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Remember From Previous Chapters

Classical Mechanics

• Equations of motion:

⃗𝒗𝑓 = ⃗𝒗𝑖 + 𝒂⃗𝑡

⃗𝒓𝑓 = ⃗𝒓𝑖 + ⃗𝒗𝑖𝑡 + 1
2
𝒂⃗𝑡2

⃗𝒗2
𝑓 = ⃗𝒗2

𝑖 + 2𝒂⃗ ⋅ ( ⃗𝒓𝑓 − ⃗𝒓𝑖)

• Newton’s Second Law:

∑ ⃗𝑭 = 𝑚𝒂⃗

• Work-Energy Theorem:

𝑊 = Δ𝐾

𝑊 = ⃗𝑭 ⋅ ⃗𝒅

𝐾 = 1
2
𝑚 ⃗𝒗2

Electric Field

• Coulomb’s Law:

⃗𝑭𝑒 = 𝑘𝑒
𝑞1𝑞2
𝑟2 𝒓

• Electric Field:

𝑬⃗ =
⃗𝑭𝑒

𝑞0
= 𝑘𝑒

𝑞
𝑟2 𝒓

𝒂⃗ = ( 𝑞
𝑚

)𝑬⃗

Flux

• Gauss’s Law:

Φ𝐸 = ∮ 𝑬⃗ ⋅ ⃗𝑨 = 𝑞in
𝜀0



Remember From Previous Chapters

Electric Potential

and Energy

• Electric Potential:

𝑉 = 𝑘𝑒
𝑞
𝑟

• Potential Energy:

𝑈𝐸 = 𝑘𝑒
𝑞1𝑞2

𝑟

• Relation to Electric

Field:

Δ𝑉 = −𝑬⃗ ⋅ ⃗𝒅

• Potential and Energy:

Δ𝑈𝐸 = 𝑞Δ𝑉
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1.1 Have you seen this part before?

This is a capacitor. A capacitor is a device that stores electric charge and energy.
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1.2 Definition of Capacitance

• A capacitor consists of two conductors (plates) sepa

rated by an insulating material (dielectric) such as air, 

glass, or plastic.

• When a voltage is applied across the plates, an electric 

field is created, and charge accumulates on the plates.

• The capacitance (𝐶) of a capacitor is defined as the 

ratio of the magnitude of the charge (𝑄) on one plate 

to the magnitude of the voltage (Δ𝑉 ) across the plates:

𝐶 = 𝑄
Δ𝑉
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1.2 Definition of Capacitance

• The capacitance is always a positive quantity and is 

measured in farads (F).

1 F = 1 C/V

• Typical values of capacitance range from picofarads 

(pF) to microfarads (𝜇F).

• The larger the capacitance, the more charge a capacitor 

can store for a given voltage.

• After disconnecting the voltage source, the capacitor 

can retain its charge for a long time, making it useful 

for storing energy in electronic circuits.
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2.1 Capacitance of a Parallel-Plate Capacitor

For a parallel-plate capacitor with plate area 𝐴 and plate 

separation 𝑑, the electric field between the plates is 

uniform and given by:

𝐸 = 𝜎
𝜀0

= 𝑄
𝜀0𝐴

Since the field is uniform, the voltage across the plates 

can be calculated as:

Δ𝑉 = 𝐸𝑑 = 𝑄𝑑
𝜀0𝐴
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2.1 Capacitance of a Parallel-Plate Capacitor

Substituting this into the definition of capacitance gives:

𝐶 = 𝑄
Δ𝑉

= 𝑄
(𝑄𝑑)/(𝜀0𝐴)

Simplifying this expression gives:

𝐶 = 𝜀0𝐴
𝑑

The capacitance depends on the geometry of the capac

itor and the properties of the dielectric material between 

the plates.
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2.1 Capacitance of a Parallel-Plate Capacitor

Quiz

What happens when you push down a keyboard key?

Answer: The capacitance increases and the voltage decreases.
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3.1 Electric Circuits

• An electric circuit is a closed loop that allows elec

tric charge to flow through its components, such as 

a battery, capacitor and switch.

• Typically we use circuit diagrams to represent elec­

tric circuits, where different circuit symbols are used 

for different components.

• The capacitor is represented by two parallel lines, 

and the battery is represented by a pair of lines of 

different lengths.
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3.2 Capacitors in Parallel

• When two capacitors are connected in parallel, the 

voltage across each capacitor is the same as the 

voltage of the source (battery).

