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Capacitors
➣ A capacitor is a system of two conductors that carries equal and opposite charges

➣ A capacitor stores charge and energy in the form of electro-static field

➣ We define capacitance as C =
Q

V
Unit ☛ Farad(F )

Charge on one plate

Potential difference between plates

Q =

V =

capacitor’s C is a constant that depends only on its shape and material

i.e. If we increase V   for a capacitor  we  increase  Q  stored

Note
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Caculating Capacitance
Parallel - Plate Capacitors

Chapter 5

Capacitance and DC Circuits

5.1 Capacitors

A capacitor is a system of two conductors that carries equal and opposite
charges. A capacitor stores charge and energy in the form of electro-static field.

We define capacitance as

C =
Q

V
Unit: Farad(F)

where

Q = Charge on one plate

V = Potential di�erence between the plates

Note: The C of a capacitor is a constant that depends only on its shape and
material.
i.e. If we increase V for a capacitor, we can increase Q stored.

5.2 Calculating Capacitance

5.2.1 Parallel-Plate Capacitor

① Recall ☛

② Recall ☛

) C =
Q

�V
=

✏0A

d
③

| ~E| = �

✏0
=

Q

✏0A

�V = V+ � V� = Ed =
Q

✏0A
d
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Capacitors in Parallel and Series
(a) Capacitors in Parallel ☛ potential difference V = Va - Vb is same across capacitors

5.3. CAPACITORS IN COMBINATION 54

5.3 Capacitors in Combination

(a) Capacitors in Parallel

In this case, it’s the potential di�erence
V = Va � Vb that is the same across the
capacitor.

BUT: Charge on each capacitor di⇥erent

Total charge Q = Q1 + Q2

= C1V + C2V

Q = (C1 + C2)⇤ ⇥� ⌅
Equivalent capacitance

V

� For capacitors in parallel: C = C1 + C2

(b) Capacitors in Series

The charge across capacitors are
the same.

BUT: Potential di�erence (P.D.) across capacitors di⇥erent

�V1 = Va � Vc =
Q

C1
P.D. across C1

�V2 = Vc � Vb =
Q

C2
P.D. across C2

� Potential di⇥erence

�V = Va � Vb

= �V1 + �V2

�V = Q (
1

C1
+

1

C2
) =

Q

C

where C is the Equivalent Capacitance

�
1

C
=

1

C1
+

1

C2

BUT ☛ Charge on each capacitor different

Total Charge Q = Q1 + Q2

= C1V + C2V

Q = (C1 + C2)| {z }V

∴ For capacitors in parallel ☛ C = C1 + C2

Equivalent capacitance
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(b) Capacitors in Series ☛ charge across capacitors are same

5.3. CAPACITORS IN COMBINATION 54

5.3 Capacitors in Combination

(a) Capacitors in Parallel

In this case, it’s the potential di�erence
V = Va � Vb that is the same across the
capacitor.

BUT: Charge on each capacitor di⇥erent

Total charge Q = Q1 + Q2

= C1V + C2V

Q = (C1 + C2)⇤ ⇥� ⌅
Equivalent capacitance

V

� For capacitors in parallel: C = C1 + C2

(b) Capacitors in Series

The charge across capacitors are
the same.

BUT: Potential di�erence (P.D.) across capacitors di⇥erent

�V1 = Va � Vc =
Q

C1
P.D. across C1

�V2 = Vc � Vb =
Q

C2
P.D. across C2

� Potential di⇥erence

�V = Va � Vb

= �V1 + �V2

�V = Q (
1

C1
+

1

C2
) =

Q

C

where C is the Equivalent Capacitance

�
1

C
=

1

C1
+

1

C2

BUT ☛ potential difference (P.D.) across capacitors different

�V1 = Va � Vc =
Q

C1

�V2 = Vc � Vb =
Q

C2

∴ Potential difference �V = Va � Vb

= �V1 + �V2

�V = Q
⇣ 1

C1
+

1

C2

⌘
=

Q

C

      C ☛ Equivalent Capacitance
1

C
=

1

C1
+

1

C2
)

P.D. across C1

P.D. across C2
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�Q �V

�W = �V �Q

➣ For capacitor with charge       ☛Q �V = Q/C

➣ Plot of voltage versus total charge gives  straight line with  slope of  1/C

➣ Work           for  particular          ☛    area of  blue rectangle

➣ Adding up all  rectangles gives approximation of  total work needed to fill capacitor

�W �V

➣ For                    ☛  total work needed to charge capacitor to  final      and         is area under line
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REMARKS  To find the rest of the charges and voltage drops, it’s just a matter of using C 5 Q/DV repeatedly, together with 
facts 5C and 5E in the Problem-Solving Strategy. The voltage drop across the 4.0-mF capacitor could also have been found 
by noticing, in Figure 16.22b, that both capacitors had the same value and so by symmetry would split the total drop of 
12 volts between them.

QUESTION 16.9  Which capacitor holds more charge, the 1.0-mF capacitor or the 3.0-mF capacitor?

