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Learning Goals

e The nature of capacitors, and how to calculate a quantity
that measures their ability to store charge.

e How to analyze capacitors connected in a network.

e How to calculate the amount of energy stored in a
capacitor.

e What dielectrics are, and how they make capacitors more
effective.

e How a dielectric inside a charged capacitor becomes

polarized.

e How to use Gauss’s laws when dielectrics are present.
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e A capacitor is a device that
stores electric potential energy
and electric charge.
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(a) Arrangement of the capacitor plates

e A capacitor is a device that

Wire Plate a, area A

stores electric potential energy
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@ Plate b, area A
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e To store energy in this device,
transfer charge from one
conductor to the other so that
one has a negative charge and the

other has an equal amount of
positive charge.
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Introduction

(b) Side view of the electric field E
e Work must be done to move the

: N /E
charges through the resulting - i ——
potential difference between the 6 ARREEEEE! D

A %

conductors. // | \\

° The WOI'k done is stored as \.’thn the separation of the plutés
is small compared to their size,

electric potential energy. the fringing of the field is slight.
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e For a particular capacitor, the ratio
of the charge on each conductor (Q)
to the potential difference between
the conductors (V) is a constant,
called the capacitance (C).



Introduction

(a) Arrangement of the capacitor plates

Wire Plate a, area A

Potential /{

difference =V, o

ab

Wire | Plate b, area A

A
C—GOE

e The capacitance depends on

e the sizes of the conductors
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C' = 4rey

s —Ta

e The capacitance depends on @

e the shapes of the conductors



Introduction

e The capacitance depends on

e the shapes of the conductors

_ 2meoL
— In(ry/ra)



Introduction

Conductor
(metal foil)

Conductor— !
(metal foil) Dielectric
(plastic sheet)

C=KCy, K>1
e The capacitance depends on @

e on the insulating material (if any) 6



Introduction

Dielectric

e Compared to the case in which there
is only vacuum between the -

conductors, the capacitance Nogath |

terminal 5

increases when an insulating [

 Positive
terminal

P | PR

material (a dielectric) is present.

v

Conducting plates

C=KCy, K>1



Introduction

CoEHEW
CIoEoE®
CHEDED
CloEHED
cpEpdaEd £
e This happens because a
L CloEHEW
redistribution of charge, called o c
polarization, takes place within the CHEDOED

insulating material. u
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Capacitors and Capacitance

e Any two conductors separated by an
insulator (or a vacuum) form a

capacitor

Conductor a



Capacitors and Capacitance

Capacitor charging

e In most practical applications, each mrem e

Negatively
charged

conductor initially has zero net rages”

charge and electrons are transferred

from one conductor to the other; this Sapsettr

Conductive plates

e—s 00

e +—0 0 «—o

is called charging the capacitor.

— 0= 0 |, 0 O O
F| =
Voltage  Electrons @

Holes O




Capacitors and Capacitance

R

=1
e One common way to charge a |

capacitor is to connect these two

wires to opposite terminals of a
battery.




Capacitors and Capacitance

e The two conductors of a charged
capacitor have charges with equal
magnitude and opposite sign, and

the net charge on the capacitor as a

Conductor a

whole remains zero.

e When we say that a capacitor has
charge @, or that a charge @ is
stored on the capacitor, we mean
that the conductor at higher
potential has charge 4@ and the
conductor at lower potential has

charge —@Q)



Capacitors and Capacitance

e The prototype of a capacitor is the
R (a) Arrangement of the capacitor plates
conducting parallel plates.
Wire Plate a, area A

+0 /7

Polenlial/{”f/jg— — *\ p

difference = V,,
. Plate b, area A
Wire

10




Capacitors and Capacitance

e In circuit diagrams a capacitor is

represented by either of these

symbols:

—HF e

(b) Side view of the electric field E

VAN

When the separation of the plates
is small compared to their size,

the fringing of the field is slight.

10



Capacitors and Capacitance

e In practice cylindirical capacitors are

easier to manufacture.

10



Capacitors and Capacitance

e I at any point in the region between
the conductors is proportional to the
magnitude @ of charge on each

conductor.

e It follows that V,;, between the
conductors is also proportional to Q).

