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 Question 3: Free-Response Question                                                                      15 points 
 
(a) For a loop rule expression that includes terms for the equivalent resistance 2R and the 

potential difference across the battery 
1 point 

 For an expression that includes charge Q  in the term relating the potential difference across 

the capacitor and includes charge per unit time 
dQ
dt  in the term relating the potential 

difference across the pair of resistors 

1 point 

 Example Response 
 

, 0

2 0

C R eq

Q dQ
V V

RC dt

ε
ε − −

∆ =− ∆

=

−
  

 

 

 Total for part (a) 2 points 
(b) For sketching a concave up and decreasing curve on the graph of RI  as a function of t  1 point 

 For sketching a concave down and increasing curve on the graph of CU  as a function of t  1 point 

 For sketching both curves that approach a slope of zero as time increases 
 
Scoring Note: The third point can be earned even if the first two points are not earned. 

1 point 
 
 

 Example Response 
 

 

 
 

 Total for part (b) 3 points 
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(c)(i) For a correct justification that could include one of the following: 
• An indication that the current is upwards that includes a statement that indicates 

that positive charge had accumulated on the top plate of Capacitor 1 and/or 
negative charge has accumulated on the bottom plate of Capacitor 1 when the 
switch was closed to Position A  

• An indication that the current is upwards that includes a statement that indicates 
that the value of the electric potential of the top plate of Capacitor 1 is larger than 
the electric potential of the bottom plate of Capacitor 1when the switch was closed 
to Position A  

1 point 
 

 Example Responses 
 
When the switch is closed at time 1t , positive charge has built up on the top plate of the 
capacitor. This positive charge on the top plate pushes charge up through Resistor 1 and 
down through Capacitor 2  to charge Capacitor 2 . 

OR 

After a long-time the top plate of Capacitor 1 is at a high potential due to its being charged 
by the battery. When the switch is closed at time 1t , the resulting current is up through 
Resistor 1 as the current goes from high potential on the top plate to low potential clockwise 
around the circuit through Capacitor 2 . 

 

(c)(ii) 
For indicating that the total charge on the positive plate of Capacitor 2  is 0

2
Q

 

Scoring Note: This point can be earned without supporting calculations. 

1 point 

 Example Response 
 
The potential difference across Capacitor 1 is equal to the potential difference across 
Capacitor 2 . Capacitor 2  has the same capacitance of Capacitor 1. Therefore, Capacitor 
2  stores the same charge that is stored on Capacitor 1. Due to conservation of charge, 

Capacitor 2  stores half of the original charge equal to 0
2

Q
. 
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(c)(iii)            For indicating that the total energy dissipated by Resistor 1 is the difference between the 
initial electric potential energy of the system at time 1t t=  and the final electric potential 
energy of the system after the new steady state conditions have been reached 

1 point 

 Example Response 
 

0R C CE U U∆ = −   

 

  For indicating that only Capacitor 1 stores nonzero electric potential energy initially and 
both capacitors store electric potential energy after the new steady-state conditions have been 
reached, or an alternate response that is consistent with part (c)(ii) 

1 point 
 

 Example Response 
 

0 01CU U=  AND 1 2CU U U= +   

 

 For correct substitutions for the charges stored on the capacitors after the new steady state 
conditions have been reached based on part (c)(ii) 

1 point 

 Example Solution 
 

( ) ( )
0

2 2 2
0 0 0

2 2
0 0

2
0

1 1 1 1 1
2 2 2 2 2

1
4 2

4

R C C

R

R

R

E U U

Q Q QE C C C

Q QE C C
QE C

∆ = −

    ∆ = + −         

∆ = −

∆ = −

  

  

 

 Total for part (c) 5 points 
(d) 

For the correct expression for charge on the top plate of Capacitor 2 0
2

2
3
QQ = 

 
  

1 point 

 Example Response 
 

1 2

1 2

1 2

1 2

1 2

1 2 0

2 2 0

2 0

 and 2

1
2

1
2

2
3

C C

C C C C C
V V

Q
C C

Q

Q Q

Q

Q

Q

Q

Q

Q

QQ

κ

+

= = =
∆ = ∆

=

=

+ =

=

=

 

 
Scoring Note: This point can be earned without supporting calculations.   