EXERCISE 16.9  (a) In Example 16.9 find the charge on the 8.0-mF capacitor in Figure 16.22a and the voltage drop 
across it. (b) Do the same for the 6.0-mF capacitor in Figure 16.22a.

ANSWERS  (a) 48 mC, 6.0 V (b) 36 mC, 6.0 V

(b) Find the charge on the 4.0-mF capacitor and the 
voltage drop across it.

Compute the charge on the 2.0-mF capacitor in Figure 
16.22c, which is the same as the charge on the 4.0-mF 
capacitor in Figure 16.22a:

C 5
Q

DV
S Q 5 C DV 5 12.0 mF 2 112 V 2 5  24 mC

Use the basic capacitance equation to find the voltage 
drop across the 4.0-mF capacitor in Figure 16.22a:

C 5
Q

DV
S DV 5

Q
C

5
24 mC
4.0 mF

5  6.0 V

16.9     Energy Stored in 
a Charged Capacitor

Almost everyone who works with electronic equipment has at some time verified 
that a capacitor can store energy. If the plates of a charged capacitor are connected 
by a conductor such as a wire, charge transfers from one plate to the other until 
the two are uncharged. The discharge can often be observed as a visible spark. 
If you accidentally touched the opposite plates of a charged capacitor, your fin-
gers would act as a pathway by which the capacitor could discharge, inflicting an 
electric shock. The degree of shock would depend on the capacitance and voltage 
applied to the capacitor. Where high voltages and large quantities of charge are present, as 
in the power supply of a television set, such a shock can be fatal.
 Capacitors store electrical energy, and that energy is the same as the work 
required to move charge onto the plates. If a capacitor is initially uncharged (both 
plates are neutral) so that the plates are at the same potential, very little work is 
required to transfer a small amount of charge DQ from one plate to the other. 
Once this charge has been transferred, however, a small potential difference DV 5 
DQ/C appears between the plates, so work must be done to transfer additional 
charge against this potential difference. From Equation 16.6, if the potential dif-
ference at any instant during the charging process is DV, the work DW required to 
move more charge DQ through this potential difference is given by

DW 5 DV DQ

 We know that DV 5 Q/C for a capacitor that has a total charge of Q. Therefore, 
a plot of voltage versus total charge gives a straight line with a slope of 1/C, as 
shown in Figure 16.23. The work DW, for a particular DV, is the area of the blue 
rectangle. Adding up all the rectangles gives an approximation of the total work 
needed to fill the capacitor. In the limit as DQ is taken to be infinitesimally small, 
the total work needed to charge the capacitor to a final charge Q and voltage DV is 
the area under the line. This is just the area of a triangle, one-half the base times 
the height, so it follows that

 W 5 1
2 Q DV  [16.16]

V

!Q

Q

!

Figure 16.23  A plot of volt-
age vs. charge for a capacitor is a 
straight line with slope 1/C. The 
work required to move a charge of 
DQ through a potential difference 
of DV across the capacitor plates is 
DW 5 DV DQ, which equals the area 
of the blue rectangle. The total work 
required to charge the capacitor 
to a final charge of Q is the area 
under the straight line, which equals 
Q  DV/2.
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Q �V

➣ Area of triangle  ☛

Energy stored =
1

2
Q �V =

1

2
C(�V )2 =

Q2

2C

�W =
1

2
Q �V

�Q/Q ⌧ 1

➣ As more charge is transferred ☛ work is needed to move charge against increasing voltage V

Energy Storage in Capacitors
➣ When capacitor is uncharged ☛ no work is required to move first bit of charge over

➣ Work needed to add a small amount of charge          when potential difference across plates is 
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Note
➣ In parallel-plate capacitor ☛    -field is constant between plates~E

density u =
total energy stored

total volume with ~E�field

) u =
U

Ad|{z}

Recall ☛
C =

✏0A

d

) u =
1

2
(

Cz}|{
✏0A

d
) · (

(�V )2

z}|{
Ed )2 ·

z}|{
1

Ad

E =
�V

d
) �V = Ed

Energy per unit volume of electrostatic field ☛

Rectangular Volume(

u =
1

2
✏0E

2

1
Volume

7

➣ Energy stored in capacitor is stored in electric field between plates



Example Changing capacitance by pulling plates apart

5.4. ENERGY STORAGE IN CAPACITOR 56

u =
1

2
�0E

2 Energy per unit volume
of the electrostatic field

⇥
can be generally applied

Example : Changing capacitance

(1) Isolated Capacitor:
Charge on the capacitor plates remains constant.

BUT: Cnew =
�0A

2d
=

1

2
Cold

� Unew =
Q2

2Cnew
=

Q2

2Cold/2
= 2Uold

� In pulling the plates apart, work done W > 0

Summary :
Q � Q C � C/2

(V = Q
C ) ⇤ V � 2V E � E (E = V

d )
1
2 �0E2 = u � u U � 2U (U = u · volume)

(2) Capacitor connected to a battery:
Potential di�erence between capacitor plates remains constant.

