
Prof. Anchordoqui

Problems set # 5 Physics 167 Solutions

1. (i) Three capacitors are connected to a 12.0 V battery as shown in Fig. 1 Their capacitances

are C1 = 3.00 µF, C2 = 4.00 µF, and C3 = 2µF. Find the equivalent capacitance of this set of

capacitors. (ii) Find the charge on and the potential difference across each.

Solution (i) Using the rules for combining capacitors in series and in parallel, the circuit is

reduced in steps as shown in Fig. 2. The equivalent capacitor is hown to be a 2.00 µF capacitor.

(ii) From Fig. 2 (right panel) it follows that Qac = Cac(∆V )ac = 2.00 µF 12.0V = 24.0 µC. From

Fig. 2 (middle panel) it follows that Qab = Qbc = Qac = 24 µC and so the charge on the 3.00µF

capacitor is Q3 = 24.0 µC. Continuing to use Fig. 2 (middle panel) it follows that (∆V )ab = Qab
Cab

=
24.0 µC
6.00 µF = 4.00 V, and (∆V )3 = (∆V )bc = Qbc

Cbc
= 24.0 µC

3.00 µF = 8.00 V. Finally, from Fig. 2 (left panel)

it follows that (∆V )4 = (∆V )2 = (∆V )ab = 4.00 V, Q4 = C4(∆V )4 = 4.00 µF 4.00 V = 16.0 µC,

and Q2 = C2(∆V )2 = 2.00 µF4.00 V = 8.00 µC.

2. A dielectric rectangular slab has length s, width w, thickness d, and dielectric constant κ.

The slab is inserted on the right hand side of a parallel-plate capacitor consisting of two conducting

plates of width w, length L, and thickness d. The left hand side of the capacitor of length L− s is

empty, see Fig. 3. The capacitor is charged up such that the left hand side has surface charge den-

sities ±σL on the facing surfaces of the top and bottom plates respectively and the right hand side

has surface charge densities ±σR on the facing surfaces of the top and bottom plates respectively.

The total charge on the entire top and bottom plates is +Q and −Q respectively. The charging

battery is then removed from the circuit. Neglect all edge effects. (i) Find an expression for the

magnitude of the electric field EL on the left hand side in terms of σL, σR, κ, s, w, L, ε0, and d as

needed. (ii) Find an expression for the magnitude of the electric field ER on the right hand side in

terms of σL, σR, κ, s, w, L, ε0, and d as needed. (iii) Find an expression that relates the surface

charge densities σL and σR in terms of κ, s, w, L, ε0, and d as needed. (iv) What is the total

charge +Q on the entire top plate? Express your answer in terms of σL, σR, κ, s, w, L, ε0, and d

as needed. (v) What is the capacitance of this system? Express your answer in terms of κ, s, w,

L, ε0, and d as needed. (vi) Suppose the dielectric is removed. What is the change in the stored

potential energy of the capacitor? Express your answer in terms of Q, κ, s, w, L, ε0, and d as needed.

Solution: (i) Using Gauss’ law EL = σL
ε0

. (ii) Using Gauss law for dielectrics ER = σR
κε0

. (iii) The

potential difference on the left side is ELd = σLd
ε0

. On the right hand side it is ERd = σRd
κε0

. Since

these must be equal we must have σR/κ = σL. (iv) Q = σL(L − s)w + σRsw. (v) The potential

difference is ELd = σLd
ε0

, so the capacitance is C = Q
|∆V | = σL(L−s)w+σRsw

σLd/ε0
= ε0w

d

[
(L− s) + σR

σL
s
]

=
ε0w
d [(L− s) + κs]. (vi) Since the battery has been removed, the charge on the capacitor does not

change when we do this, and the change in the energy stored is = 1
2
Q2

C0
− 1

2
Q2

C = Q2

2

(
1
C0
− 1

C

)
=

Q2

2

{
d

ε0Lw
− d

ε0w[(L−s)+κs]

}
= Q2d

2ε0w

[
1
L −

1
(L−s)+κs

]
= Q2d

2ε0w

{
(L−s)+κs−L
L[(L−s)+κs]

}
= Q2d

2ε0w

{
(κ−1)s

L[(L−s)+κs]

}
.