Δ𝑉1 = Δ𝑉2 = Δ𝑉

• The total charge stored in the system is the sum of 

the charges on each capacitor:

𝑄tot = 𝑄1 + 𝑄2 = 𝐶1Δ𝑉1 + 𝐶2Δ𝑉2

• Since the voltages are the same across both capac

itors, we can factor it out:

𝑄tot = (𝐶1 + 𝐶2)Δ𝑉
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3.2 Capacitors in Parallel

The equivalent capacitance for capac

itors in parallel is given by:

𝐶eq = ∑ 𝐶𝑖
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3.3 Capacitors in Series

• When two capacitors are connected in series, 

their charges are the same, but the voltage 

across each capacitor can be different.

𝑄1 = 𝑄2 = 𝑄

• The total voltage across the system is the sum 

of the voltages across each capacitor:

Δ𝑉tot = Δ𝑉1 + Δ𝑉2 = 𝑄1
𝐶1

+ 𝑄2
𝐶2

Δ𝑉tot = 𝑄( 1
𝐶1

+ 1
𝐶2

) = 𝑄( 1
𝐶eq

)
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3.3 Capacitors in Series

The equivalent capacitance for ca

pacitors in series is given by:

1
𝐶eq

= ∑ 1
𝐶𝑖

Notice that the equivalent capacitance for capacitors in series is always less than 

the smallest individual capacitance, while the equivalent capacitance for capacitors 

in parallel is always greater than the largest individual capacitance.
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3.4 Example

Example 3.1

Find the equivalent capacitance between a and b for the combination of capac
itors shown in the Figure. All capacitances are in microfarads.
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3.4 Example

Solution 3.1

𝐶eq = 𝐶1 + 𝐶2 = 1 + 3 = 4𝜇F
𝐶eq = 𝐶1 + 𝐶2 = 6 + 2 = 8𝜇F

1
𝐶eq

= 1
4

+ 1
4

= 1
2

⟹ 𝐶eq = 2𝜇F

1
𝐶eq

= 1
8

+ 1
8

= 1
4

⟹ 𝐶eq = 4𝜇F

𝐶eq = 𝐶1 + 𝐶2 = 2 + 4 = 6𝜇F
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4.1 Energy Stored in a Charged Capacitor
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4.2 Derivation of the Energy Stored in a Charged Capac

itor
• The work done to move a small amount of charge d𝑞 from the battery to the 

capacitor is given by:
d𝑊 = Δ𝑉 d𝑞 = ( 𝑞

𝐶
) d𝑞

Therefore, the total work done to charge the capacitor from 0 to 𝑄 is given by:

𝑊 = ∫
𝑄

0
( 𝑞

𝐶
) d𝑞 = 1

2
𝑄2

𝐶
.

Since the work done to charge the capacitor is stored as potential energy,:

𝑈𝐸 = 𝑄2

2𝐶
= 1

2
𝑄Δ𝑉 = 1

2
𝐶(Δ𝑉 )2
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4.3 Energy Density

• Since Δ𝑉 = 𝐸𝑑 and 𝐶 = 𝜀0𝐴/𝑑, we can express the energy stored in the capacitor 

in terms of the electric field:

𝑈𝐸 = 1
2
𝐶(Δ𝑉 )2 = 1

2
𝜀0

𝐴
𝑑

(𝐸𝑑)2 = 1
2
𝜀0(𝐴𝑑)𝐸2

Therefore, the energy density (energy per unit volume) in the electric field is given by:

𝑢𝐸 = 𝑈𝐸
𝐴𝑑

= 1
2
𝜀0𝐸2
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4.3 Energy Density

Example 4.2

Two capacitors 𝐶1 and 𝐶2 (where 

𝐶1 > 𝐶2) are charged to the same 

initial potential difference Δ𝑉𝑖. The 
charged capacitors are removed from 
the battery, and their plates are con
nected with opposite polarity as in 

Figure (a). The switches 𝑆1 and 𝑆2 
are then closed as in Figure (b).

(A) Find the final potential differ

ence Δ𝑉𝑓  between a and b after the 

switches are closed.
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4.3 Energy Density

Solution 4.2

• The capacitor is a device that stores electric charges to an amount defined by 
the voltage across its plates and its capacitance.

