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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 2

15 points

+p

0.030 m

0.050 m

A nonconducting hollow sphere of inner radius 0.030 m and outer radius 0.050 m carries a positive volume
charge density p, as shown in the figure above. The charge density p of the sphere is given as a function

of the distance » from the center of the sphere, in meters, by the following.
r<0.030m: p=0
0.030 m <7 <0.050 m: p = b/r, where b =1.6x10° C/m?
r>0.050m: p=0

(a) LO CNV-2.D.a, SP 6.B, 6.C
3 points

Calculate the total charge of the sphere.

For indicating the need to integrate the expression for charge density to determine the 1 point
total charge on the sphere
0= fpd v
For proper substitutions into the integration 1 point
(1.6x107)
_ 2
0= j — (477 )dr

For using the proper limits of integration 1 point

r=0.05 r=0.05
0 =47(1.6x10°) [ rdr = 4x(1.6x 106){%}
r=0.03 r=0.03

0 = (27)(1.6 x107°)(0.05* - 0.03%) = 1.61x 107 C
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 2 (continued)

(b) LO CNV-2.D.a, SP 6.C
3 points

Using Gauss’s law, calculate the magnitude of the electric field E at the outer surface of the sphere.

For correctly evaluating the surface integral in Gauss’s law 1 point
§ Eeda = E(47r7)
For correctly substituting the answer from part (a) and correct radius into above 1 point
equation
-8
Qenc _ AN _ Qenc _ (161 x10 C)
e — E(4xr?) o E = S = — .
& 4zsgr’  (47)(8.85x107'7)(0.05)
For an answer consistent with part (a) with correct units 1 point

E =5.79x10* N/C

(c) LO CNV-2.C,SP3.C
3 points

On the axes below, sketch the magnitude of the electric field £ as a function of distance » from the center

of the sphere.
E
rim)
0.030) 0.050

For clearly showing a graph with a value of £ =0 for » <0.030 m 1 point
For a continuous graph that starts at zero, is concave down, and increases in value from 1 point

r=0.030 to » = 0.050
For a continuous graph that decreases asymptotically toward the horizontal axis for 1 point

r>0.050 m

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



AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 2 (continued)

(d) LO CNV-1.G.a, SP 6.B, 6.C
2 points

Calculate the electric potential J at the outer surface of the sphere. Assume the electric potential to be

zero at infinity.

For substituting the total charge from part (a) into a correct expression for electric 1 point
potential
For substituting » = 0.05 m into a correct expression for electric potential 1 point

0y (9x10%)(161x 107 C)

= = =2900 V
Areyr (0.05 m)

Vr

Alternate Solution

Alternate Points

For substituting the total charge from part (a) into an integration for electric potential 1 point
9%x10%)(1.61x 107 C
AV = Vg = Voo = Vg = =[ Edr = —_[4dQe”"2 r = —j( I . )dr
dmeyr r
For integrating with correct limits of integration 1 point
r=0.05 m =0.05m
145 17 1 1
Ve =— ——dr = —145| —— =145| ————-—|=2900 V
f ‘[ r i l: i’lzm ((0.05 m) oo)
y=c0
A proton is released from rest at the outer surface of the sphere at time =0 s.
(e)
1. LO ACT-1.D, SP 6.B, 6.C
2 points
Calculate the magnitude of the initial acceleration of the proton.
For using a correct expression of Newton’s second law in terms of the electric field 1 point
F =ma .‘.qE=ma.‘.a=£
m
For correctly substituting into equation above 1 point

-19 4
L _dE (1.6x107 C)(5.79 x 10* N/C)

=5.55x10"? m/s?
m 1.67 x107%7 kg /
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING GUIDELINES

Question 2 (continued)
(e) continued
ii. LOCNV-1.E,SP6.B,6.C
2 points

Calculate the speed of the proton after a long time.

For a correct expression of kinetic energy in terms of the electric potential difference 1 point
L 2
—qAV = —mv
7773
For correctly substituting into equation above 1 point

-2(1.6x107"° C)(0 - 2900 V
v:,/zq’ﬁV =\/ ( X ) 745 x10° m/s

(1.67x107 kg)

Learning Objectives

ACT-1.D: Determine the motion of a charged object of specified charge and mass under the influence of an
electrostatic force.

