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 Question 1: Free-Response Question   15 points

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

Example Response 

QΦE =
ε0

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 

N m⋅ 2
Φ =E 226 C

Example Solution 

0

0

2

∫
  QE ⋅ dA =

ε
QΦE =
ε

−2.0 ×10−9 C
ΦE = 2

12 C8.85 ×10−
N m⋅ 2

N m⋅Φ =E 226 C

Total for part (a) 2 points  

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

For drawing a bar representing WDA  that has a height of six units 1 point 

Example Response 
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(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 

dVEx = − dx      OR     dVEx = − dx      OR     ∆VEx = −
∆x      OR     ∆ =V −∫E



⋅ dr   

 

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

1 point 

 Example Response 

20.0 V − 0.0 VEx = −  0.65 m

 

 Example Solution 

dVEx = − dx
dVEx = − dx
∆VEx = −
∆x  

 

  

20.0 V − 0.0 VEx = − 0.65 m
VEx = 31 m

Total for part (b)  4 points 
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(c) 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 
tangent to the equipotential line at Position D  

1 point 

 For indicating one of the following: 

 

 

1 point 

 

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

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

1 point 

 Example Responses 

1 qV = i
4πε ∑0 ri

     OR    1 dq V = 4πε0
∫ r      OR     ∆ =V −∫E



⋅ dr  

 

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

1 point 

 Example Responses 

∑ QVP = k xP − x      OR     ∫ 1VP = k  dq
 xP − x  

 

 For a correct integral with λdx  substituted for dq  1 point 

 Example Response 

∫ 1VP = kλ  dx  
 xP − x

 

 For the correct limits of integration 1 point 

 Example Response 

∫
4L 1 VP = kλ   dx   
0  xP − x
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 Example Solutions 

P

4 0
P

1 qV = i
4πε ∑0 ri

λ




∫ 1VP = k  dq
 x − x

dq = λ dx

∫ 1VP = kλ   dx
 xP − x

∫
4L 1VP = kλ   dx
0  xP − x

 

V L
P = −kλ ln(xP 0− x) | = k ln(x − x) |4L

 xV ln P
P = kλ 

 xP − 4L

OR 

ΔV = −∫E


⋅ dr

∫ kE( )x = dq
r2

∫
4L kλ
0 ( )2 ( 1 1E( )x = dx′ = kλ −

x − x′ x − 4L x )  

∫ ∫
x xP P

P ( 1 1V = − =E( )x dx −kλ −4 )dx
∞ ∞ x − L x

 

  

 xV ln P
P = kλ  

 xP − 4L
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(d)(ii) For sketching a curve or line that continually approaches the horizontal axis as position 
increases 

1 point 

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

 Example Response 

 

 

  Total for part (d)  6 points 

 Total for question 1  15 points 
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,.. 
• 

PCEM 01 Sample B p2 of 5 

Queatlon-1 

Continue your response to QUESTION 1 on this page. 

A positive teat charge (not shown) is placed and held at rest at PositiOll C. An external force is applied to the teat 
charp to move the test charge to different positions in the  of c-B-D-A. The test charge is 1JlOIDM1ad1y 
held at rest at each position. 

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

i. Complete tho followin& tub on Fiaw'e 2.

• Draw a bar to represent the relative absolute value of the work   done by the external force
on the teat c:harp to move the teat charae from Position B to Position D.

• Draw a bar to represent the relative absolute value of the work WoA done by the external force
on the test c:harp to move the teat charge from Position D to Position A.

• The height of each bar should be proportional to the value of Wes. If  = 0 and/or WnA = 0,
write a "0,. in the conaponding columns. u appropriate.

--------- -------- ------

Work 

0
- ------- -- --- -

Figure 2 

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

: .. (w o)
-=-+-11-':>11 !L 
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Qoeatton 1 

Continue your response to QUESTION 1 on this page. 