• Before closing the switches, the total charge on the left capacitor plate is:

𝑄𝑖 = 𝑄1𝑖 + 𝑄2𝑖 = 𝐶1Δ𝑉𝑖 − 𝐶2Δ𝑉𝑖 = (𝐶1 − 𝐶2)Δ𝑉𝑖

• After closing the switches, the total charge on the left capacitor plate is:

𝑄𝑓 = 𝑄1𝑓 + 𝑄2𝑓 = 𝐶1Δ𝑉𝑓 + 𝐶2Δ𝑉𝑓 = (𝐶1 + 𝐶2)Δ𝑉𝑓
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4.3 Energy Density

• Since the total charge is conserved before and after closing the switches,

𝑄𝑖 = 𝑄𝑓

(𝐶1 − 𝐶2)Δ𝑉𝑖 = (𝐶1 + 𝐶2)Δ𝑉𝑓

Therefore, the final potential difference between a and b is given by:

Δ𝑉𝑓 = 𝐶1 − 𝐶2
𝐶1 + 𝐶2

Δ𝑉𝑖
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4.3 Energy Density

(B) Find the total energy stored in the capacitors before and after the switches 
are closed and determine the ratio of the final energy to the initial energy.

Dr. Abdulaziz Alqasem Ch.25: Capacitance and Dielectrics 28 / 55



4.3 Energy Density

𝑈𝑖 = 1
2
𝐶1(Δ𝑉𝑖)

2 + 1
2
𝐶2(Δ𝑉𝑖)

2 = 1
2
(𝐶1 + 𝐶2)(Δ𝑉𝑖)

2

𝑈𝑓 = 1
2
(𝐶1 + 𝐶2)(Δ𝑉𝑓)2

Using the expression for Δ𝑉𝑓  from part (A), we can express the final energy in 

terms of Δ𝑉𝑖:

𝑈𝑓 = 1
2
(𝐶1 + 𝐶2)[

𝐶1 − 𝐶2
𝐶1 + 𝐶2

Δ𝑉𝑖]
2

= 1
2

(𝐶1 − 𝐶2)
2

𝐶1 + 𝐶2
(Δ𝑉𝑖)

2

Therefore, the ratio of the final energy to the initial energy is:

𝑈𝑓

𝑈𝑖
= (𝐶1 − 𝐶2

𝐶1 + 𝐶2
)

2
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5.1 Effect of a Dielectric on Capacitance

Δ𝑉 = Δ𝑉0/𝜅

𝐶 = 𝜅𝐶0

𝑄 = 𝜅𝑄0

𝑈𝐸 = 𝑈0/𝜅

where 𝜅 is the dielectric 

constant of the material.
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5.2 Advantages of Using Dielectrics

1. Dielectrics increase the capacitance of a capacitor, 

allowing it to store more charge for a given voltage.

2. Dielectrics can increase the maximum operating volt

age of a capacitor, allowing it to operate at higher 

voltages without breaking down.

3. They provide mechanical support between the plates, 

which allows the plates to be close together without 

touching, thereby decreasing 𝑑 and increasing 𝐶
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1, 3, 4, 7, 9, 11, 12, 17, 25, 35
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6.1 Definition of Capacitance

Problem 6.1
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6.1 Definition of Capacitance

Answer 6.1

a)

Δ𝑉 = 𝑄
𝐶

= 27 𝜇C
3 𝜇F

= 9𝑉

b)

Δ𝑉 = 𝑄
𝐶

= 36 𝜇C
3 𝜇F

= 12𝑉
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6.2 Calculating Capacitance

Problem 6.2
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6.2 Calculating Capacitance

Answer 6.2

𝐶 = 𝜀0
𝐴
𝑑

⇒ 𝑑 = 𝜀0𝐴
𝐶

= 𝜀0𝐴
𝑄

Δ𝑉
= 𝜀0𝐴

𝜎𝐴
Δ𝑉

⟹ 𝑑 = 𝜀0
Δ𝑉
𝜎

= 4.43𝜇m

* Note: 𝜎 has to be converted to SI units before substituting into the formula.