Unew =
1

2
Cnew�V 2 =

1

2
· 1

2
Cold�V 2 =

1

2
Uold

� In pulling the plates apart, work done by battery < 0

Summary :

Q � Q/2 C � C/2
V � V E � E/2
u � u/4 U � U/2

BUT ☛

Summary ☛ Q ! Q C ! C/2

(V =
Q

C
) ) V ! 2V E ! E (E =

V

d
)

1

2
✏0E

2 = u ! u U ! 2U (U = u · volume)

Charge on capacitor plates remains constant
① Isolated Capacitor

Cnew =
✏0A

2d
=

1

2
Cold

Unew =
Q2

2Cnew
=

Q2

2Cold/2
= 2Uold

)
)

In pulling plates apart  work done W > 0
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Device consisting of 2 or more electrochemical cells that convert stored chemical energy into electrical energy

positive terminal (or cathode)Each cell has   

 negative terminal (or anode)

Electric battery
9



Summary ☛ Q ! Q/2

V ! V

u ! u/4

C ! C/2

E ! E/2

U ! U/2

5.4. ENERGY STORAGE IN CAPACITOR 56

u =
1

2
�0E

2 Energy per unit volume
of the electrostatic field

⇥
can be generally applied

Example : Changing capacitance

(1) Isolated Capacitor:
Charge on the capacitor plates remains constant.

BUT: Cnew =
�0A

2d
=

1

2
Cold

� Unew =
Q2

2Cnew
=

Q2

2Cold/2
= 2Uold

� In pulling the plates apart, work done W > 0

Summary :
Q � Q C � C/2

(V = Q
C ) ⇤ V � 2V E � E (E = V

d )
1
2 �0E2 = u � u U � 2U (U = u · volume)

(2) Capacitor connected to a battery:
Potential di�erence between capacitor plates remains constant.

Unew =
1

2
Cnew�V 2 =

1

2
· 1

2
Cold�V 2 =

1

2
Uold

� In pulling the plates apart, work done by battery < 0

Summary :

Q � Q/2 C � C/2
V � V E � E/2
u � u/4 U � U/2

② Capacitor connected to a battery

Potential difference between capacitor plates remains constant

Unew =
1

2
Cnew �V 2 =

1

2
· 1

2
Cold�V 2 =

1

2
Uold

∴  In pulling plates apart work done by battery < 0
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Defibrillator  Stored Energy of Capacitor:  Energy =   ½CV2 
 

     capacitance C –

    difference or voltage on capacitor V –potential 

 

 

Example:  A Defibrillator uses a charged capacitor that is charged to a high voltage to create 

the charge flow that gets the heart going again.  If the capacitor has a capacitance of 30 F and µ

is charged to 5,000 V, how much energy is stored in the capacitor? 

 

 

Energy =  = (30 x 10  F)(5000 V)  = 375 J ½CV2
½

-6 2

 

 

 

 

Example:  When the bottom of a cloud becomes negatively charged it attracts the positive 

change from the ground, this can be  of as a type of capacitor, with the cloud and grouthought nd 

being the parallel plates with air in between.   

 

If it takes an electric fie strength of 3 x 10   to breakdown (conduct charge) the air ld 6 V/m

between the cloud and ground, how much energy is stored in the cloud due to the charge 
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Energy = ½CV2 = ½(30 x 10-6 F)(5000 V)2 = 375 J

A defibrillator uses a capacitor that is charged to a high voltage to create charge flow 

that gets heart going again

If the capacitor has a capacitance of 30 𝝁F and is charged to 5,000 V,  

how much energy is stored in the capacitor?
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Dielectrics

5.5. DIELECTRIC CONSTANT 57

5.5 Dielectric Constant

We first recall the case for a conductor being placed in an external E-field E0.

In a conductor, charges are free to move
inside so that the internal E-field E � set
up by these charges

E � = �E0

so that E-field inside conductor = 0.

Generally, for dielectric, the atoms and
molecules behave like a dipole in an E-field.

Or, we can envision this so that in the absence of E-field, the direction of dipole
in the dielectric are randomly distributed.
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We first recall the case for a conductor being placed in an external E-field E0.

In a conductor, charges are free to move
inside so that the internal E-field E � set
up by these charges

E � = �E0

so that E-field inside conductor = 0.

Generally, for dielectric, the atoms and
molecules behave like a dipole in an E-field.

Or, we can envision this so that in the absence of E-field, the direction of dipole
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5.5. DIELECTRIC CONSTANT 57

5.5 Dielectric Constant

We first recall the case for a conductor being placed in an external E-field E0.

In a conductor, charges are free to move
inside so that the internal E-field E � set
up by these charges

E � = �E0

so that E-field inside conductor = 0.

Generally, for dielectric, the atoms and
molecules behave like a dipole in an E-field.

Or, we can envision this so that in the absence of E-field, the direction of dipole
in the dielectric are randomly distributed.