3. (i) Consider a plane-parallel capacitor completely filled with a dielectric material of dielectric

constant κ. What is the capacitance of this system? (ii) A parallel-plate capacitor is constructed

by filling the space between two square plates with blocks of three dielectric materials, as in Fig. 4.

You may assume that l � d. Find an expression for the capacitance of the device in terms of the

plate area A, d, κ1, κ2, and κ3.

Solution: (i) The capacitance is C = κε0A
d = κC0. (ii) The capacitor can be regarded as be-

ing consisted of three capacitors, C1 = κ1ε0A/2
d , C2 = κ2ε0A/2

d/2 , and C3 = κ3ε0A/2
d/2 , with C2 and

C3 connected in series, and the combination connected in parallel with C1. Thus, the equivalent

capacitance is C = C1 +
(

1
C2

+ 1
C3

)−1
= C1 + C2C3

C2+C3
= κ1ε0A/2

d + ε0A
d

(
κ2κ3
κ2+κ3

)
= ε0A

d

(
κ1
2 + κ2κ3

κ2+κ3

)
.

4. A model of a red blood cell portrays the cell as a spherical capacitor – a positively charged

liquid sphere of surface area A, separated by a membrane of thickness t from the surrounding

negatively charged fluid. Tiny electrodes introduced into the interior of the cell show a potential

difference of 100 mV across the membrane. The membrane’s thickness is estimated to be 100 nm

and its dielectric constant to be 5.00. (i) If an average red blood cell has a mass of 1.00×10−12 kg,

estimate the volume of the cell and thus find its surface area. The density of blood is 1, 100 kg/m3.

(ii) Estimate the capacitance of the cell. (iii) Calculate the charge on the surface of the membrane.

How many electronic charges does this represent?

Solution (i) The volume is V = m
ρ = 1.00×10−12 kg

1,100 kg/m3 = 9.09 × 10−16 m3. Since V = 4
3πr

3, the

inner radius of the capacitor is r =
(

3V
4π

)1/3
= 6.01 × 10−6 m and the surface area is A = 4πr2 =

4π
(

3V
4π

)2/3
= 4π

(
3

4π9.09× 10−16 m3
)2/3

= 4.54× 10−10 m2. (ii) The outer radius of the capacitor

is R = r+ t = 6.11×10−6 m, where t = 100 nm is the thickness of the membrane. The capacitance

is C = 4πκε0
Rr
R−r = 2.04×10−13 F. (iii) Q = C ∆V = 2.04×10−13 F 100×10−3 V = 2.01×10−14 C,

and the number of electronic charges is n = Q
e = 2.01×10−14 C

1.60×10−19 C
= 1.27× 105.

5. A parallel plate capacitor has capacitance C. It is connected to a battery until is fully charged,

and then disconnected. The plates are then pulled apart an extra distance d, during which the

measured potential difference between them changed by a factor of 4. What is the volume of the

dielectric necessary to fill the region between the plates? (Make sure that you give your answer only

in terms of variables defined in the statement of this problem, fundamental constants and numbers).

Solution How in the world do we know the volume? We must be able to figure out the cross-

sectional area and the distance between the plates. The first relationship we have is from knowing

the capacitance: C = ε0A
x where x is the original distance between the plates. Make sure you don’t

use the more typical variable d here because that is used for the distance the plates are pulled

apart. Next, the original voltage V0 = Ex, which increases by a factor of 4 when the plates are

moved apart by a distance d, that is, 4V0 = E(x + d). From these two equations we can solve

for x: 4V0 = 4Ex = E(x + d) ⇒ x = d/3. Now, we can use the capacitance to get the area,

and multiply that by the distance between the plates (now x + d) to get the volume, i.e., volume
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22. Three capacitors are connected to a battery as shown in
Figure P26.22. Their capacitances are C 1 ! 3C, C 2 ! C,
and C 3 ! 5C. (a) What is the equivalent capacitance of
this set of capacitors? (b) State the ranking of the capaci-
tors according to the charge they store, from largest to
smallest. (c) Rank the capacitors according to the poten-
tial differences across them, from largest to smallest.
(d) What If? If C 3 is increased, what happens to the
charge stored by each of the capacitors?

line with capacitance 29.8 "F between A and B. What addi-
tional capacitor should be installed in series or in parallel
in that circuit, to meet the specification?