 

 Total for part (d) 1 point 
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(e)(i) For a loop rule equation that includes terms for the potential difference across Resistor 2  and 
the potential difference across Capacitor 2  with the dielectric 

1 point 

 Example Response 
 

,2 ,2

,2 ,2

0R C

R C

V V
V V

∆ − ∆ =

∆ = ∆
 

 

 For correct substitution of IR for the potential difference across Resistor 2  1 point 
 

 Example Response 
 

,2R IV R∆ =  

 

 For correct substitutions of 2C for the new capacitance of Capacitor 2  with the dielectric 
inserted and of the charge consistent with part (d) into the expression for the potential 
difference across the capacitor 

1 point 

 Example Response 
 

( )
2

,2
2

,2
02

2
1

3

C

C
Q

QV C

V C
 
 
 

∆ =

∆ =
 

 

 Example Solution 
 

( )

,2 ,2

,2 ,2

0

0

0

0

2 1
3 2

3

3

R C

R C

V V
V V

QIR C
QIR C
QI RC

∆ − ∆ =

∆ = ∆

 =  
 

=

=

 

 

 

(e)(ii) For indicating that the current is zero 1 point  
 Total for part (e) 4 points 
 Total for question 3 15 points 
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Begin your response to QUESTION 3 on this page. 

Switch 

A 

Resis�r I ,i Capaciwr 21 
£-=-

Capacitor 1 

Resistor 2 

3. The circuit shown con.a.iats of an ideal battery of emf e, resistors 1 and 2 each with resistance R, capacitors 1
and 2 each with capacitance C. and a switch. The switch is initially open and both capacitors are uncharged.

At time t = 0, the switch is closed to Position A.

�W�. but do Nor solve, a differential equation that can be used to detamine the charge Q on the positive 
plate of Capacitor 1 u a function of time t after the switch is closed to Position A. Express your answer in 
tmns of e, R, C, Q, t, and fundamental constants, u appropriate. 

I, _(,L

'J -1..� - ll� -\Jl -:,c 
\ 

Cc- V\;-'2. - 9t-A 
-------

� - � � 1 � 

- UnauthOltQd copying or NUN of thle PIQe Is Illegal. Pasi-10 GO ON TO THE NEXT PAGE. 
-

-

-

-· 

Use a pencil or a pen with black or dark blue Ink. Oo NOT write your name. Oo NOT write outalde the box • 

• •• • • • • 
■ ■ 

• • 
■ ••

•
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Continue your response to QUE.mON S on this page. 

iii. Derive an expression for the total energy dialipatcd by Resistor J irnmcctiately after time r1 until new
steady-state conditions have been reached. Express yow- answer in tcrma of C, Q0, and fundarnmtal
conatants, as appropriate.

t_f\t�i J,sst�� J .,,, � --f F 
� ,I _}G( ,Z, 

v ()-- v�.,,, i,,� 

t: - V - 2J! 1-� l
2 )-=-· f' -- <.r - L 

- ¼l'Z 7,. fo-f '? - - -� 
1-l �C...

With the switch still dosed to Position B, a dielectric material with dielectric constant r = 2 is imened between 
the plates of Capacitor 2. 

(d) Determine the charge on the positive plate of Capacitor 2 a long time after the dielectric bu been inserted.
Express your answer in terms of C2o and fundamental constants, as appropriate. 

Q l \-��:. °-d

� .\--�z, :.- <Jo 
� <.t. � 

_.>' 

� 

- Unauthortad copying or l'9UN of thla page la Ulegal. Page 12 GO ON TO THE NEXT PAGE. 

Use a pencil or a pen with black Of' dark blue Ink. Do NOT wrtte your name. Do NOT wrtt. outllde the box. 

• •• • • • • 

■ ■ ■

•• 

■■ 

QII01/II 

•

• 
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Question 3 

Begin your response to QUESTION 3 on this page. 

Switch 

A 

Resistor 1 :: 
◄ 

Capacitor 1 =:::

... .... 
Resistor 2

3. The circuit shown consists of an ideal battery of emf E, resiston l and 2 each with resistance R, capacitors l
and 2 each with capacitance C, and a switch. The switch is initially open and both capacitors ire uncbaraed.

At time t = 0, the switch is closed to Position A.

(a) Write, but do NOi' solve, a differential equation that can be used to determine the saarl! Q on the positive
plate of Capacitor 1 as a function of time t after the switch is closed to Position A. Bxpreu your answer in 
terms of E, R, C, Q, t, and fundamental constantf, as appropriate. 

Unauthor1ud copvtng or reuN � thla page II llegal. Pao- 10 00 ON TO THE NEXT PAGE. 

UN a pencil or a pen with blaok or dar1< blue Ink. Do NOT write your name. Do NOT wrtte outalde the box. 

• •• • • 

••••••••• 

• • • • 

••• 

01111110 •



PC EM Q3 Sample 3B   Page 2 of 4



PC EM Q3 Sample~ 3B Page 3 of 4 
------------------------

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-·

Question 3 • 

Continue your response to QUESTION 3 on this page.

I.... 

iii. Derive an expression for the total energy dissipated by Resistor 1 immediately after time t1 until new
steady-state conditions have been reached. Express your answer in terms of C, Q0, and fundamental 
constants, as appropriate. 

\J=- -i Q. M/.,. ) 

u �rt.

