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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
1|
hl
AV
X X X X X X X X
B
X X X X X X X X
X X X X X X X X
jo——>
mass = m X x ox ox x x x x
charge = e~
X X X X X X X X
X X X X X X X X

Two plates are set up with a potential difference V' between them. A small sphere of mass m and charge —e
is placed at the left-hand plate, which has a negative charge, and is allowed to accelerate across the space
between the plates and pass through a small opening. After passing through the small opening, the sphere
enters a region in which there is a uniform magnetic field of magnitude B directed into the page, as shown
above. Ignore gravitational effects. Express all algebraic answers in terms of V, m, ¢, B, and fundamental
constants, as appropriate.

(a)
1. LO CHG-1.A.a,SP 7.A
1 point

What is the initial direction of the force on the sphere as it enters the magnetic field?

Into the page Out of the page
Toward the top of the page Toward the bottom of the page
| For selecting “Toward the bottom of the page” | | 1 point

ii. LOCHG-1.B,SP7.A
1 point

Describe the path taken by the sphere after it enters the magnetic field.

For describing a circular path for the sphere consistent with the selection from part (a)(i) 1 point

Example: The sphere will move in a circular path toward the bottom of the page.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3 (continued)

(b) LOCNV-1.E,SP5.A,5.E
2 points

Derive an expression for the speed of the sphere as it passes through the small opening.

For using a valid equation relating potential difference to kinetic energy of the sphere 1 point
AK = —AU . %mvz = —gAV
%mv2 =elV
For the correct answer with supporting work 1 point
fZeV
V=
m
(c) LO CHG-1.C,SP 5.A, 5.E
3 points

Derive an expression for the radius of the path taken by the sphere as it moves through the
magnetic field.

For an expression relating the magnetic force to the centripetal force 1 point
2

my
— =8B

r v
For substituting the charge of the sphere into the above equation and solving for 1 point
my my
— =Be..r=—

r €7 Be
For substituting the answer from part (b) 1 point
jom [2eV _ [2mV

Be\ m eB?

An experiment is performed in which a beam of electrons is accelerated across the space between the plates and
passes through the small opening. After passing through the opening, the electrons travel in a semicircular path
and strike the right-hand plate. The potential difference between the plates is varied in regular increments, as
shown in the table below. For each potential difference, the magnetic field is varied in order to cause the beam to
strike the right-hand plate at a distance of 0.020 m from the opening.

Potential difference (V) 60 70 100 110 120 140
Magnetic field (T X 10_3)

2.62 2.78 3.39 3.54 3.78 3.99
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(d)

AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3 (continued)

LO CHG-1.C,SP 4.C
1 point

Indicate below which quantities should be graphed to yield a straight line whose slope could be used to
calculate a numerical value for the mass-to-charge ratio of an electron.

Vertical axis:
Horizontal axis:

Use the remaining columns in the table above, as needed, to record any quantities that you indicated that
are not given. Label each column you use and include units.

po |2 g 2y
eB er

Potential difference (V) 60 70 100 110 120 140

Magnetic field (T x 107) 2.62 2.78 3.39 3.54 3.78 3.99

(Magnetic field)? (T x 107 )2 6.86 7.73 11.5 12.5 14.3 15.9
For indicating axis choices with appropriate quantities to produce a straight line 1 point

Note: There are several possible choices.
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3 (continued)

(e) LO CHG-1.C,SP 3.A,4.C
4 points

On the graph below, plot the relationship determined in part (d). Clearly scale and label all axes, including
units, if appropriate. Draw a straight line that best represents the data.

