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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: Correct units are not required to earn this point. 
Example Response 

N m⋅ 2
ΦE = 113   C

 

 Example Solution 

∫
  QE ⋅ dA =

ε0

 

  

QΦE =
ε0

1.0 ×10−9 C  
ΦE = 2

12 C8.85 ×10−
N m⋅ 2

N m⋅ 2
ΦE = 113 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 approximately one and a half 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 

dVEy = − dy      OR     dVEy = − dy      OR     ∆VEy = −  
∆y     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 − −( 10.0 V)Ey = −  1.4 m

 

 Example Solution 

dVEy = − dy
dVEy = − dy
∆VEy = −
∆y
−20.0 V − −( 10.0 V)Ey = − 1.4 m

 

 

  

VEy = 7.1 m

Total for part (b)  4 points 

(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 C  

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 rod have charges of the opposite sign. 
• The test charge and the sphere have charges of the same sign. 

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 C , the electric force is downward 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 
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(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  y yP −
    OR     ∫ 1VP = k   dq  

 yP − y

 

 For a correct integral with λ dy  substituted for dq  1 point 
 Example Response 

P
∫ 1V kP = − λ   dy  
 y y−

 

 For the correct limits of integration 1 point 
 Example Response 

2L
 1VP = −kλ ∫   dy  
 y yP −

0
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 Example Solutions 

0

0
2

1 qV = i
4πε ∑ ri

λ




∫ 1VP = k  dq
 y yP −

dq = −λ dy

∫ 1VP = −kλ   dy
 y yP −

∫
2L 1VP = −kλ   dy
0  y yP −

 

V ln 2
P = kλ (y yP − =) | L

0 −k ln(y yP − ) | L

 yV k ln P
P = − λ 

 y LP − 2

OR 

ΔV = −∫E


⋅ dr

∫ kE(y) = dq
r2

E ∫
2L kλ  1 1 (y) = dy′ = kλ − 0 ( y y )2

  
− ′  y − 2L y 

∫ ∫
y yP P  1 1VP = − =E(y) dy −kλ  − dy
∞ ∞  y − 2L y

 

  

 yV ln P
P = kλ  

 y LP − 2
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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 down curve that is always negative 1 point 

 Example Response 

 

 

 

  Total for part (d)  6 points 

 Total for question 1  15 points 
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Question 1 

Continue your response to QUESTION 1 on this page. 

A positive test cbarao (not shown) 11 placed and bold at reat at Posidon C. An oxtema1 force it appllod to the test 
charge to move the test cha!Jo to different poaitions in the order of C-+B-D-A. The test charge ii held
momentarily at rest at each position. 
(b) The bar shown in Figure 2 repment.s the absolute value of the wort Wes done by the extmnal fon:e on the 

test clwJc to move the test charge from Position C to Position E. 
i. Complete the following tasks on Figure 2.

• Dnw a bar to represent the relative absolute value of the work Wso done by the external forceon the test charge to move the test charge from Position B to Position D. 
• Dnw a bar to repteaent the relative absolute value of the work WoA done by the external forceon the test charge to move the test charge from Position D to Position A. 
• The height of each bar should be proportional to the value of Wes , If lVEo • 0 and/or WoA • O,write a "O" in the correspondina columns, as appropriate. 

Work 

WED 

(. .it  
Figure 2 

-- -
__ ra_

ii. Calcnlate the approximate magnitude of the z-component of the electric field at Position B.
  , _ ...!!.   

l - -lo - t- \0) ) 

c\Y o•o.ll • 0.2, 

( 
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• Queatton 1 

Continue your response to QUESTION 1 on this page. 

Rod 
-A

+y

12L

lOL

8L

6L

4L

0 ..l 

Figure3 

The sphere and the test charge are removed. The rod bas lC11ath 2L and uniform neptive linear clwp 
density -A. The rod is held at rest on the y-axis in the orientation shown in Figure 3. Position P (not abown) is
located on the y-axis a distance Yp from the origin. where Yp > 2L. 