With the switch still closed to P01ition B, a dielectric material with dielectric constant ,c = 2 is imerted between 
the plates of Capacitor 2. 

(d) Determine the� on the positive plate of C!:J>!citor 2 a long time after the dielectric has been inserted.
Exp�s your answer in tenm of Q0 and fundamental constants, as appropriate. 

Unauthortzld oopylng or r9UM of thll 1)1191 II Ulegal. Page12 GO ON TO THE NEXT PAGE. 

Use • pencil or a pen with black or dark blue Ink. Do NOT write your name. Do NOT write outside the box. 

• •• • • • • 

••••••••• 

•• 

••• 

011D1111 • I 
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Quutlon 3 

Begin your responae to QUESTION 3 on this page. 

Switch 

Capacitor 1 = = 

.. 

Resistor2 

3. The circuit shown consiata of an ideal baUety of emf £, resistors 1 and 2 each with resistance R, capacitors 1

and 2 each with capacitance C, and a switch. The switch ia initially open and both capaciton are uncharaed.

At time t = 0, the switch is closed to Polition A.

(a) Writ.e, but do NOT solve, a differential equation that can be used to determine the charge Q on the positive

plate of Capacitor 1 u a function of time t aft.er the switch is closed to Position A. Expre,s your answer in

t.enns of£, R, C, Q, t, and fundamental constants, approprlat.e.

Unllutholtzed oopylng or � of .. page II Illegal. Page 10 GO ON TO THE NEXT PAGE. 

UN I pencil or • pen with black or dirk blue Ink. Do NOT wrtte your name. Do NOT wrtte outside � box. 

• •• • • • • 

■ ■ ■

• • 

■ ■ ■

QNOt/10 

•

• 
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Quutlon a 

Continue your response to QUESTION 3 on this page . 

W. Derive an expreaaioo for the total awgy dissipated by Resistor t lrnrnediltcJy after time t1 until new
steady-state conditions have been reached Express your answer in tenm of C, Q

o, 
and fundamental

constants, u appropriate.
Q 

P-: J t,V 6V '; z

Lt L: l G {jJ -: t ((�\� 

� 

t-:1� 
With the switch still closed to Position B, a dielectric materlal with dielectric conttant r • 2 it l.nsertcd between 
the plates of Capaclcor 2. 

(d) Determine the c1wp on the positive plate of Capacitor 2 a Iona time after the die1ectrlc bas been inserted .
Expreu your answer in tenns of '2o and fundamental constants, u appropriate.

C: le-(, A
� 

t\V� Q 
G 

Q -)Qof 

D -; }Q v

UnlUlhol1ad CQP'llnCI or,_. of thll page la 1eg11. Page 12 GO ON TO THE NEXT PAGE. 

u ... penal or I � wtth black or da,1c btu. Ink. Do NOT wrtte your name. Do NOT wrttt outllde the box.

• • • • • • 
■ ■ ■

•• 
• • •

• 

•
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Question 3 

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

Overview 

The responses were expected to demonstrate the ability to: 
• Apply Kirchhoff’s Junction Rule (conservation of charge) in a complex RC circuit. 
• Apply Kirchhoff’s Loop Rule (conservation of energy) in a complex RC circuit. 
• Use Ohm’s law and the definition of capacitance for individual circuit elements. 
• Graphically represent the time dependence of quantities in an RC circuit. 
• Predict short-term and long-term behavior of an RC circuit while capacitors are charging and discharging. 
• Calculate how changing the physical attributes of a capacitor (plate separation distance, presence of a 

dielectric) affects the stored charge and electric potential energy of a capacitor. 
• Skills required in various parts of the response included: 

o Analytical algebraic derivations 
o Proportional reasoning 
o Verbal/prose justification with reasoning 
o Graphical trend display 
o Initial transient circuit behavior 
o Long time duration steady-state circuit behaviors 

Sample: 3A 
Score: 15 
 
Part (a) earned 2 points. The first point was earned for correctly using the loop rule to write an expression that 
includes terms for the equivalent resistance, 2R  and the battery, E . The second point was earned for substituting 
Q
C  for the potential difference across the capacitor and dQ

dt   in the term for the potential difference across the pair 

of resistors. Part (b) earned 3 points. The first point was earned for drawing a curve for the graph of RI  as a function 
of t  is concave up and decreasing. The second point was earned for drawing a curve for the graph of CU  as a 
function of t  is concave down and increasing. The third point was earned for the slopes of both curves approaching 
zero as time increases. Part (c) earned 5 points. The first point was earned for correctly indicating that positive 
charge had accumulated on the top plate of Capacitor 1. The second point was earned for correctly indicating that 