16p=======- T=T=r=rF=~"=9=T=7T=r= re=r--ea- TI=1=T .
1 i Bl r 1 r (i B 1
t—1 I 1 r e s | ]
F 1 I {—4—4 1
= T ; 1 I {—4—4 :
[ i S s o S S S S S i———
5 1_1 L I 1 I_1_1 ] :
(Magnetic Field) . = i : | B i !
AP eY e e L e e EoET- Rl g e :
(Tx107?) R A M R - 3 R =4 . 2 e e i
v o= =1t t 1 b f = 1 1
+—+ } 1 ] | —+—+4 1 !
-4 b 1 I |—4—4 1 j
] e e e i e e |
1! | I I_4_ 1 1 |
1 I I [ 1 1
17 [ | I I~ 7T 1 :
Y e —— L e e e e R m .
Tt I 1 I 1=1—1 1 H
=4 [ 1 I | o = o 1 1
-4 } } | = o =4 1 I
-l [ 1 i R ] I
6 pendedada dolabhabadedadadaka hak ot dadadabokat e dadadede !
| | ! I 1 | 1 [ | |
1 I 1 t I_1_1 1 I
1 I 1 ] 1~ 1 |
1 I I I 1= 17T 1 !
4 T=T T 1 I =717 1 T !
20 40 60 80 100 120 140]|
Potential Difference (V)
For correctly labeling both axes with quantities and units 1 point
For correctly scaling and labeling the axes so that the points use at least half the grid 1 point
For correctly plotting the data 1 point
For drawing a straight line that represents the data 1 point
® LO CHG-1.C,SP4.D,5.E
3 points
Using the straight line from part (e), determine the mass-to-charge ratio of an electron.
For correctly calculating the slope from the best-fit straight line and not from the data 1 point
points unless the points fall on the best-fit line
14-9.2 (Tx107)
slope = 22 =012 ~——L =12x107 T?/V
P~ 120 - 380 v /
For a correct expression relating the slope to the mass to charge ratio of an electron 1 point
2 2 2
B* = mze V .. slope = mze oD o I X S0P slope
er er e 2
For substituting correct values into the above equation 1 point
2 -7 2
m (0.01m)? x(12x107 T2/V )
M _ ( )=6.0><10 12 kg/C
e 2
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 3 (continued)

Learning Objectives

CHG-1.A.a: Calculate the magnitude and direction of the magnetic force of interaction between a moving
charged particle of specified charge and velocity moving in a region of a uniform magnetic field.

CHG-1.B: Describe the path of different moving charged particles (i.e., of different type of charge or mass) in a
uniform magnetic field.

CHG-1.C: Derive an expression for the radius of a circular path for a charged particle of specified characteristics
moving in a specified magnetic field.

CNV-1.E: Calculate the work done or changes in kinetic energy (or changes in speed) of a charged particle when
it is moved through some known potential difference.

Science Practices

3.A: Select and plot appropriate data.

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

4.D: Select relevant features of a graph to describe a physical situation or solve problems.

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.
7.A: Make a scientific claim.

© 2019 The College Board.
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3. Two plates are set up with a potential difference V between them. A small sphere of mass m and charge —e
is placed at the left-hand plate, which has a negative charge, and is allowed to accelerate across the space
between the plates and pass through a small opening. After passing through the small opening, the sphere
enters a region in which there is a uniform magnetic field of magnitude B directed into the page, as shown
above. Ignore gravitational effects. Express all algebraic answers in terms of V, m, e, B,-and fundamental
constants, as appropriate.

(@
i. What is the initial direction of the force on the sphere as it enters the magnetic field?
Into the page Out of the page

3

Toward the top of the page X Toward the bottom of the page

ii. Describe the path taken by the sphere after it enters the magnetic field. o
The 4\0\/\w-¢,\$ . ‘)aﬂ‘ Cuvls  Jienws.? _'}n."r.'q“ L Atele e sgree

fn ML v egfom e e et gl i, Yoo gghee domatls fme SVC

\

P 3 ‘,,.A of o« codle,

(b) Derive an expression for the speed of the sphere as it passes through the small opening.
- W -
V- :v y W= Ak

K = Vg

(c) Derive an expression for the radius of the path taken b‘};r?e sphere as it moves through the magnetic field.

Pree = 0t o peadt = ¥ o [T W
&~ (8 R"_ w L:"’ &
%’U’*B - WYt ; & e

p- ¥ . eb

R ‘QB

. |Unauthorized copying or reuse of
any part of this page is illegal.

GO ON TO THE NEXT PAGE.
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E Q3 APp2

An experiment is performed in which a beam of electrons is accelerated across the space between the plates and
passes through the small opening. After passing through the opening, the electrons travel in a semicircular path
and strike the right-hand plate. The potential difference between the plates is varied in regular increments, as
shown in the table below. For each potential difference, the magnetic field is varied in order to cause the beam to
strike the right-hand plate at a distance of 0.020 m from the opening.