Conductor a

e If we double the magnitude of charge
on each conductor, I/ at each point
doubles, and V,; doubles.

e However, Q/V,;, does not change and is

called the capacitance of the capacitor:

Q
Cl=|=2L
Vab

11



Capacitors and Capacitance

e Capacitance is a measure of the
ability of a capacitor to store energy.
Q

cE=
Vab

Conductor a

e The greater the capacitance C of a
capacitor, the greater the magnitude
@ of charge on either conductor for a
given potential difference V,; and
hence the greater the amount of

stored energy.

12



Unit of Capacitance

e The SI unit of capacitance is called
one farad (1F),

Conductor a

13



Unit of Capacitance

e The SI unit of capacitance is called
one farad (1F),

e The definition of capacitance

_ @
C_Vab

Conductor a

implies that

1 F = 1 coulomb/volt

13



Unit of Capacitance

e The SI unit of capacitance is called
one farad (1F),

e The definition of capacitance

C =it
Vab

implies that

1 F = 1 coulomb/volt

e 1F is a very large capacitance. In
many applications 1 uF or 1pF is
more convenient.

13



Calculating Capacitance: Capacitors in Vacuum

e We can calculate the capacitance C' of a given capacitor by
finding the potential difference V,; between the conductors
for a given magnitude of charge @) and then using

_9Q
C_Vab

e For now we’ll consider only capacitors in vacuum; that is,
empty space separates the conductors that make up the
capacitor.

o We will calculate the capacitance of parallel, spherical and
cylindrical capacitors.

14



Parallel-plate capacitor

o E=0/¢

(a) Arrangement of the capacitor plates

Wire Plate a, area A

+Q
Pnlcnliul/{ =Y \ j(l

difference = V,,
Wire Plate b, area A

(b) Side view of the electric field E

When the separation of the plates

is small compared to their size,

the fringing of the field is slight. *,<



Parallel-plate capacitor

o E=0/¢
e 0 =Q/A

(a) Arrangement of the capacitor plates

Wire Plate a, arca A
Poter d
difference = V,, \
Wit Plate b, area A
ire

(b) Side view of the electric field E

TG

When the separation of the plates

is small compared to their size,




Parallel-plate capacitor

o E=0/¢

. 0=Q/A
o F=Q/A¢

(a) Arrangement of the capacitor plates

Wire Plate a, area A

+Q
Pnlcnliul/{ =Y \ j(l

difference = V,,
Wire Plate b, area A

(b) Side view of the electric field E

TG

When the separation of the plates

is small compared to their size,

SR
the fringing of the field is x]ighl.O"z
A
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Parallel-plate capacitor

o F=o/e

/ p (a) Arrangement of the capacitor plates
*g= Q/A Wire
o F=Q/A¢ 4
° ab — Ed Pnlcnliul/{ =7 \ j‘l

difference = V,;,

Q Wire

— AEO (b) Side view of the electric field E

Plate a, arca A

Plate b, area A

EEnS

When the separation of the plates
is small compared to their size,

Iy
the fringing of the field is x]ighl.O"z
sl

15




Parallel-plate capacitor

o E=0/¢
e 0 =Q/A
o F=Q/A¢
Vap = Ed

LA
Vab AEO

Using C = Q/Vy

A
C= GOE, parallel plate capacitor

(a) Arrangement of the capacitor plates

Wire Plate a, area A

+Q
Pnlcnliul/{ =Y \ j(l

difference = V,,
Plate b, area A

Wire

(b) Side view of the electric field E

AN

When the separation of the plates

is small compared to their size,

Iy
the fringing of the field is x]ighl.O"z
sl

15




Parallel-plate capacitor

e The capacitance

A
C= EOE’ parallel plate capacitor

depends on only the geometry of the
capacitor;

e it is directly proportional to the area
A of each plate and

e inversely proportional to their
separation d.

e Recall that
€0 = 8.85 x 10712C?/N - m?. Check
that g = 8.85 x 10712 F /m.