A group of identical capacitors is connected first in series
and then in parallel. The combined capacitance in parallel
is 100 times larger than for the series connection. How
many capacitors are in the group?

26. Consider three capacitors C1, C 2, C 3, and a battery. If C1 is
connected to the battery, the charge on C1 is 30.8 "C. Now
C1 is disconnected, discharged, and connected in series
with C 2. When the series combination of C 2 and C1 is con-
nected across the battery, the charge on C 1 is 23.1 "C. The
circuit is disconnected and the capacitors discharged.
Capacitor C 3, capacitor C1, and the battery are connected
in series, resulting in a charge on C1 of 25.2 "C. If, after
being disconnected and discharged, C 1, C 2, and C3 are
connected in series with one another and with the battery,
what is the charge on C 1?

27. Find the equivalent capacitance between points a and b for
the group of capacitors connected as shown in Figure
P26.27. Take C1 ! 5.00 "F, C2 ! 10.0 "F, and C 3 ! 2.00 "F.

25.

6.00 µF

20.0 µF

3.00 µF15.0 µF

a b

µ µ

µ

µ
Figure P26.21

C2 C3

C1

Figure P26.22

C1 C2
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C2 C2

C1 C1

C2 C2
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b

a

Figure P26.27 Problems 27 and 28.
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5.0 µF

7.0 µF

4.0 µFµ

µ

µ

µ

Figure P26.29

Consider the circuit shown in Figure P26.23, where
C 1 ! 6.00 "F, C 2 ! 3.00 "F, and #V ! 20.0 V. Capacitor
C 1 is first charged by the closing of switch S1. Switch S1 is
then opened, and the charged capacitor is connected to
the uncharged capacitor by the closing of S2. Calculate
the initial charge acquired by C 1 and the final charge on
each capacitor.

23.

24. According to its design specification, the timer circuit
delaying the closing of an elevator door is to have a capaci-
tance of 32.0 "F between two points A and B. (a) When
one circuit is being constructed, the inexpensive but
durable capacitor installed between these two points is
found to have capacitance 34.8 "F. To meet the specifica-
tion, one additional capacitor can be placed between the
two points. Should it be in series or in parallel with the
34.8-"F capacitor? What should be its capacitance?
(b) What If? The next circuit comes down the assembly

28. For the network described in the previous problem, if the
potential difference between points a and b is 60.0 V, what
charge is stored on C3?

29. Find the equivalent capacitance between points a and b in
the combination of capacitors shown in Figure P26.29.

30. Some physical systems possessing capacitance continuously
distributed over space can be modeled as an infinite array
of discrete circuit elements. Examples are a microwave
waveguide and the axon of a nerve cell. To practice analy-

Figure 1: Problem 1.
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Chapt16, Problem-31: (a) Find the equivalent capacitance of the
group of capacitors in Figure P16.31. (b) Find the charge on and the
potential difference across each.

Solut ion:                

Using the rules for combining capacitors in series and in parallel,

the circuit is reduced in steps as shown below. The equivalent  capacitor is

shown to be a 
  
2 .00 µF  capacitor.

a b c

Figure 2

12.0 V

3.00 µF6.00 µF

a c

Figure 3

12.0 V

2.00 µF

a b c

4.00 µF

2.00 µF

3.00 µF

Figure 1

12.0 V

(b) From Figure 3:
    
Qac = Cac !V( )ac = 2 .00 µF( ) 12.0 V( ) = 24.0 µC

From Figure 2:
    Qab =Qbc = Qac = 24.0 µC

Thus, the charge on the 
  
3.00 µF  capacitor is 

    Q3 =
  
24.0 µC

Continuing to use Figure 2, 
    
!V( )ab =

Qab

Cab

=
24.0 µC

6.00 µF
= 4.00 V ,

and
    
!V( )