Potential difference (V) 60 70 100 110 120 140
Magnetic field (T x10°) - | " , ¢ 278 3.39 3.54 378 3.99
{Magoetic £ Gaw®) | €.96] 2,93 V1.9 |12s | 1.3 | 159

A

(d) Indicate below which quantities should be graphed to yield a straight line whose slope could be used to
1 2Ve calculate a numerical value for the mass-to-cl;arge ratio of an electron.
b T  Vertical axis: { Pagnetic £d5yt (T3
‘ pte> Horizontal axis:M\_b'fchaqc C\A
e
- 2N Use the remaining columns in the table above, as needed, to record any quantities that you indicated that are
not given. Label each column you use and include units.

v
<

(e) On the graph below, plot the relationship determined in part (d). Clearly scale and label all axes, including
units, if appropriate. Draw a straight line that best represents the data. .

FEFTTTI

P44

rrr i

.

|
-
J

FHH4444

|
[
_l_:..l.

H444

|
I

q0 lig 1%0 1So 170
P R TR SN | ¥ e CV)
(f) Using the straight line from part (e), determine the mass-to-charge ratio of an electron.

slpe = M.(:c\GGT-"-s.(x;J‘T’ 1 3“047 T‘/\/

26V < 2w —
w ’ '
€= B (slope) - (00 (3 367 v < 1‘@
2 2

Unauthorized copying or reuse of
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charge=e~

3. Two plates are set up with a potential difference V between them. A small sphere of mass m and cha‘{g__—_e__
is placed at the left-hand plate, which has a negatlve charge, and is allowed to accelerate across the space
between the plates and pass through a small opening. After passing through the small opening, the sphere
enters a region in which there is a uniform magnetic field of magnitude B directed into the page, as shown
above. Ignore gravitational effects. Express all algebraic answers W terms of V, m, e, B, B, and fundamental
constants, as appropriate.

@
i. What is the initial direction of the force on the sphere as it enters the magnetic field?

20 the page ' Out of the page
Toward the top of the page Toward the battom of the page

il. Descnbe the path taken by the sphere after it enters the magnetic field.

0)065 in & Semi- eurcde. a«//é
-UP pny it hibs %/T/ ' Ne

(b) Derive an expression for the speed of the sphere as it passes through the small opening,

ZF?VV‘(I'\ . Q.):(‘f\\/
seeme
b=/ Y

//
Unauthorized copying or rous!(ol‘
R GO ON TO THE NEXT PAGE.
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E Q3 B p2

An experiment is performed in which a beam of electrons is accelerated across the space between the plates and
passes through the small opening. After passing through the opening, the electrons travel in a semicircular path
and strike the right-hand plate. The potential difference between the plates is varied in regular increments, as
shown in the table below. For each potential difference, the magnetic field is varied in order to cause the beam to

strike the right-hand plate at a distance of 0.020 0 from the opening. =0l
Potential difference (V) 60 70 100 110 120 140
. -3
Magetic field (T x 10°) 262 | 278 | 339 | 354 | 378 | 3.99

7.9

£.%7

(@)

10.49

(045

1,93

Ofcnh'a[ e!lluucc LV)

(d) Indicate below which quantities should be graphed to yield a straight line whose slope could be used to —
calculate a numerical value for the mass-to-charge rafio of.an electron. . mM m__.
| h e v
Vertical axis: 5§ f, <A 2y B
Horizontal axis: r- £ 2eVv
. v R A

Use the remaining columns in the table above, as'needed, to record any quantities that you indicated that are
not given. Label each column you use and include units.

- {

=81V

-

(e) On the graph below, plot the relationship determined in part (d). Clearly scale and label all axes, including
units, if appropriate. Draw a straight line that best represents the data.
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(f) Using the straight line from part (e), determine the mass-to-charge ratio of an electron.

(I0.U,55)81368= -

e
-

¥
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(42,21
l Unauthorized copying or reuse of
e L — GO ON TO THE NEXT PAGE.
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3. Two plates are set up with a potential difference V between them. A small sphere of mass m and charge —
is placed at the left-hand plate, which has a negative charge, and is allowed to accelerate across the space
‘between the plates and pass through a small opening. After passing through the small opening, the sphere
enters a region in which there is a uniform magnetic field of magnitude B directed into the page, as shown
above. Ignore gravitational effects. Express all algebraic answers in terms of V, m, e, B, and fundamental
constants, as appropriate.