+,l 

Rod 
0 2L 4L 6L 8L lOL 

Figure 3 

I • +x

12L 

The sphere and the teat charge are rmnoved. The rod bu length 4L and uniform positive linear cbqe 
density +.t. The rod la held at rest on the x-axis in the orientation shown in Pi,ure 3. Position P (not shown) ii 
located on the x-axia a distance xp from.Jhe..oritin';'wlffl .xp > 4L. 

(d) The elec1ric potential Vp at .xp ii Vp = k.t 1n(.xp 
  

4L} 

L Uling integral calculua, deme the expression for Vp provided. 

Uneull0f1Zed oopyl,g or l'IUN ol 1111 paga la llllgal. GO ON TO THE NEXT PAGE. 

Uae a pendll or a   with bfadc or dar1< blue Ink. Do NOT   your nam.. Do NOT wr1te outalde the box . 
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Question 1 

Continue your response to QUESTION 1 on this page. 

A positive test charge (not shown) is placed and held at rest al 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 cbarp ia IDQm.entarily 
held at rest at each position. 

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

i. Complete the followin1 tasks on Figure 2.

• Dnw a bar to represent the relative absolute value of the wort WBD done by the external force
on the test char&e to move the test charae from Positi.0111 B to Position D. 

• Dnw a bar to represent the relative absolute value of the work WnA done by the external force 
on the test cluqe to move the test charge from Positi0111 D to Position A. 

• The height of each bar should be proportional to the value of Wes. H Wm ,.. 0 aod/or WoA • 0,
write a "0" in the corresponding columns, u appropriate. 

Work 

----- --- -
- -

Figure 2 

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

ie.J1r   .i. = (a. ,o
-4

J; = aa6.f/q' 
J' €0 ( 3 ,15 ,o4) 

UnaU1hol1zed copying or reuse of this page Is Illegal. Pages GO ON TO THE NEXT PAGE. 

• 0111'11,'1 

Use a pencil or a pen with black or dart< blue Ink. Do NOT wrtte your name. Do NOT write outalde the box. 
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• 

... 

0 

Queatlon 1 

Continue your response to QUESTION 1 on this page. 

+..t 
Rod 

2L 4L 6L 

Figure 3 

I I 

SL 
I 

IOL 
I • +x

12L 

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

(d) The el c potential Vp at Xp is Vp = U1n( xp   4L}

i. Using integral calculua, derm the expression for Vp provided.V, = k  Jn{ : ]

Unauthcwed COPVlng or reuse d thla pqe 19 m.gai. GO ON TO THE NEXT PAGE. 

Uae a penal or a pen with black or dar1< blue Ink. Do NOT write your name. Do NOT write outlldl the box. 
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Question 1 

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

Overview 

• Responses should demonstrate comprehension of the concepts of electric flux and its relationship to charge 
and Gauss’s law. 

• Responses should demonstrate the ability to determine electric field given information about electric 
potential and vice versa. 

• Responses should demonstrate comprehension of the connection between electric potential, charge, and 
energy/work. 

• Responses should demonstrate comprehension of equipotential lines or surfaces and ability to interpret a 
diagram illustrating equipotential lines. 

• Responses should demonstrate the ability to use charge density to derive an expression for the potential or 
electric field as a function of position relative to a charge distribution. 

• Responses should be able to produce a graph of potential vs. position for a given charge distribution. 
• Responses should demonstrate the ability to choose appropriate fundamental equations, derive appropriate 

expressions including substitutions of given variables, and calculate results with correct numerical values 
and units. 

• Responses should demonstrate the ability to make a claim and justify using physics principles. 

