selection and justification based on the best-fit line, so 1 point was earned.

Part (d)(ii) has a correct selection and justification, so 1 point was earned. Part (e)(i) has a correct selection and
justification, so 2 points were earned. Part (e)(ii) has correct uses of Faraday’s law and Ohm’s law and substitutes
the correct radius, so 3 points were earned.

Sample: EQ3 B
Score: 7

Parts (d)(i) and (e)(i) earned full credit, 1 point and 2 points, respectively. Part (a) has a correct selection but an
insufficient justification, so 1 point was earned. Part (b)(i) has an incorrect Amperian loop, so no points were
earned. Part (b)(ii) has no statement of Ampere’s law, so no points were earned. Part (c) has an appropriate best-
fit line and correctly calculates the slope but does not relate the slope to the resistance of the solenoid, so 2 points
were earned. Part (d)(ii) has an incorrect justification, so no points were earned. Part (e)(ii) has a correct use of
Faraday’s law, but it does not use Ohm’s law and does not substitute the area, so 1 point was earned.

Sample: EQ3 C
Score: 4

Part (a) has a correct selection but an insufficient justification, so 1 point was earned. Part (b)(i) has an
incorrect Amperian loop, so no points were earned. Part (b)(ii) has a statement of Ampere’s law but no correct
answer, so 1 point was earned. Part (c) has an appropriate best-fit line, but it does not use the vertical axis
scale to calculate the slope and does not relate the slope to the resistance of the solenoid, so 1 point was
earned. Part (d)(i) has a correct selection and justification, so 1 point was earned. Part (d)(ii) has an incorrect
justification, so no points were earned. Part (e)(ii) does not use Faraday’s law or Ohm’s law and does not
substitute the area, so no points were earned.
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