the total charge on the positive plate of Capacitor 2  is 0
2

Q
. The third point was earned for correctly indicating that 

the energy dissipated is the difference in initial and final energy. The fourth point was earned for correctly indicating 
that the initial energy is the electric potential energy stored in Capacitor 1, and the final energy is the electric 
potential energy stored in both capacitors 1 and 2 . The fifth point was earned for correctly substituting the correct 
charges on both capacitors after steady conditions have been reached. Part (d) earned 1 point for correctly 

determining that the charge on the positive plate of Capacitor 2  is 02
3
Q

. Part (e) earned 4 points. The first point was 

earned for correctly using a loop rule that includes the potential difference across Resistor 2  and the potential 
difference across Capacitor 2 . The second point was earned for correctly substituting IR  for the potential 
difference across Resistor 2 . The third point was earned for correctly substituting the capacitance 2C  for Capacitor 
2  with the dielectric inserted and charge from part (d) for the potential difference across Capacitor 2 . The fourth 
point was earned for correctly indicating the current in Resistor 2  is zero. 
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Question 3 (continued) 
 
Sample: 3B 
Score: 9 

Part (a) earned 2 points. The first point was earned for correctly using the loop rule to write an expression that 
includes terms for the equivalent resistance, 2R  and the battery, E . The second point was earned for substituting 
Q
C  for the potential difference across the capacitor and dQ

dt  in the term for the potential difference across the pair of 

resistors. Part (b) earned 3 points. The first point was earned for drawing a curve for the graph of RI  as a function of 
t  is concave up and decreasing. The second point was earned for drawing a curve for the graph of CU  as a function 
of t  is concave down and increasing. The third point was earned for the slopes of both curves approaching zero as 
time increases. Part (c) earned 1 point for correctly indicating that positive charge had accumulated on the top plate 
of Capacitor 1. The second point was not earned because the response incorrectly tries to integrate for the charge 

and does not indicate that the total charge on the positive plate of Capacitor 2  is 0
2

Q
 under steady-state conditions. 

The third point was not earned because the response does not attempt to find a difference in electric potential energy. 
The fourth point was not earned because, while the response does include a valid electric potential energy equation, 
it does not indicate that this potential energy is stored in Capacitor 1 initially. The fifth point was not earned because 
the response does not substitute charge for either capacitor into the electric potential energy expression. Part (d) 
earned no points because, while the response correctly indicates that the capacitance of Capacitor 2  has doubled, it 

incorrectly indicates that the potential difference across Capacitor 2  is 0Q
C . Part (e) earned 3 points. The first point 

was earned for correctly using a loop rule that includes the potential difference across Resistor 2  and the potential 
difference across Capacitor 2 . The second point was earned for correctly substituting IR  for the potential 
difference across Resistor 2 . The third point was not earned because the response does not correctly substitute the 
capacitance 2C  for Capacitor 2  with the dielectric inserted and charge from part (d) for the potential difference 
across Capacitor 2 . The fourth point was earned for correctly indicating the current in Resistor 2  is zero. 
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Question 3 (continued) 
 
Sample: 3C 
Score: 4 

Part (a) earned no points. The first point was not earned because the response does not correctly indicate a valid loop 
rule to write an expression that includes terms for the equivalent resistance, 2R  and the battery, E . The second 

point was not earned because the response does not substitute Q
C  for the potential difference across the capacitor 

and dQ
dt in the term for the potential difference across the pair of resistors. Part (b) earned 3 points. The first point 

was earned for drawing a curve for the graph of RI  as a function of t  is concave up and decreasing. The second 
point was earned for drawing a curve for the graph of CU  as a function of t  is concave down and increasing. The 
third point was earned for the slopes of both curves approaching zero as time increases. Part (c) earned no points. 
The first point was not earned because the response incorrectly indicates that negative charge had accumulated on 
the top plate of Capacitor 1. The second point was not earned because the response does not indicate that the total 

charge on the positive plate of Capacitor 2  is 0
2

Q
 under steady-state conditions. The third point was not earned 

because the response does not attempt to find a difference in electric potential energy. The fourth point was not 
earned because, while the response does include a valid electric potential energy equation, it does not indicate that 
this potential energy is stored in Capacitor 1 initially. The fifth point was not earned because the response does not 
substitute charge for either capacitor into the electric potential energy expression. Part (d) earned no points because 

the response does not correctly indicate the charge on the positive plate of Capacitor 2  is 02
3
Q

. Part (e) earned 1 

point for correctly indicating that the current in Resistor 2  is zero. The second point was not earned because the 
response does not correctly use a loop rule that includes the potential difference across Resistor 2  and the potential 
difference across Capacitor 2 . The third point was not earned because the response does not substitute IR  for the 
potential difference across Resistor 2 . The fourth point was not earned because the response does not correctly 
substitute the capacitance 2C  for Capacitor 2  with the dielectric inserted and charge from part (d) for the potential 
difference across Capacitor 2 . 
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