3
= !V( )bc =

Qbc

Cbc

=
24.0 µC

3.00 µF
=

  
8.00 V

From Figure 1, 
    
!V( )

4
= !V( )

2
= !V( )

ab
=

  
4.00 V

and
    
Q4 = C4 !V( )

4
= 4.00 µF( ) 4.00 V( ) =

  
16.0 µC

    
Q2 = C2 !V( )

2
= 2.00 µF( ) 4.00 V( )=

  
8.00 µC

Chapt16, Problem-44: Two capacitors C1 = 25.0 µF and C2 = 5.00 µF are connected in parallel
and charged with a 100-V power supply. (a) Calculate the total energy stored in the two capacitors. (b) What
potential difference would be required across the same two capacitors connected in series in order that the
combination store the same energy as in (a)?

Solut ion:                

(a) When connected in parallel, the energy stored is

    

W =
1

2
C1 !V( )2

+
1

2
C2 !V( )2

=
1

2
C1+C2( ) !V( )2

  

=
1

2
25.0+ 5.00( )!10

"6
 F[ ] 100 V( )2

=   
0.150 J

(b) When connected in series, the equivalent capacitance is

    
Ceq =

1

25.0
+

1

5.00

! 
" 
# 

$ 
% 
& 

'1

 µF = 4.17 µF

From 
    
W = 1

2
Ceq !V( )2

,  the potential difference required to store the same energy as in part (a) above is

    

!V =
2W

Ceq

=
2 0.150 J( )

4.17 "10
#6

 F
=

  
268 V

Figure 2: Solution of problem 1.

= A(x+ d) = xC
ε0

(x+ d) = dC
3ε0

(
d
3 + d

)
= 4d2C

9ε0
.



Problem 3 Dielectric 
 
A dielectric rectangular slab has length s , width w , thickness d , and dielectric constant 
!  . The slab is inserted on the right hand side of a parallel-plate capacitor consisting of 
two conducting plates of width w , length L , and thickness d . The left hand side of the 
capacitor of length L ! s  is empty. The capacitor is charged up such that the left hand 
side has surface charge densities ±! L  on the facing surfaces of the top and bottom plates 
respectively and the right hand side has surface charge densities ±! R  on the facing 
surfaces of the top and bottom plates respectively. The total charge on the entire top and 
bottom plates is +Q  and !Q  respectively. The charging battery is then removed from the 
circuit.  Neglect all edge effects.  
 

 
 

a) Find an expression for the magnitude of the electric field EL  on the left hand side 
in terms of ! L , ! R , ! , s , w , L , !0 , and d  as needed. 

 
b) Find an expression for the magnitude of the electric field ER  on the right hand 

side in terms of ! L , ! R , ! , s , w , L , !0 , and d  as needed. 
 
 

c) Find an expression that relates the surface charge densities ! L  and ! R  in terms of 
! , s , w , L , !0 , and d  as needed. 
 

d) What is the total charge +Q  on the entire top plate? Express your answer in terms 
of ! L , ! R , ! , s , w , L , !0 , and d  as needed. 

 
 

e) What is the capacitance of this system? Express your answer in terms of ! , s , 
w , L , !0 , and d  as needed. 
 

f) Suppose the dielectric is removed. What is the change in the stored potential 
energy of the capacitor? Express your answer in terms of  Q , ! , s , w , L , !0 , 
and d  as needed. 

 

Figure 3: Problem 2.
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62. A 10.0-!F capacitor is charged to 15.0 V. It is next
connected in series with an uncharged 5.00-!F capacitor.
The series combination is finally connected across a 50.0-V
battery, as diagrammed in Figure P26.62. Find the new
potential differences across the 5-!F and 10-!F capacitors.

sent the potential difference. (c) Find the direction and
magnitude of the force exerted on the dielectric, assuming
a constant potential difference "V. Ignore friction. 
(d) Obtain a numerical value for the force assuming that
! # 5.00 cm, "V # 2 000 V, d # 2.00 mm, and the dielec-
tric is glass ($ # 4.50). (Suggestion: The system can be con-
sidered as two capacitors connected in parallel.)