➢ For dielectric ☛  atoms and molecules behave like dipole in  -field~E

➣ so that E-field inside conductor = 0

➢ In a conductor charges are free to move inside internal  E’ -field set up 
by these charges satisfies

➣ Consider conductor being placed in an external  E0-field

E’ = -E0

12



5.5. DIELECTRIC CONSTANT 57

5.5 Dielectric Constant

We first recall the case for a conductor being placed in an external E-field E0.

In a conductor, charges are free to move
inside so that the internal E-field E � set
up by these charges

E � = �E0

so that E-field inside conductor = 0.

Generally, for dielectric, the atoms and
molecules behave like a dipole in an E-field.

Or, we can envision this so that in the absence of E-field, the direction of dipole
in the dielectric are randomly distributed.

➣ Aligned dipoles will generate an induced E’ -field satisfying |E’| < |E0|

➢ We can observe aligned dipoles in form of induced surface charge

➣ We can envision this so that in absence of   -field ~E

direction of dipole in dielectric are randomly distributed

13



Dielectrics Constant
➣ When a dielectric is placed in an external  E0-field ☛  - field inside a dielectric is induced    ~E

~E =
1


~E0

☛ dielectric constant � 1

Example
Vacuum  

Porcelain  

Water  

Perfect conductor  

Air  = 1.00059

 ! 1
 ⇠ 80

 = 6.5

 = 1

14



Capacitors with Dielectrics
Case I

5.6. CAPACITOR WITH DIELECTRIC 58

The aligned dipoles will generate an induced E-field E �, where |E �| < |E0|.
We can observe the aligned dipoles in the form of induced surface charge.

Dielectric Constant : When a dielectric is placed in an external E-field E0,
the E-field inside a dielectric is induced.
E-field in dielectric

E =
1

Ke
E0

Ke = dielectric constant � 1

Example :

Vacuum Ke = 1
Porcelain Ke = 6.5
Water Ke ⇥ 80
Perfect conductor Ke =⌅
Air Ke = 1.00059

5.6 Capacitor with Dielectric

Case I :

Again, the charge remains constant after dielectric is inserted.

BUT: Enew =
1

Ke
Eold

� �V = Ed ⇤ �Vnew =
1

Ke
�Vold

� C =
Q

�V
⇤ Cnew = Ke Cold

For a parallel-plate capacitor with dielectric:

C =
Ke�0A

d

➣ Charge remains constant after dielectric is inserted

BUT ☛ Enew =
1


Eold

) �V = Ed ) �Vnew =
1


�Vold

) C =
Q

�V
) Cnew = Cold

➢ For a parallel-plate capacitor with dielectric

C =
 ✏0A

d
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➣ We can also write C =
✏A

d
in general with

☛  permittivity of dielectric

Recall        ☛  permittivity of vacuum

✏ =  ✏0

✏0

➣ Energy stored

U =
Q2

2C

) Unew =
1


Uold < Uold

∴ Work done in inserting dielectric < 0
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Case II Capacitor connected to battery

5.6. CAPACITOR WITH DIELECTRIC 59

We can also write C =
�A

d
in general with

� = Ke �0 (called permittivity of dielectric)

(Recall �0 = Permittivity of free space)

Energy stored U =
Q2

2C
;

� Unew =
1

Ke
Uold < Uold

� Work done in inserting dielectric < 0

Case II : Capacitor connected to a battery

Voltage across capacitor plates remains constant after insertion of dielec-
tric.
In both scenarios, the E-field inside capacitor remains constant
(⇥ E = V/d)

BUT: How can E-field remain constant?
ANSWER: By having extra charge on capacitor plates.

Recall: For conductors,

E =
⇥

�0
(Chapter 3 note)

� E =
Q

�0A
(� = charge per unit area = Q/A)

After insertion of dielectric:

E � =
E

Ke
=

Q�

Ke�0A

But E-field remains constant!

� E � = E � Q�

Ke�0A
=

Q

�0A

� Q� = KeQ > Q

Voltage across capacitor plates remains constant after insertion of dielectric

   -field inside capacitor remains constant

(* E = V/d)

How can E-field remain constant?

By having extra charge on capacitor plates

BUT ☛

ANSWER ☛

~E
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Recall ☛
➣ For conductors

➢ After insertion of dielectric

(𝜎 charge per unit area = Q/A)

➣ But     -field remains constant ☛

➢ Capacitor

➣ Energy stored

∴ Work done to insert dielectric > 0Unew > Uold

U =
1

2
CV 2 ) U 0 ! U

C = Q/V ) C 0 ! C

~E E0 = E ) Q0

✏0A
=

Q

✏0A

) Q0 = Q > Q

E =
�

✏0

) E =
Q

✏0A

E0 =
Q0

✏0A
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Energy Stored with Dielectrics
➣ Total energy stored U =