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.

CNV-1.G.a: Use the general relationship between electric field and electric potential to calculate the relationships
between the magnitude of electric field or the potential difference as a function of position.

CNV-2.C: State and use Gauss’s law in integral form to derive unknown electric fields for planar, spherical, or
cylindrically symmetrical charge distributions.

CNYV-2.D.a: Using appropriate mathematics (which may involve calculus), calculate the total charge contained in
lines, surfaces, or volumes when given a linear-charge density, a surface-charge density, or a volume-charge
density of the charge configuration.

Science Practices

3.C: Sketch a graph that shows a functional relationship between two quantities.

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.
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E Q2 A p1

0.030 m

0.050 m

2. A nonconducting hollow sphere of inner radius 0.030 m and outer radius 0.050 m carries a positive volume
charge density p, as shown in the figure above. The charge density p of the sphere is given as a function of the

distance r from the center of the sphere, in meters, by the following.
r<0.030m: p=0

0.030 m < r<0.050 m: p = b/r, where b=1.6X% 107 C/m2
r>0.050m: p=0
(a) Calculate the total charge of the sphere.

Q.
Vv N=Me
= \JV YA v
% A

Q= Jptv o)zt
= 0,05
E’—\ Q:Jfﬁir: %‘hﬁ-‘- —

=~ 0.0)

Q= "ﬁbjwi.;r

_ 4
0.0% 05 . &
O = Wn{l-bﬂo“%‘) ["irlf o?’ - L'TT[ Lbl[ﬁ b%n") (('fzg: %ﬁ) l' b ' x,o’? L
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(b) Using Gauss’s law, calculate the magnitude of the electric field E at the outer surface of the sphere.

_ Qenc _ .lexlo"b)
E=wg = "ae @y /5, 19x0'e,

(c) On the axes below, sketch the magnitude of the electric field E as a function of distance r from the center
of the sphere.

E
!

»r (m)

0.030 0.050

(d) Calculate the electric potentlal V at the outer surface of the sphere. Assume the electric potential to be zero
at infinity. f =0

V= f an--SL&m‘,

= k}&g[ lv.of = - |eQu [—-—-O) @xlo Y’ blx1p &){ )
=1
=2, 10x0* V

Question 2 continues on the next page.
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(e) A proton is released from rest at the outer surface of the sphere at time £ =0s.

i. Calculate the magnitude of the initial acceleration of the proton.
IF:=k Fe=Fy

m@—ﬂ
Moreo ™ b)
o Ex . ERUER @

ii. Calculate the speed of the proton after a long time.

PN ;
(f buo "‘C)( 2.99<(0*V) = (l 67xlo k?) v')

\I - 7&45)‘“)5"‘[5
Y
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2. A nonconducting hollow sphere of inner radius 0.030 m and outer radius 0.050 m carries a positive volume
charge density p, as shown in the figure above. The charge density p of the sphere is given as a function of the

distance r from the center of the sphere, in meters, by the following.
r<0030m: p=0

0.030 m < r<0.050 m: p = bjr, where b=16x10" G/’

r>0.050m: p =0 e
(a) Calculate the total charge of the sphere. | : y.w__,_/_g"“/ ‘6%‘3
S w/"“’//— 3\ g A ] \ °s
: ‘3 e — " R ¢
= (O § !'3
v ®*
%
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(b) Using Gauss’s law, calculate the magnitude of the electric field E at the outer surface of the sphere.

" .10
EA Q:A,qutol C

Q
% ‘ -
E = o A s 4Tl oSy
A €

(c) On the axes below, sketch the magnitude of the electric field E as a function of distance r from the center
of the sphere.

E

E

- —————

r(m)

50

o
[
W
o
o
=3 S ——

(d) Calculate the electric potential V at the outer surface of the sphere. Assume the electric p%tential to be zero
at infinity. 9.: Erl Qv /o™

Vo 17NV

Question 2 continues on the next page.
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(e) A proton is released from rest at the outer surface of the sphere at time t =0 s.

i. Calculate the magnitude of the initial acceleration of the proton.