(d) The electric potClltial Vp at Yp is = -U1n( 
Yp   2L)

.

i. Usina inte&ral calculus, derive the expression for Vp provided.

•) 

.1.v • k dQ • ')...    V r  ( 

'( & j
't dQ 
-r 

-: - J 'f.!_  r 

;. - le.). In I r l

Unauthol1zed copying or reuse of this page Is Illegal. Page5 

V • 
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I 

i - t l \ n \ y p l - 'n \   {> - 2l 

-  A \n t-1!_ Io -,, ·JL./1
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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 at 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 charge ia held 
momentarily at rest at each position. 

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

i. Complete the following tasks on Figure 2. 

• Draw a bar to represent the relative absolute value of the work WBD done by the external force
OD the teat charge to move the test charge from Position E to Position D. 

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

• The height of each bar should be proportional to the value of WCE. If WBD = 0 and/or WoA = 0, 
write a "O" in the corresponding columns, as appropriate. 

Work 

---fj•-- --- -------- -- -  --

Figure 2 

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

Unauthonnd QCl9Ylng_or '1IUN of lt\la page II Illegal. GO ON TO THE NEXT PAGE. 

Use a penclt or a pen with black or dark blue Ink. Do NOT write yoor name. Do NOT wrfte outside the box. 
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Question 1 

Continue your response to QUESTION 1 on this page. 

+y 

12L 
IOL 
SL 
6L 

4L 

Rod 2L 
-i 0 

Figure 3 
The sphere and the test charge are removed. The rod has length 2L and uniform neptive linear chargedensity -i. The rod is hold at rest on the y-axis in tbe orientation shown in Figure 3. Position P (n ) islocated on the y-uia a distance Yp from the origin. where Y

p 
> 2L.

-k  ..   \.
(d) The electric pot.ential Vp at Y

p 
is Vp = -U 1n( Yp   

2L l Cl( 

i. Using integral calculus, dertve the expression for 'Vp provided.
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Begin your response to QUESTION 1 on this page. 

PHYSICS Cs ELBC'l'RlcrrY AND MAGNETISM 
SECTIOND 

Dme-M mlDatM 

3Qaest1om 

Dlredlom: Answer all three questions. The sugeatm time is about 15 minutes for anawertoa each oftbc queadona, 
which are word> 15 poinla each. The pa1tJ within a question may not have equal v.cigbL Show all your work in this 
bootloc in the apacea provided after OICb pan. 

+y

E  o.ov 

  --  ::=:f ::::::■  -, -,, ""::20.0 V
-30.0V

--40. 
Rod 

Figure 1 

0.40m 
  

1. A noocooductiq rod of uniftml ncplive linear eharie dcnay is near a spb= with  + l.0nC. The rod and
sphere are held at rest on the y--wa. u shown in Figure 1. Equipotential lines and positions A, B, C, D, and B
are labeled. Adjacent tick marks on the .r-ax.ia and on the y-uia are 0.40 m apart.

(a) Cakvllte tr !!'!?Jute pipe of the cloctric Oux through the Gauaaan surface wboac cross section is the 0.0 V

 tial    J. E ·JA -:;  
 .,•Int

, M 
..!!. E 3 £0 __.--;- V '7i 

 t lnl - •lnC.
t:ACQSt1 ::: - q, _: -

f• - t: fo 

-   copying or !WUN of 1h11 page la llegal. GO ON TO THE NEXT PAGE. 
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Use a pencil or a pen wtth black or daft( blue Ink. Do NOT write your name. Do NOT write outllde the box. 
-
-
-
-· • •• • • • • • Qlffn •



• 

PCEM 01 Sample C p2 of 5 

Question 1 

Continue your response to QUESTION 1 on this page. 