Dr. Abdulaziz Alqasem Ch.25: Capacitance and Dielectrics 38 / 55



6.2 Calculating Capacitance

Problem 6.3
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6.2 Calculating Capacitance

Answer 6.3

a)

𝐶 = 𝜀0
𝐴
𝑑

= 1.36 × 10−12 F = 1.36 pF

b)

𝑄 = 𝐶Δ𝑉 = 16.3 × 10−12 C = 16.3 pC

c)

𝐸 = Δ𝑉
𝑑

= 8  KV/m
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6.3 Combinations of Capacitors

Problem 6.4
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6.3 Combinations of Capacitors

Answer 6.4

a) When connected in series:
1

𝐶eq
= 1

𝐶1
+ 1

𝐶2

𝐶eq = 2.81𝜇F

b) When connected in parallel:

𝐶eq = 𝐶1 + 𝐶2

𝐶eq = 12.7𝜇F
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6.3 Combinations of Capacitors

Problem 6.5
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6.3 Combinations of Capacitors

Answer 6.5
𝐶parallel = 𝐶 + 𝐶 + 𝐶 + … = 𝑁𝐶

1
𝐶series

= 1
𝐶

+ 1
𝐶

+ 1
𝐶

+ … = 𝑁
𝐶

⟹ 𝐶series = 𝐶
𝑁

The ration then is:

𝐶parallel

𝐶series
= 𝑁𝐶

𝐶/𝑁
= 𝑁2

⟹ 𝑛 = √𝐶parallel

𝐶series
=

√
100 = 10
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6.3 Combinations of Capacitors

Problem 6.6
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6.3 Combinations of Capacitors

To find the charge in each capacitor, we start from the final 
single capacitor at (c):

𝑄 = 𝐶Δ𝑉 = (5.96𝜇F)(15𝑉 ) = 89.5𝜇C
The two capacitors in series at (b) have the same charge as 
in (c), but with different voltages:

𝑉ac = 𝑄
𝐶

= 89.5𝜇C
8.5𝜇F

= 10.5𝑉

𝑉cb = 𝑄
𝐶

= 89.5𝜇C
20𝜇F

= 4.74𝑉

Finally at (a), we find the charge Q using the 𝑉ac
𝑄 = 𝐶Δ𝑉ac = 26.3𝜇C   and  63.2𝜇C
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6.3 Combinations of Capacitors

Problem 6.7
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6.3 Combinations of Capacitors

Answer 6.7

• (a) First the upper section, left and right sides (𝐶1 and 𝐶2) are in series, with 
equivalent capacitance:

𝐶Upper-sides = 3.33𝜇F
• 𝐶3 is in series with the two upper sides, with equivalent capacitance:

𝐶Upper = 2(3.33) + 2 = 8.67𝜇F
• The lower section (𝐶2-𝐶2) is in parallel, with equivalent capacitance:

𝐶Lower = 20𝜇F
• Finally, the upper and lower sections are in series, with equivalent capacitance:

𝐶eq = 6.05𝜇F
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6.3 Combinations of Capacitors

(b)

𝑄upper = 𝑄eq = 𝐶eqΔ𝑉 = 363𝜇C

Δ𝑉upper =
𝑄upper

𝐶Upper
= 41.9𝑉

The charge on 𝐶3 is:

𝑄3 = 𝐶3Δ𝑉upper = 83.7𝜇C
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6.4 Energy Stored in a Charged Capacitor

Problem 6.8
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6.4 Energy Stored in a Charged Capacitor

Answer 6.8

(a)

𝑈𝐸 = 1
2
𝐶(Δ𝑉 )2 = 216𝜇J

(b)

𝑈𝐸 = 54𝜇J
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6.5 Capacitors with Dielectrics

Problem 6.9
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6.5 Capacitors with Dielectrics

Answer 6.9

(a)

𝐶 = 𝜅𝜀0𝐴
𝑑

Using 𝜅 = 2.1 for Teflon, we get:

𝐶 = 81.3 pF

(b)

Δ𝑉max = 𝐸max𝑑
From the table of dielectric materials, we find that the maximum electric field 

for Teflon is 𝐸max = 60 MV/m, therefore:

Δ𝑉max = 2.4 kV
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6.5 Capacitors with Dielectrics

Problem 6.10
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6.5 Capacitors with Dielectrics

Answer 6.10

The energy density of an electric field is given by:

𝑢𝐸 = 𝑈𝐸
𝑉

= 1
2
𝜀0𝐸2

⟹ 𝑉 = 𝑈𝐸
1
2𝜀0𝐸2 = 2.51 × 10−3 m3 = 2.51 L
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