1

2
CV 2

➢ With dielectric recall C =
✏0A

d

V = Ed

➣ ∴ Energy stored per unit volume ☛ u =
U

Ad
=

1

2
✏0E

2

and so ☛ udielectric = uvacuum

∴ More energy is stored per unit volume in dielectric than in vacuum
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Thunder and Lighting

🔥 Temperature of the air in the lightning channel may reach as high as 

50,000 degrees Fahrenheit, 5 times hotter than the surface of the sun

⛈ Thunder is created when lightning passes through the air

⚡ Lightning discharge heats the air rapidly and causes it to expand

20



21

➣ When bottom of a cloud becomes negatively charged it attracts positive change from ground, this can be

thought of as a type of capacitor, with cloud and ground being parallel plates with air in between

➣ Assume distance between cloud and ground is about d = 1,000 m and area of cloud is approximately

Algebra-
Based…

100% (1) Finance 100% (1)
Develop
mental…

100% (1)
Algebra-
Based…

100% (1)
Algebra-
Based…

100% (1)

470
0.0
=-3
50

right before the lightening is formed (before the air breaks down)? Assume the distance   

between the cloud and ground is about d = 1,000 m and the area of the cloud is 

approximately 8 x 10  m (about 5 km  radius) 7 2  
 

V = Ed = (3 x 10  V/m)(1,000 m) = 3 x 10  V 6 9

 

C = εoA/d   = (8.85 x 10  C  8 x 10  m  (1,000 -12 2/Nm2)( 7 2 )/ m) 

C = 7.1 x 10  F-7  

 

Energy =  = (7.1 x 10  F)(½CV2
½

-7  3 x 10  V9 )2  

 

Energy = 3.2 x 10  J 12

 

 

If the average house uses about 2,000 W of electrical power, if it were possible to collect 

and store this energy (unfortunately it is not), how long would it run the house? 

d 

+ + + + + + + + 

- - - - - - 
- - 

- 

Ground 

Cloud 
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➣ If it takes an electric field strength of 3 x 106 V/m to breakdown (conduct charge) air  between cloud and

8 x 107 m2  (about 5 km  radius)

ground, how much energy is stored in cloud due to charge right before lightening is formed (before air

breaks down)?
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right before the lightening is formed (before the air breaks down)? Assume the distance   

between the cloud and ground is about d = 1,000 m and the area of the cloud is 

approximately 8 x 10  m (about 5 km  radius) 7 2  
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Energy = 1/2 CV2 = 1/2 (7.1 x 10 -7 F) (3 x 109 V)2

Energy = 3.2 x 10 12 J



➣ If the average house uses about 2,000 W of electrical power, if it were possible to collect

and store this energy (unfortunately it is not), how long would it run house?

Power = Energy/time  therefore   

time = Energy/Power = (3.2 x 1012 J)/2,000 W = 1.6 x 109 s  ≈ 50 years
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➣ When a dielectric is in an electric field the outer electrons in that dielectric material experience a force

Dielectric Strength and Breakdown Voltage

➢ If the electric field becomes large enough these electrons will be stripped off the molecules and free

➣ Atoms/molecules are ionized

➢ This is known as the breakdown voltage and the properties of the material are destroyed

to move along the electric field, at this point avalanche of electron’s become dislocated and a current is 

established between the charge separation

due to the electric field, the atoms/molecules become polarized
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➢ Dielectric strength (DS) - of a material is the maximum electric field (V/m) that a material can

d – is the thickness of the material along the electric field lines ( in meters)TABLE26.1DielectricConstantsandDielectricStrengths
ofVariousMaterialsatRoomTemperature
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given by  
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Where  

DS is the dialectic strength of the material (in V/m) 

d – is the thickness of the material along the electric field lines ( in meters) 

 

 

 

 

 

 

Example:  The space between the capacitor’s plates is filled with air, the spacing of the plates is 

0.5 mm, what is the maximum voltage the capacitor can have before breakdown?   

Dielectric breakdown in air 
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Example:  The space between the capacitor’s plates is filled with air, the spacing of the plates is 

0.5 mm, what is the maximum voltage the capacitor can have before breakdown?   

Dielectric breakdown in air 
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➣ Breakdown voltage of a dielectric is given by ☛

experience before breakdown

VBd = (DS)d
DS is the dialectic strength of the material (in V/m) 

Dielectric breakdown in air
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✧ Space between capacitor’s plates is filled with air, spacing of plates is 0.5 mm 

V = (DS)d = (1 x 106 V/m)(0.5 x 10-3m) = 500 V

What if the space was filled with nylon?