A positive test charge (not shown) is placed and held at rest at Position C. All exte:mal force is applied to the test 
cJwp to move the test charao to different positions in the order of c-s-o-A. Tho test chqo is held 
momentarily at rest at each position. 

(b) The bar shown in Fi,ure 2 represents the absolute value of the work Wcs done by the external force on tho
test charjo to move the test cbar&e from Position C to Position B. 

i. Complete the following tub on Figure 2.

• Dnw a bar to repreaent the relative absolute value of the work WBD done by the axtemal fm:e
on tho test cbar&e to move the test charge from Position B to Position D.

• Draw a bar to repraent the relative absolute value of the woit Wi>A done by the external f0r'0e
011 the test cbar&e to move the test charge from Position D to Position A.

• Tho bciJbt of each bar ahould bo proportional to the value of Wa, It Wm • 0 and/or WoA • O,
write a H()" in the correapondin.g columns, u app,oprlate.

Work 

Figure 2 

ii. Cakulate the approximate magnitude of the .x-compooent of the electric field at Position B.
F J;_ l',Cl <re ;. -

...   f; <; ( 

Unaulhorlud   or ,._,.. of 1h11 page la Illegal. Pages 
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Question 1 

Continue your response to QUESTION 1 on this page. 

+ 

l2L 

10L 

8L 

6L 

4l 

Rod 2L

-.t 0 

Figure 3 

The sphere and the test charge are removed. The rod bas length 2L and uniform negative linear charge 
density -.i. The rod is held at rest on the y•axis in the orientation shown in Piaurc 3. Position P (not shown) is 
located on the Y•axia a distance Yp from the origin. where Yp > 2L.

(d) The electric potential Vp at Yp is Vp = -kl 1n( Yp 
  2L l

i. Usina inteara} calculus, derive the 0itpression for Vp provided.

! v  C s:  )< J_ II\ (  
:··)L  

Unaullortzed OQPYlt'lg or l'9UM of thll page II Ulegal. GO ON TO T
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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: 
• Determine the absolute value of the electric flux due to a symmetrical charge distribution by using Gauss’s 

law. 
• Use an energy bar chart to qualitatively represent the absolute value of the work done by an external force 

when moving a test charge between equipotential lines.   
• Calculate the magnitude of a component of an electric field by using electric potential values. 
• Indicate the direction of the motion of a positive test charge after the test charge is released from rest in an 

electric field, requiring the application of both Coulomb’s law and the relationship between electric field 
vectors and equipotential lines. 

• Derive the relationship between electric potential and the location of a point that is located on an axis that is 
extended from the end of a rod of uniform negative linear charge density by using integral calculus. 

• Sketch a graph representing the value of the electric field along an axis that is produced by a rod with a 
uniform negative charge density, resulting in a negative inverse square relationship between the field and the 
distance from the rod. 

Sample: 1A 

Score: 14 

 
Part (a) earned 2 points. The first point was earned for using a correct expression for electric flux. The second 
point was earned for providing a correct numerical value for the absolute value of the electric flux through the 
Gaussian surface that is coincident with the zero equipotential line. Part (b) earned 4 points. The first point was 
earned for correctly indicating that the work WED  done on the test charge by an external force is zero. A line 
clearly drawn at zero is sufficient to earn this point. The second point was earned for correctly indicating that the 
work WDA  done on the test charge by an external force is half of WCE  by drawing a bar with a height of 

approximately 1.5  units. The third point was earned for correctly using the equation dVE = −
dx