(a) Arrangement of the capacitor plates

Wire Plate a, area A

‘0 Yavd
Potential /{ =Y \ j(l

difference = V,,
Plate b, area A

Wire

(b) Side view of the electric field E

AN

When the separation of the plates

is small compared to their size,

SR
the fringing of the field is x]ighl.O"z
A

sl

16




Exercise: capacitor

Question:

The parallel plates of a 1.0 F capacitor are 1.0 mm apart. What

is their area?

17



Exercise: capacitor

Question:
The parallel plates of a 1.0 F capacitor are 1.0 mm apart. What

is their area?

Solution:
Applying
A
C == EOE

one finds that A = 1.1 x 108 m? which correspond to a square of

~ 10km. Thus 1.0 F is indeed a large capacitance! I:

17



Exercise: Properties of a parallel-plate capacitor

Question:

The plates of a parallel-plate capacitor in vacuum are 5.00 mm
apart and 2.00m? in area. A 10.0kV potential difference is
applied across the capacitor. Compute (a) the capacitance; (b)
the charge on each plate; and (c) the magnitude of the electric
field between the plates.

18
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Exercise: Properties of a parallel-plate capacitor

Question:

The plates of a parallel-plate capacitor in vacuum are 5.00 mm
apart and 2.00m? in area. A 10.0kV potential difference is
applied across the capacitor. Compute (a) the capacitance; (b)
the charge on each plate; and (c¢) the magnitude of the electric
field between the plates.

Solution:
e (a) C= eog gives C = 3.54 pF.
e (b) Q = CVy gives Q = 35.4 uC.

e (c) E=0/ey gives E =2.00 x 10°N/C
e We can also find E by E = V;,/d.

18



Condenser microphone

Inside a condenser microphone is a
capacitor with one rigid plate and one
flexible plate. The two plates are kept
at a constant potential difference V.
Sound waves cause the flexible plate
to move back and forth, varying the
capacitance C' and causing charge to
flow to and from the capacitor in

accordance with the relationship
C = @/Vy. Thus a sound wave is

converted to a charge flow that can be
amplified and recorded digitally.

19



Exercise: A spherical capacitor

Question:

Two concentric spherical conducting

Gaussian surface

Outer shell, charge —Q

shells are separated by vacuum. The
inner shell has total charge +Q and
outer radius r,, and the outer shell
has charge —@Q and inner radius 7y .
Find the capacitance of this spherical

capacitor.

20



Exercise: A spherical capacitor

Solution:

e The potential at any point
between the spheres is
V = Q/4meor.

e Hence the potential of the inner

(+) conductor at r = r, wrt that
of the outer (—) conductor at

r =7} is

Q Q
Vab =Va — Vp = E
dmegr,  4dmegry

20



Exercise: A spherical capacitor

Solution:

Q Q

4megry, T 4megry
. Q 1 1
~ dweg \Tq T

e Using C = Q/Vy gives

Vab:Va_%:

Gaussian surface

Outer shell, charge —Q

471'60 TaTb
027:47%0 =

20



Exercise

How is this result

C = 4reg G0
Ty — Tq
related to 4
C=¢—
€0 7

for the parallel plate capacitor?
Consider a spherical capacitor with inner sphere close to the
outer sphere: r, ~ r, while r, — r, = d.

The area of the sphere is A ~ 47TTb and we get C' ~ (-:OA'

21



Capacitance of an isolated sphere

e Capacitance of an isolated
sphere can be found by
considering r, — o0 in

47T€0
0

A
Ta b

@ =

onductol

which gives

C =4megry, Outer View Cross-sectional view

Spherical Capacitor

e The result is independent
of whether this is a
spherical shell or a solid

22
sphere.



Capacitance of the Earth

e The radius of the Earth is
6300 km. This gives

onducto

C = 4rmegry,

Ty 6.3 x 10%m
— T 9109 m/F
~1073F

Outer View Cross-sectional view

23

Spherical Capacitor

e 1F isindeed a large capacitance!



Exercise: charged balls

Question:

Two charged balls of charges ¢; = 4Q) and g5 = —@ with radii
r1 = a and ro = 2a touch each other and seperated afterwards.

What are the final charges?

24



Exercise: charged balls

Question:

Two charged balls of charges ¢; = 4Q) and g5 = —@ with radii
r1 = a and ro = 2a touch each other and seperated afterwards.
What are the final charges?