V = (DS)d = (14 x 106 V/m)(0.5 x 10-3m) = 7,000 V

What is maximum voltage capacitor can have before breakdown? 
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➣ electric field between the conductor is given as

➢ potential difference between the plates is

➣ Substituting the value of V in the capacitance formula, we get

Capacitance of a Spherical Capacitor

<latexit sha1_base64="WLf9cmIvNaTqYiJPk46G4zmD+mA="></latexit>

�E = E · 4⇡r2 =
Q

✏0

<latexit sha1_base64="QOmu86dAj1k8iEWvXlDsy03LacY="></latexit>

~E =
1

4⇡✏0

Q

r2
r̂

<latexit sha1_base64="CEbekDFCg/3ZqNertsUFgbSLcjM=">AAACBXicdZBNS8NAEIY3ftb6FfWoh8Ui1ENDUrXWg1D04rGCTQttCJvtpl26+WB3I5TQixf/ihcPinj1P3jz37hNI6jowDIvz8wwO68XMyqkaX5oc/MLi0vLhZXi6tr6xqa+tW2LKOGYtHDEIt7xkCCMhqQlqWSkE3OCAo+Rtje6nNbbt4QLGoU3chwTJ0CDkPoUI6mQq+/Z8BxWYNl2q1Bl27UOFVCpooirl0zjxLTOakfQNMwsMlG3qnVo5aQE8mi6+nuvH+EkIKHEDAnRtcxYOinikmJGJsVeIkiM8AgNSFfJEAVEOGl2xQQeKNKHfsTVCyXM6PeJFAVCjANPdQZIDsXv2hT+Vesm0q87KQ3jRJIQzxb5CYMyglNLYJ9ygiUbK4Ewp+qvEA8RR1gq44rKhK9L4f/CrhpWzbCuj0uNi9yOAtgF+6AMLHAKGuAKNEELYHAHHsATeNbutUftRXudtc5p+cwO+BHa2yedVJQ2</latexit>

V = �(V2 � V1) = V1 � V2

<latexit sha1_base64="W68l3m19R3MWDhucNOu+WlBmnQQ="></latexit>

C =
Q

V
= 4⇡✏0

R1R2

R2 �R1

➣ Spherical capacitors consist of two concentric conducting spherical shells of radii  R1 and R2

➢ Shells are given equal and opposite charges +Q and –Q respectively

➣ Electric field between shells is directed radially outward
➢ Magnitude of field can be obtained by applying Gauss law over a spherical Gaussian surface of radius r

concentric with the shells

ΔV battery

Spherical Capacitor

R2

R1

-Q
+Q
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 A capacitor consists of two concentric spherical shells 

 Outer radius of inner shell is a = 0.1 m and inner radius of outer shell is b = 0.2 m

-
- -

-

-

-

-

-
+

+
+

+

+

+

+

-Q

+
+Q

b

a

r
Gaussian 
Surface

(i) What is capacitance C of this capacitor? 

Shells have spherical symmetry so we need to use spherical Gaussian surfaces

ANSWER ☛

Space is divided into three regions

I- oustide
<latexit sha1_base64="ObR0eW5Jj9s3EPnSNHuOt/1THGg=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuykNxkyO7uZmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8m/rNJ1Sax/LRjBP0I9qXPOSMGiu1FOn0cUSCbqnsVtwZyDLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwUuykGhPKhrSPbUsljVD72ezeCTm1So+EsbIlDZmpvycyGmk9jgLbGVEz0IveVPzPa6cmvPEzLpPUoGTzRWEqiInJ9HnS4wqZEWNLKFPc3krYgCrKjI2oaEPwFl9eJo3zindVuXy4KFdv8zgKcAwncAYeXEMV7qEGdWAg4Ble4c0ZOS/Ou/Mxb11x8pkj+APn8wdN9Y+B</latexit>

r � b

II- in between 

III- inside
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a < r < b
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r  a

In each region electric field is purely radial (that is  )
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~E = Er̂

In regions I and III these Gaussian surfaces contain a total charge of zero,
so the electric fields in these regions must be zero as well 

In regions II, Gaussian sphere of radius r  

Electric flux on surface is 
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�E = EA = E · 4⇡r2
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Enclosed charge is Qenc = +Q, and electric field is everywhere perpendicular to surface

Thus Gauss law becomes
<latexit sha1_base64="mQgQqhxx9vjbh7aVZOZpWtRzl6Q="></latexit>

E · 4⇡r2 =
Q

✏0
) E =

Q

4⇡✏0r2

That is, the electric field is exactly the same as that for a point charge 
That is, the electric field is exactly the same as that for a point charge. Summarizing:

~E =

(
Q

4⇡✏0r2
r̂ for a < r < b

~0 elsewhere
.

We know the positively charged inner sheet is at a higher potential so we shall calculate �V =

V (a) � V (b) = �
R a
b
~E · d~s = �

R a
b

Q
4⇡✏0r2

dr = Q
4⇡✏0r

���
a

b
= Q

4⇡✏0

⇣
1
a � 1

b

⌘
> 0, which is positive as

we expect. We can now calculate the capacitance using the definition C = Q
|�V | =

Q
Q

4⇡✏0
( 1
a�

1
b )

=

4⇡✏0
( 1
a�

1
b )

= 4⇡✏0ab
b�a = 0.1 m 0.2 m

8.99⇥109 Nm2/C2 0.1 m = 2.2⇥ 10�11 F. Note that the units of capacitance are ✏0

times an area ab divided by a length b�a, exactly the same units as the formula for a parallel-plate

capacitor C = ✏0A/d. Also note that if the radii b and a are very close together, the spherical

capacitor begins to look very much like two parallel plates separated by a distance d = b � a and

area A ⇡ 4⇡
⇣
a+b
2

⌘2
⇡ 4⇡

�a+a
2

�2
= 4⇡a2 ⇡ 4⇡ab. So, in this limit, the spherical formula is the

same at the plate one C = limb!a
4⇡✏0ab
b�a ⇡ ✏04⇡a2

d = ✏0A
d . (ii) The electric field is E(a) = Q

4✏0a2
.