 to relate electric 

field to electric potential difference. The fourth point was earned for correctly substituting values for electric 
potential and the distance between equipotential lines that are consistent with Figure 1  that can be used to 
approximate the magnitude of the electric field at Position B . Part (c) earned 3 points. The first point was earned 
for correctly indicating the −y -direction only and providing an attempt at a relevant justification. The second 
point was earned for correctly indicating that the direction of the electric field is perpendicular to the equipotential 
surface. The third point was earned for correctly indicating that the electric field, and, therefore, the electric force, 
is directed such that the test charge moves from a higher electric potential to a lower electric potential. Part (d) 
earned 5 points. The first point was earned for beginning the derivation with an appropriate equation for 
determining the electric potential from a line of uniform charge. The second point was earned for correctly 
defining the distance from Position P  to a point on the line of uniform charge. The third point was earned for 
correctly providing an integral with the substitution for dq =   dr . The fourth point was earned for using the 
correct limits of integration. The fifth point was earned for showing a curve that is always approaching the 
horizontal axis. The sixth point was not earned because the response shows a curve that is neither always negative 
nor concave down. 
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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 expression for electric flux. The second 
point was earned for providing a correct numerical value for the absolute value of the electric flux through the 
Gaussian surface that is coincident with the zero equipotential line. Part (b) earned 4 points. The first point was 
earned for correctly indicating that the work WED  done on the test charge by an external force is zero. The second 

point was earned for correctly indicating that the work WDA  done on the test charge by an external force is half of 

WCE  by drawing a bar with a height of approximately 1.5  units. The third point was earned for correctly using the 

equation dVE = −
dx

 to relate electric field to potential difference. The fourth point was earned for correctly 

substituting values for electric potential and the distance between equipotential lines that are consistent with 
Figure 1  that can be used to approximate the magnitude of the electric field at Position B . Part (c) earned  
2 points. The first point was earned for correctly indicating the −y -direction only and providing an attempt at a 
relevant justification. The second point was not earned because the response does not indicate that the direction of 
the electric field is perpendicular to the equipotential surface. The third point was earned for correctly addressing 
the relative signs of the test charge, rod, and/or sphere. Part (d) earned 1 point. The first point was not earned 
because although the response does indicate a possible starting point for the derivation, the equation is not used to 
answer the question. The second point was not earned because the response does not correctly define the distance 
from Position P  to a point on the line of uniform charge. The third point was not earned because the response 
does not provide an integral with the substitution for dq =   dy . The fourth point was not earned because the 
response does not use the correct limits of integration. The fifth point was earned for correctly sketching a curve 
that is always approaching the horizontal axis. The sixth point was not earned because the response shows a 
sketch that is neither always negative nor concave down. 
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Question 1 (continued) 

Sample: 1C  

Score: 3 

 
Part (a) earned 1 point. The first point was earned for correctly using a correct expression for electric flux. The 
second point was not earned because the response does not provide a correct numerical value for the absolute 
value of the electric flux through the Gaussian surface that is created by the zero equipotential line. Part (b) earned 
1 point. The first point was not earned because the response does not indicate that the work WED  done on the test 
charge by an external force is zero. The second point was not earned because the response does not indicate that 
the work WDA  done on the test charge by an external force is half of WCE . The third point was earned for 

correctly using the equation dVE = −
dx

 to relate electric field to potential difference. The fourth point was not 

earned because the response does not correctly substitute values for the electric potential and the distance between 
equipotential lines that are consistent with Figure 1  that can be used to approximate the 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 
that the net electric force exerted on the test charge is in the −y -direction only. The second point was not earned 
because the response does not indicate that the direction of the electric field is perpendicular to the equipotential 
surface. The third point was earned for correctly addressing the relative charges of the test charge, the sphere, 
and/or the rod. Part (d) did not earn any points. The first point was not earned because although the response does 
indicate a possible starting point for the derivation, the equation is not used to answer the question. The second 
point was not earned because the response does not correctly define the distance from Position P  to a point on the 
line of uniform charge. The third point was not earned because the response does not provide an integral with the 
substitution for dq =   dy . The fourth point was not earned because the response does not use the correct limits of 
integration. The fifth point was not earned because the response sketch does not approach the horizontal axis. The 
sixth point was not earned because the response sketch is neither always negative nor concave down. 
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