Question:

The total charge is 3Q). The balls will share the charges in
proportion to their capacitance which is proportional to their
radii. Thus ¢} = Q and ¢} = 2Q.

24



Exercise: A cylindrical capacitor

Question:

Two long, coaxial cylindrical o A

conductors are separated by vacuum. \\ T/ 7

The inner cylinder has outer radius 7, W, O\

and linear charge density +A. The N - \ »

outer cylinder has inner radius r, and ¢ D A 1./—
linear charge density —\. Find the iM

capacitance per unit length for this

capacitor. I:

25



Exercise: A cylindrical capacitor

Solution:

e The potential in the space
between the cylinders is:

A To

V= In — :
2Teg . r \\\T 4
r, \ 7
e Then the potential difference < ) \\ I./_
between the cylinders is i/
A T

— In
2weg  Tq

25

Vab



Exercise: A cylindrical capacitor

Solution:
* A
Vap = In % “ )
2meg Ty )

Wi
Y. .
e The total charge @ in a length L <:$ R

is @ = AL and so ¢ D N I./—
lM
C— Q 27T€0L

Var  In(rp/7a)

25



Exercise

How is this result
2megL

T In(ry/ra)
A

C =en =
€0

related to

for the parallel plate capacitor?

Consider a cylindirical capacitor with inner scylinder close to
the outer cylinder: r, ~ r, while rp, — r, = d < 1.
2meg L 2meg L | 2meg L
rL+d | T |d
In * ln(l + %) e

where we used Taylor expansion In(1 +z) =z if x < 1.
A)

The area of the cylinder is A ~ 277, L and we get C' ~ o4

C_

26



Check your understanding

A capacitor has vacuum in the space between the conductors. If
you double the amount of charge on each conductor, what

happens to the capacitance?

(i) It increases;
(ii

(iii

it decreases;

it remains the same;

)
)
)
(iv) the answer depends on the size or shape of the conductors.

27
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Capacitors in series and parallel

e Capacitors are manufactured with
certain standard capacitances and

working voltages

e However, these standard values may
not be the ones you actually need in
a particular application.

e You can obtain the values you need

by combining capacitors; many

combinations are possible, but the
simplest combinations are a series
connection and a parallel connection.

29



Capacitors in series

(a) Two capacitors in series

e In a series connection the magnitude Capacitors in series:
o * The capacitors have the same charge Q.
of Charge on all plates is the same. « Their potential differences add:
Vae ¥ Voo = Ve
o Vip =Voce+Vapor V=Vi+V; ‘,’——|_
L4 Vac:‘/l:Q/Cl & i o) Ve =V
Vcb:VQZQ/C2 V=V ¢
— — 1 1 ]+ 4
e Va=V=Q(g +5) Tl
Q Ci G

30



Capacitors in series

(b) The equivalent single capacitor

e The equivalent capacitance Ceq of - .
the series combination is defined as T“ o .
the capacitance of a single capacitor Vot EEEEc, - 2
for which the charge @ is the same J-'.‘f.?i-'.‘ffif © d-ded
as for the combination, when the oy

potential difference V is the same.

e The combination can be replaced by
an equivalent capacitor of
capacitance Coq = Q/V.

30



Capacitors in series

(a) Two capacitors in series

C Capacitors in series:
* The capacitors have the same charge Q.
1 1  Their potential differences add:
K = — 4+ — Ceq = Q Vae ¥ Veo = Vapr
Q G G % .
implies == V.=
Var =V ¢ %
1 1 1
=| =T — oL V=V,
Ceq C 1 02 N
SO S
(b) The equivalent single capacitor
[ The reC1proca1 Of the equlva/lent — Equivalent capacitance
. . . . is less than the indi-
capacitance of a series combination T“ +g vidual capacitances:
the same
! o)
equals the sum of the reciprocals of Voasforthe =—==="Cea = y;
) | . individual —g : ]
the individual capacitances. copaciore o oto
b



Capacitors in series

————

C_1G, C,

e [f there are N capacitors in series

il
N N W N I O Example:

4 capacitors of 2 uF

connected in series

e If capacitors all have equal has the equivalent

capacitances (C=Ci =Cz = =Cn) capacitance of 0.5 pF.
1] ] il [ 1] W
@l ICl" C cl ¢

and so Ceq = C/N.
e In a series connection the equivalent

capacitance is always less than any
individual capacitance. 30



Capacitors in Parallel

e In a parallel connection the potential
difference for all individual

capacitors is the same and is equal

to V = V (a) Two capacitors in parallel
ab — E
Capacitors in parallel:
— — * The capacitors have the same potential V.
C Ql CIV & Q2 C2V * The charge on each capacitor depends on its
capacitance: Q) = C,V, O, = G,V.
e The total charge @ of the “
combination, and thus the total T . 1.
. ] . Vg =V OG—==0 G——0
charge on the equivalent capacitor, is l
Q=01+ Q2= (C1+C)V b

Q

V:CI+C2

31



Capacitors in Parallel

° The parallel Combination iS (a) Two capacitors in parallel
c z s o Capacitors in parallel:
equlValent tO a Slngle CapaCItOI‘ Wlth * The capacitors have the same potential V.

* The ch on each capacitor depends on its

the same total charge Q@ = Q1 + Q2 capacitance: 0, = C,V, 0, = C,V.

and potential difference V' as the ﬁ
combination ,m = I — ]—
Q
Vv

Cogq =

(b) The equivalent single capacitor

Charge is the sum of the
+Q individual charges:
Cuetlere, _ 4o

[ ThuS Equive I](I]l capacitance:

Coi = CL €3 ” -

31



Capacitors in Parallel

e In the same way we can show that
for N capacitors in parallel

|Ceq=C1+Co+---+Cn]|

The equivalent capacitance of a

parallel combination equals the sum ° _L _L _L _Lo
Cy Cy Cn-1 Cn
of the individual capacitances. T T T T
. O O
e If capacitors all have equal Crot = C1+Co+...+Cy_1+Cy
capacitances (C=Cy =Cy =---=Cuy)
Ceq = NC
e In a parallel connection the
equivalent capacitance is always @

greater than any individual
capacitance. 31



Exercise:

Let C1 =6.0uF, Cy = 3.0 uF, and

Vap = 18 V. Find the equivalent capacitance
and the charge and potential difference for
each capacitor when the capacitors are
connected

32



Exercise:

(a) Two capacitors in series
Capacitors in series:
» The capacitors have the same charge Q.
* Their potential differences add
Vac + Ve =V,

a

Let C1 =6.0uF, Cy = 3.0 uF, and +Q e

ab*

C V=V,
Vap = 18 V. Find the equivalent capacitance v |
and the charge and potential difference for C Var Vs
each capacitor when the capacitors are
connected (b) The equivalnt single capcitor

e (a) in series i lss thn e &

vidual capacitanc

eles o Q

as for the === 5
individual ¢
i Q 1 1 1
capacitors.
(8 C, 5
-—

b

32



Exercise:

(a) Two capacitors in parallel

Capacitors in parallel:
pacitors have the same potential V.

e on each capacitor depends on its
capacitance: Q) = C\V, 0, = G,V

Let C1 =6.0uF, Cy = 3.0 uF, and
Vay = 18 V. Find the equivalent capacitance Tﬁ_

and the charge and potential difference for Vo =V O==0 G20
each capacitor when the capacitors are .
(b) The equivalent single capacitor

connected o '

T 1 indvidul charges

v ocaEslmoop g,

l 0 Equivalent capacitance:

Cyq=Ci + G,

e (b) in parallel :

32



Solution:

e For a series combination (2) Two capacitors in series
('upucilun in series:
1 1 4 1 1 " 1l The capacitors have the same charge Q.
—— = —_— = Their [mlum al differences add:
Ceq Cl CQ 6.0 uF 3.0 ,uF Va Va

= Clq = 2.0 uF

e The charge ) on each capacitor in

series is the same as that on the 7gj—_ifi e

equivalent capacitor:
(b) The equivalent single capacitor
Q = CeqV = (2.0F)(18V) = 36 uC R
is less than the indi-
e The potential difference across each Tﬂ"‘”’"" is g vidual capaciances
a the same ey Q
lo o o . . asforthe —p=Ceq = 5
capacitor is inversely proportional to its l;'l b N
copscines. 9| Lo L, LB
capacitance: ot
b
—V=Q _ 36pC _
Vae=V1 =& f6‘0#Ff6V and

similarly Voo = & = 335 uF =
33



Solution:

(a) Two capacitors in parallel

® FOI' a parallel combination Capacitors in parallel:

« The capacitors have the same potential V.