Therefore the maximum charge is Qmax = 4⇡✏0Emax(a)a2 =
3.0⇥106 V·m�1 (0.1 m)2

8.99⇥109 N·m2/C2 . (iii) The energy

stored is Umax = Q2
max
2C = (3.3⇥10�6 C)2

2·2.2⇥10�11 F = 2.5 ⇥ 10�1 J. (iv) We can find the potential di↵erence

two di↵erent ways. Using the definition of capacitance we have that |�V | = Q
C = 4⇡✏0E(a)a2(b�a)

4⇡✏0ab
=

E(a)a(b�a)
b = 3.0⇥106 V·m�1(0.1 m)2

0.2 m = 1.5 ⇥ 105 V. We already calculated the potential di↵erence in

part (i): �V = Q
4⇡✏0

⇣
1
a � 1

b

⌘
. Recall that E(a) = Q

4⇡✏0a2
or Q

4⇡✏0
= E(a)a2 Substitute this into

our expression for potential di↵erence yielding �V = E(a)a2
⇣
1
a � 1

b

⌘
= E(a)a2 b�a

ab = E(a)a b�a
b in

agreement with our result above.

6. 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 di↵erence 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 = ✏0A
x where x is the original distance between the plates. Make sure you dont

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

= A(x+ d) = xC
✏0
(x+ d) = dC

3✏0

⇣
d
3 + d

⌘
= 4d2C

9✏0
.

7. Consider two nested cylindrical conductors of height h and radii a and b respectively. A

charge +Q is evenly distributed on the outer surface of the pail (the inner cylinder), �Q on the

inner surface of the shield (the outer cylinder). See Fig. 6. You may ignore edge e↵ects. (i) Calcu-

late the electric field between the two cylinders (a < r < b). (ii) Calculate the potential di↵erence

for a < r < b
elseware

Positively charged inner sheet is at a higher potential so we shall calculate
<latexit sha1_base64="pVbB99OXl77GA15d2Fjp/WL11cE="></latexit>

�V = V (a)� V (b) =
Q

4⇡✏0

✓
1

a
� 1

b

◆
> 0 wich is positive 

We can now calculate capacitance using the definition 
<latexit sha1_base64="KkjNxKZQ3JVkk1mGSn5d18mvX1w="></latexit>

C =
Q

|�V | =
Q

Q
4⇡✏0

�
1
a � 1

b

� =
4⇡✏0�
1
a � 1

b

� =
4⇡✏0ab

b� a
=

0.1 m 0.2 m

8.99⇥ 109 Nm2/C2 0.1 m
= 2.2⇥ 10�11 F

Also note that if radii b and a are very close together, spherical capacitor begins to look very much like

Note that units of capacitance are ε0 times an area ab divided by a length b - a, exactly same units as 
formula for a parallel-plate capacitor C = ε0 A/d 

<latexit sha1_base64="K3YO2kaqUbmPEGkvUe7Y7dj/m5s="></latexit>

A ⇡ 4⇡

✓
a+ b

2

◆2

⇡ 4⇡

✓
a+ a

2

◆2

= 4⇡a2 ⇡ 4⇡abtwo parallel plates separated by a distance  d = b - a and area
<latexit sha1_base64="K9jEvHtTDPDXrOJ4iIbVx0ZQ/Ks="></latexit>

C =
4⇡✏0ab

b� a
⇠ ✏04⇡a2

d
=

✏0A

d
☛ when b approaches a, spherical formula is same at plate one
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ANSWER ☛

(ii) Suppose maximum possible electric field at outer surface of  inner shell before air starts to ionize is

What is maximum possible charge on inner capacitor? 

Emax(a) = 3.0 × 106 V · m-1 

(iii) What is the maximum amount of energy stored in this capacitor?