65. A capacitor is constructed from two square plates of sides !
and separation d, as suggested in Figure P26.64. You may
assume that d is much less than !. The plates carry charges
% Q 0 and & Q 0. A block of metal has a width !, a length !,
and a thickness slightly less than d. It is inserted a distance
x into the capacitor. The charges on the plates are not
disturbed as the block slides in. In a static situation, a
metal prevents an electric field from penetrating inside it.
The metal can be thought of as a perfect dielectric, with
$ : '. (a) Calculate the stored energy as a function of x.
(b) Find the direction and magnitude of the force that
acts on the metallic block. (c) The area of the advancing
front face of the block is essentially equal to !d. Consider-
ing the force on the block as acting on this face, find the
stress (force per area) on it. (d) For comparison, express
the energy density in the electric field between the capaci-
tor plates in terms of Q 0 , !, d , and (0.

66. When considering the energy supply for an automobile,
the energy per unit mass of the energy source is an impor-
tant parameter. Using the following data, compare the
energy per unit mass ( J/kg) for gasoline, lead–acid batter-
ies, and capacitors. (The ampere A will be introduced in
the next chapter as the SI unit of electric current.
1 A # 1 C/s.)
Gasoline: 126 000 Btu/gal; density # 670 kg/m3.
Lead–acid battery: 12.0 V; 100 A ) h; mass # 16.0 kg.
Capacitor: potential difference at full charge # 12.0 V;
capacitance # 0.100 F; mass # 0.100 kg.

An isolated capacitor of unknown capacitance has been
charged to a potential difference of 100 V. When the
charged capacitor is then connected in parallel to an
uncharged 10.0-!F capacitor, the potential difference
across the combination is 30.0 V. Calculate the unknown
capacitance.

68. To repair a power supply for a stereo amplifier, an elec-
tronics technician needs a 100-!F capacitor capable of
withstanding a potential difference of 90 V between the
plates. The only available supply is a box of five 100-!F
capacitors, each having a maximum voltage capability of
50 V. Can the technician substitute a combination of these
capacitors that has the proper electrical characteristics? If
so, what will be the maximum voltage across any of the
capacitors used? (Suggestion: The technician may not have
to use all the capacitors in the box.)

A parallel-plate capacitor of plate separation d is charged
to a potential difference "V0. A dielectric slab of thickness
d and dielectric constant $ is introduced between the
plates while the battery remains connected to the plates.
(a) Show that the ratio of energy stored after the dielectric
is introduced to the energy stored in the empty capacitor
is U/U0 # $. Give a physical explanation for this increase
in stored energy. (b) What happens to the charge on the
capacitor? (Note that this situation is not the same as in

69.

67.

d/2

!/2

d

!

1κ
2κ

3κ

Figure P26.61

5.00   Fµ

50.0 V

∆Vi = 15.0 V

–+
10.0   Fµ

Figure P26.62

x
d

!

κ

Figure P26.64 Problems 64 and 65.

63. (a) Two spheres have radii a and b and their centers are a
distance d apart. Show that the capacitance of this system is

provided that d is large compared with a and b. (Suggestion:
Because the spheres are far apart, assume that the poten-
tial of each equals the sum of the potentials due to each
sphere, and when calculating those potentials assume that
V # keQ /r applies.) (b) Show that as d approaches infinity
the above result reduces to that of two spherical capacitors
in series.

64. A capacitor is constructed from two square plates of sides !
and separation d. A material of dielectric constant $
is inserted a distance x into the capacitor, as shown in
Figure P26.64. Assume that d is much smaller than x.
(a) Find the equivalent capacitance of the device. (b) Cal-
culate the energy stored in the capacitor, letting "V repre-

C #
4*(0

1
a

%
1
b

&
2
d

Figure 4: Problem 3.