 

  

  

  

  

Sample: 1A 

Score: 15 

 
Part (a) earned 2 points. The first point was earned for using a correct equation for electric flux. The second point 
was earned for indicating the correct numerical answer. Part (b) earned 4 points. The first point was earned 
for indicating that WED = 0 . The second point was earned for indicating that WDA  has a height of six units. The 
third point was earned for using an equation that relates the electric field to potential difference. The fourth point 
was earned because although the final answer does not have correct units, the response correctly substitutes values 
of electric potential and the distance between equipotential lines that can be used to calculate the approximate 
magnitude of the electric field at Position B . Part (c) earned 3 points. The first point was earned for selecting 
only + y  and attempting a relevant justification. The second point was earned for indicating that the direction of 

the electric field vector is perpendicular to a line that is tangent to the equipotential line at Position D . The third 
point was earned for indicating that the test charge moves from a higher electric potential to a lower electric 
potential. Part (d) earned 6 points. The first point was earned for using an appropriate equation for determining 
the electric potential from a line of uniform charge. The second point was earned for correctly determining the 
value of r , the distance between Point P  and a point on the line of uniform charge. The third point was earned 
for indicating a correct integral with dx  substituted for dq . The fourth point was earned for indicating correct 
limits of integration. The fifth point was earned for indicating a curve or line that continually approaches the 
horizontal axis as position increases. The sixth point was earned for indicating a concave up curve that is always 
positive.  
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Question 1 (continued) 

Sample: 1B 

Score: 9 

 
Part (a) earned 2 points. The first point was earned for using a correct equation for electric flux. The second point 
was earned for indicating the correct numerical answer.  Part (b) earned 4 points. The first point was earned for 
indicating that WED = 0 . The second point was earned for indicating that WDA  has a height of six units. The third 

point was earned for using an equation that relates the electric field to potential difference. The fourth point was 
earned for substituting the correct values of electric potential and the distance between equipotential lines to 
calculate the approximate magnitude of the electric field at Position B . Part (c) earned 1 point. The first point was 
not earned because the response does not select only + y . The second point was not earned because the response 
does not indicate that the direction of the electric field vector is perpendicular to a line that is tangent to the 
equipotential line at Position D . The third point was earned for indicating that the test charge and the sphere have 
charges of opposite sign and states the test charge moves from a higher electric potential to a lower electric 
potential. Part (d) earned 2 points. The first point was not earned because the response does not use an appropriate 
equation for determining the electric potential from a line of uniform charge. The second point was not earned 
because the response does not correctly determine the value of r , the distance between Point P  and a point on 
the line of uniform charge.  The third point was not earned because the response does not indicate a correct 
integral with dx  substituted for dq . The fourth point was not earned because response does not indicate correct 
limits of integration. The fifth point was earned for indicating a curve or line that continually approaches the 
horizontal axis as position increases. The sixth point was earned for indicating a concave up curve that is always 
positive.  

Sample: 1C 

Score: 3 

 
Part (a) did not earn any points. The first point was not earned because the response does not use a correct 
equation for electric flux. The second point was not earned because the response does not indicate the correct 
numerical answer. Part (b) earned 1 point. The first point was not earned because the response does not indicate 
that WED = 0 .  The second point was earned for indicating that WDA  has a height of six units. The third point 
was not earned because the response does not use an equation that relates the electric field to potential 
difference. The fourth point was not earned because the response does not substitute correct values for electric 
potential and the distance between equipotential lines to calculate the approximate magnitude of the electric field 
at Position B . Part (c) earned 1 point. The first point was not earned because the response does not select only 
+ y . The second point was not earned because the response does not indicate that the direction of the electric field 

vector is perpendicular to a line that is tangent to the equipotential line at Position D . The third point was earned 
for indicating that the test charge and the sphere have charges of opposite sign. Part (d) earned 1 point. The first 
point was not earned because the response does not use an appropriate equation for determining the electric 
potential from a line of uniform charge. The second point was not earned because the response does not correctly 
determine the value of r , the distance between Point P and a point on the line of uniform charge. The third point 
was not earned because the response does not indicate a correct integral with dx  substituted for dq . The fourth 
point was not earned because the response does not indicate correct limits of integration. The fifth point was 
earned for indicating a curve or line that continually approaches the horizontal axis as position increases. The 
sixth point was not earned because the response does not indicate a concave up curve.  
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