Therefore maximum charge is 

Electric field is

ANSWER ☛

Energy stored is  

<latexit sha1_base64="PLLHVi7S8iEd9KVCDwGE8NFfW1g=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5KU+tgIRRFctmAf0MQymU7aoZNJmJkIJWTtxl9x40IRt36BO//GaZuFth64cDjnXu69x4sYlcqyvo3c0vLK6lp+vbCxubW9Y+7utWQYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja4nfvuBCElDfqfGEXEDNODUpxgpLfXMw5sSOoGX0PEFwkkjTarQIZGkTJsWRPeVtGcWrbI1BVwkdkaKIEO9Z345/RDHAeEKMyRl17Yi5SZIKIoZSQtOLEmE8AgNSFdTjgIi3WT6SgqPtdKHfih0cQWn6u+JBAVSjgNPdwZIDeW8NxH/87qx8i/chPIoVoTj2SI/ZlCFcJIL7FNBsGJjTRAWVN8K8RDpUJROr6BDsOdfXiStStk+K582qsXaVRZHHhyAI1ACNjgHNXAL6qAJMHgEz+AVvBlPxovxbnzMWnNGNrMP/sD4/AGTlJj2</latexit>

E(a) =
Q

4✏0a2 <latexit sha1_base64="9QKZUrkSaeHS0mBJq6zBMsXKwSk="></latexit>

Qmax = 4⇡✏0Emax(a)a
2 =

3.0⇥ 106 V ·m�1 (0.1 m)2

8.99⇥ 109 N ·m2/C2

<latexit sha1_base64="ajk9Ee2nGtn2IP5MH4SHm9k7xsQ="></latexit>

Umax =
Q2

max

2C
=

(3.3⇥ 10�6 C)2

2 · 2.2⇥ 10�11 F
= 2.5⇥ 10�1 J
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(iv) What is potential difference between shells when E(a) = 3.0 × 106 V · m−1? 

ANSWER ☛

Two different ways to find potential difference

Using definition of capacitance we have that 

We already calculated potential difference in part (i)

Substitute this into our expression for potential difference yielding 

<latexit sha1_base64="QRbcChnvm65hq04k2Y6x57B/9kk="></latexit>

|�V | = Q

C
=

4⇡✏0E(a)a2(b� a)

4⇡✏0ab
=

E(a)a(b� a)

b
=

3.0⇥ 106 V ·m�1(0.1 m)2

0.2 m
= 1.5⇥ 105 V

<latexit sha1_base64="G81/GG4pgA4iPtEeVK3+CVBZLe4="></latexit>

�V =
Q

4⇡✏0

✓
1

a
� 1

b

◆

<latexit sha1_base64="qYzYJjveOSAj55myz+xiN7a9+pM=">AAACFXicbVDLSsNAFJ3UV42vqEs3g0WoICUp9bERiiK4bME+oIllMp20QyeTMDMRSshPuPFX3LhQxK3gzr9x+lho64GBwznncuceP2ZUKtv+NnJLyyura/l1c2Nza3vH2t1ryigRmDRwxCLR9pEkjHLSUFQx0o4FQaHPSMsfXo/91gMRkkb8To1i4oWoz2lAMVJa6lonN0V0bMIpLqEbCITTepZWoBtT6JJYUqZzNkT35axrFeySPQFcJM6MFMAMta715fYinISEK8yQlB3HjpWXIqEoZiQz3USSGOEh6pOOphyFRHrp5KoMHmmlB4NI6McVnKi/J1IUSjkKfZ0MkRrIeW8s/ud1EhVceCnlcaIIx9NFQcKgiuC4ItijgmDFRpogLKj+K8QDpItRukhTl+DMn7xImuWSc1Y6rVcK1atZHXlwAA5BETjgHFTBLaiBBsDgETyDV/BmPBkvxrvxMY3mjNnMPvgD4/MHtHmbgw==</latexit>

E(a) =
Q

4⇡✏0a2

<latexit sha1_base64="z5w628pjYJE6TPYjR0WTbAuODME=">AAACF3icbVDLSsNAFJ3UV42vqEs3g0Wom5CU+tgIRRFctmAf0MQymU7aoZMHMxOhhPyFG3/FjQtF3OrOv3HaRtDWAxcO59zLvfd4MaNCWtaXVlhaXlldK67rG5tb2zvG7l5LRAnHpIkjFvGOhwRhNCRNSSUjnZgTFHiMtL3R1cRv3xMuaBTeynFM3AANQupTjKSSeobp+BzhtJGlVejEFDokFpQpx8p0+IMLeF1GxxDdVXpGyTKtKeAisXNSAjnqPePT6Uc4CUgoMUNCdG0rlm6KuKSYkUx3EkFihEdoQLqKhiggwk2nf2XwSCl96EdcVSjhVP09kaJAiHHgqc4AyaGY9ybif143kf65m9IwTiQJ8WyRnzAoIzgJCfYpJ1iysSIIc6puhXiIVFBSRamrEOz5lxdJq2Lap+ZJo1qqXeZxFMEBOARlYIMzUAM3oA6aAIMH8ARewKv2qD1rb9r7rLWg5TP74A+0j2/DLZvX</latexit>

Q

4⇡✏0
= E(a)a2or

<latexit sha1_base64="N+dbQuYcAP/wnqF+mLEEz5NOfdc="></latexit>

�V = E(a)a2
✓
1

a
� 1

b

◆
= E(a)a2

b� a

ab
= E(a)a

b� a

b
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