5 = ma

\s‘w‘s (e)= Q’"" 62

? [ Nl \«‘Ygxl

ii. Calculate the speed of the proton after a long time.

M/Sz
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2. A nonconducting hollow sphere of inner radius 0.030 m and outer radius 0.050 m carries a positive volume
charge density p, as shown in the figure above. The charge density p of the sphere is given as a function of the
distance r from the center of the sphere, in meters, by the following. -

r<0.030m: p=0

0.030 m < 0.050 m: p = b/r, where b=16x10"° C/m?
r>0050m: p=0
(a) Calculate the total charge of the sphere.

oS | = i%“
ig@_%a\/ )

" = gmorzb -Y-Q,\»L\o s C_,\
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(b) Using Gauss’s law, calculate the magnitude of the electric field E at the outer surface of the sphere.
BE-ANT Wenme
Eo
. QL
z -
Elwe®) = +o
k= by, L9 Ve
o5 (S~
= S H'bd ot aad
B3
E S \\LQ _

: -0 C oS
i 19 ;O < &
(c) On the axes below, sketch the magmtude of the electric Tield E asa fihction of distance r from the center

KQ \03 ) -‘:S_@:\.o?;

of the sphere.
E
A
I [}
] 1
] I
] 1
: |
1A 1 - |
| |
| |
i ]
| ]
| 1
! ! .
[ 0.030 0.050

(d) Calculate the electric potential V at the outer surface of the sphere. Assume the electric potential to be zero

at infinity. N
VE= - S

RS A

Question 2 continues on the next page.
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(e) A proton is released from rest at the outer surface of the sphere at time ¢t =0s.
i. Calculate the magnitude of the initial acceleration of the proton.

P = W
\:’\_Oﬁ/ = i /a‘“‘\\lt

-

S o = _
—é@é %&: G =
ii. Calculate the speed of the proton after a long time. —‘63
-y R WPATENE AN \ =
N = | &mae = | e

o Ly x\oﬂ’j
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AP® PHYSICS C: ELECTRICITY AND MAGNETISM
2019 SCORING COMMENTARY

Question 2
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 Understand and apply Gauss’s law to situations with variable charge density and unusual geometry
e Use calculus in determining the total charge of an object with variable charge density

e Interpret quantitative results and illustrate their functional behavior through sketching

e Understand and apply the concept of electric potential and electric potential difference

e Apply Newton’s laws and Conservation of Energy concepts to the behavior of electrostatic charge

e Calculate values of E and V and use appropriate units

Sample: EQ2 A
Score: 15

All parts of this response earned full credit. Part (a) has correct substitutions of p and dV and integrates with
appropriate limits, so 3 points were earned. Part (b) correctly substitutes into Gauss’s law and has an answer
consistent with part (a), so 3 points were earned. Part (c) has a correct graph, so 3 points were earned. Part (d)
substitutes the correct charge and radius into an equation for potential difference, so 2 points were earned.

Part (e)(i) correctly substitutes into an appropriate expression for Newton’s second law, so 2 points were earned.
Part (e)(ii) correctly substitutes into an appropriate expression for potential difference, so 2 points were earned.

Sample: EQ2B
Score: 9

Parts (b), (d), and (e)(i) earned full credit, 3 points, 2 points, and 2 points, respectively. Part (a) uses correct limits
on the integration but uses an incorrect equation and insufficient substitution, so 1 point was earned. Part (c)
does not set E =0 for r< 0.030 m, does not have a concave down curve for 0.030 m < r < 0.050 m, and has no
continuity at r=0.050 m, so no points were earned. Part (e)(ii) correctly substitutes into an appropriate equation
but does not indicate the use of a potential difference, so 1 point was earned.

Sample: EQ2C
Score: 5

Part (a) earned full credit, 3 points. Part (b) uses a correct area, but incorrectly evaluates Gauss’s law, so 1 point
was earned. Part (c) sets E =0 for r < 0.030 m, but the curve is not concave down for 0.030 m < r< 0.050 m and is
not concave up for r=0.050 m, so 1 point was earned. Part (d) uses an incorrect method for calculating the
electric potential, so no points were earned. Part (e)(i) has no expression for Newton’s second law, so no points
were earned. Part (e)(ii) uses an incorrect equation, so no points were earned.
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