(a)
i. What is the initial direction of the force on the sphere as it enters the magnetic field?
___Into the page ., Out of the page
Y Toward the top of the page ___ Toward the bottom of the page
ii. Describe the path taken by the sphere after 1t enters the j\ %uc field.
™ ¢ & ww\"f Joverds
T etk 30 UM

(b) Derive an expression for the speed of the sphere as it passes through the small opening.
13 kﬁﬁr \‘ﬁ [N A T

(c) Derive an expression for the radius of the path taken by the sphere as it moves through the magnetic field.

qub = éwxu"

or reuse of

Unauthorized copying
any pert of this page s Megal GO ON TO THE NEXT PAGE.
-12-

© 2019 The College Board.
Visit the College Board on the web: collegeboard.org.



E Q3 C p2

An experiment is performed in which a beam of electrons is accelerated across the space between the plates and
passes through the small opening. After passing through the opening, the electrons travel in a semicircular path
and strike the right-hand plate. The potential difference between the plates is varied in regular increments, as
shown in the table below. For each potential difference, the magnetic field is varied in order to cause the beam to
strike the right-hand plate at a distance of 0.020 m from the opening.

Potential difference (V) 60 70 100 110 120 140
: -3
Magnetic field (T x 107°) 262 | 278 | 339 | 354 | 378 | 3.99

(d) Indicate below which quantities should be graphed to yield a straight line whose slope could be used to
calculate a numerical value for the mass-to-charge ratio of an electron.

Vertical axis: (RN %@LV)

Horizontal axis: w,c(ﬂ -

Use the remaining columns in the table above, as needed, to record any quantities that you indicated that are
not given. Label each column you use and include units.

(e) On the graph below, plot the relationship determined in part (d). Clearly scale and label all axes, including
units, if appropriate. Draw a straight line that best represents the data.
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(f) Using the straight line from part (e), determine the mass-to-charge ratio of an electron.

1. . 10
-z 3
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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:

e Identify the magnitude and direction of forces on charged particles in both electric and magnetic fields

e Recognize that charged particles will move in circular motion when under the influence of magnetic
forces

e Derive expressions utilizing concepts of Newton’s laws and energy conservation

e Linearize data in order to extract physical quantities from experimental data

e Construct an appropriate graph using experimental data

e Utilize math skills, such as creating a best-fit model, and calculating a slope to extract desired quantities

Sample: EQ3 A
Score: 15

All parts of this response earned full credit. Part (a) has a correct selection and describes an appropriate path, so
2 points were earned. Part (b) uses a valid equation and has a correct answer with supporting work, so 2 points
were earned. Part (c) sets the centripetal force equal to the magnetic force, makes the correct substitutions, and
solves for r, so 3 points were earned. Part (d) indicates physical quantities that yield a straight line whose slope
can be used to determine the mass-to-charge ratio, so 1 point was earned. Part (e) properly scales and labels the
axes, correctly plots the data, and has an appropriate best-fit line, so 4 points were earned. Part (f) correctly
calculates the slope, relates the slope to the mass-to-charge ratio, and correctly substitutes into the equation, so
3 points were earned.

Sample: EQ3 B
Score: 9

Part (a)(i) indicates an incorrect direction for the force, so no points were earned. Part (a)(ii) describes a circular
path consistent with the direction of the force in part (a)(i), so 1 point was earned. Parts (b) earned full credit,

2 points. Part (c) sets the centripetal force equal to the magnetic force and solves for r but has both eand g in the
final answer, so 2 points were earned. Part (d) indicates physical quantities that yield a straight line whose slope
can be used to determine the mass-to-charge ratio, so 1 point was earned. Part (e) properly scales and labels the
axes, correctly plots the data, and has an appropriate best-fit line, but has an incorrect unit on the horizontal axis,
80 3 points were earned. Part (f) does not show a correct calculation of the slope and does not relate the slope to
the mass-to-charge ratio, so no points were earned.

Sample: EQ3 C
Score: 4

Part (a)(i) indicates an incorrect direction for the force, so no points were earned. Part (a)(ii) describes a circular
path consistent with the direction of the force in part (a)(i), so 1 point was earned. Part (b) uses an incorrect
equation, so no points were earned. Part (c) incorrectly sets the magnetic force equal to kinetic energy, so no
points were earned. Part (d) indicates physical quantities that do not yield a straight line, so no points were
earned. Part (e) properly labels the axes, correctly plots the data, and has an appropriate best-fit line, but the scale
does not use at least half the available grid, so 3 points were earned. Part (f) does not show a correct calculation
of the slope and does not relate the slope to the mass-to-charge ratio, so no points were earned.
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