Coq = C14+Cs = 6.0 uF+3.0uF = 9.0 uF "ot cn o onie

capacitance: Q) = C\V, 0, = G,V

a

e The potential difference across each of T

. . Vyp =V O—/==0 G——0
the capacitors is the same as that across ’

the equivalent capacitor, 18 V. b

(b) The equivalent single capacitor

individual charges

e The charge on each capacitor is directly T’—_Ql_”‘ um of the
+
proportional to its capacitance: l C*"lﬁélii‘;’*‘fl‘ e

Q1 =C1V = (6.0 uF)(18 V) = 108 uC .
Q2 = C2V = (2.0 uF)(18V) = 54 uC

33



Exercise: A capacitor network

e Find the equivalent
capacitance of the

five-capacitor network a
®
shown.
12 uF
e ) i i 77115
=== 6 uF

T 9 uF

b

34



Exercise: A capacitor network

e 12 uF and 6 uF series
combination yields
C' =4 uF.

34



Exercise: A capacitor network

(b) T © a

[J_z oy, 7 o) JEea

T TEEe F
J_S’uF replace these == 9uF

parallel capacitors by~ {_ T
an equivalent capacitor
b

e 3uF, 11 uF & 4 uF
paralllel combination yields
C" = 18 uF.

34



Exercise: A capacitor network

(c) a (d) a
!

... replace these series
3 A .
~ capacitors by an equivalent

capacitor.
—— I8 uF !
1 | _

e

F

i O /nLFJ

e Finally, the 18 uF and 9 uF
capacitors in series gives
6 uF

34



Energy storage in capacitors and
electric-field energy




Energy storage in capacitors and electric-field energy

energy stored in capacitor = work required to charge it.
discharge: stored energy is recovered as electrical work.

During charging, at the moment when the charge is ¢ and the
potential difference is v = ¢/C, the work dW required to
transfer an additional charge dq is

d
dW:vdq:q—Cq

The total work W needed to increase ¢ from zero to Q) is

w Q 2
1 Q
W = dW = — dg = —
/0 q /0 =20
Potential energy stored in a capacitor

Q° e
U= %0 = §C' fQV 1



Energy in capacitor - analogy with strechted spring

Potential energy stored in a capacitor

a o U I |
U—2C—20V _2Qv

e Capacitance measures the ability of a capacitor to store

both energy and charge.

e At fixed V, increasing C' gives a greater charge ) and
greater stored energy U = %CVQ.

e To transfer fixed @), W is inversely proportional to C, i.e.
the greater C, the easier it is to charge @

Recall: elastic potential energy U = %kaﬁ
Identify: Q < z and 1/C & k
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Applications of Capacitors: Energy Storage

The Z machine has a large number of
capacitors in parallel. Arcs are
produced during discharge into a
spool of thread. Heats the target to

T > 2 x 10°K. For a brief space of
time: 80 times the power output of all

the electric power plants on earth
combined!

In other applications, the energy is released more slowly:
Similar to springs in the suspension of an automobile a

capacitor in an electronic circuit can smooth out unwanted
variations in voltage due to power surges.
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Electric-Field Energy

Think of the energy as being stored in the field in the region

between the capacitor plates.

The energy density in a vacuum

2
1 1% | L(eoA/d)(Ed) _ 160E2

Ad Ad 2
Valid for any electric-field configuration in vacuum.

Remember: Electric-field energy is electric potential energy.

energy as being a shared property of all the charges

OR
energy as being a property of the E-field that the charges create
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Example: Transferring charge/energy between capacitors

Question:

We connect a capacitor
C7 = 8.0 uF to a power supply, "J_ . jmv "j}J J_
charge it to a potential c-sowr| | 5T —E:mm:
difference V; = 120V, and k T

disconnect the power supply.

Switch S is open.
(a) What is the charge Qg on C17
(b) What is the energy stored in C17?
(c) Capacitor Cy = 4.0 uF is initially uncharged. We close

difference across each capacitor, and what is the charge on each

switch §. After charge no longer flows, what is the potential

capacitor?

(d) What is the final energy of the system? o



Example: Transferring charge/energy between capacitors

Question:

We connect a capacitor

C1 = 8.0 uF to a power supply,

charge it to a potential i ) jmv #j-J J_
difference Vj = 120V, and Cm s “ | S T T
disconnect the power supply.

Switch S is open.
(a) What is the charge @ on
C1?

Solution a:
The initial charge Qg on C is
Qo = C1Vp = (8.0 uF)(120V) = 960 uC
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Example: Transferring charge/energy between capacitors

Question:

We connect a capacitor

C1 = 8.0 uF to a power supply,

charge it to a potential i ) jmv #joj J_
difference Vp = 120V, and = :S‘O,T “ | 57 —E:mpy
disconnect the power supply. k

Switch S is open.
(b) What is the energy stored

in Ch?
Solution b:
The energy initially stored in C is
Unnitial = 3QoVo = 2(960 x 1076 C)(120 V) = 0.058
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Example: Transferring charge/energy between capacitors

Question:
We connect a capacitor C; = 8.0 uF to a @l . T] - ’J
=== 0= 2
power supply, charge it to a potential €, = 8.0 uF l .s-.-l ) = 4.0 uF

difference Vy = 120V, and disconnect the

power supply. Switch S is open.

(c) Capacitor Cy = 4.0 uF is initially uncharged. We close
switch S. After charge no longer flows, what is the potential
difference across each capacitor, and what is the charge on each

capacitor?

Solution c: 1 st step
When we close the switch, the positive charge Qg is distributed
over the upper plates of both capacitors and the negative

charge —Q)g is distributed over the lower plates.
39



Example: Transferring charge/energy between capacitors

Question:
We connect a capacitor C; = 8.0 uF to a @l . T] - ’J
=== 0= 2
power supply, charge it to a potential C, = 8.0 uF \|/ .s'.-l Cy = 4.0 uF

difference Vy = 120V, and disconnect the

power supply.

(c) Capacitor Co = 4.0 uF is initially uncharged. We close switch S. After charge
no longer flows, what is the potential difference across each capacitor, and what is

the charge on each capacitor?

Solution c: 2nd step

Let Q1 and Q)2 be the magnitudes of the final charges on the
capacitors. Conservation of charge requires that Q1 + Q2 = Qo. @
The potential difference V' between the plates is the same for

both capacitors because they are connected in parallel, so the

charges are Q1 = C1V and Q2 = CoV. il



Example: Transferring charge/energy between capacitors

Question:
We connect a capacitor C; = 8.0 uF to a @l . T] - ’J
=== 0= 2
power supply, charge it to a potential C, = 8.0 uF \|/ .s'.-l Cy = 4.0 uF

difference Vy = 120V, and disconnect the

power supply.
(c) Capacitor Co = 4.0 uF is initially uncharged. We close switch S. After charge
no longer flows, what is the potential difference across each capacitor, and what is
the charge on each capacitor?

Solution c: 3rd step

We now have three independent equations relating the three unknowns Q1, Q2,

and V. Solving these, we find @
1% _ Qo _ Y

B C1+C2

@1 =640 uC and Q2 = 320 uC 39



Example: Transferring charge/energy between capacitors

Question:
We connect a capacitor C; = 8.0 uF to a
. A Qy T .J
power supply, charge it to a potential selew |
difference Vp = 120V, and disconnect the . -1 l_ °-| ; i
€, = 80 uF s €, = 40 uF

power supply.
(d) What is the final energy of the

system?
Solution d:

The final energy of the system is

1 1 1
Utal = §Q1V S §Q2V = §Q0V =0.0387J
Note: Ugnal < Ulnitial; the difference was converted to energy of
some other form. The conductors become a little warmer

because of their resistance, and some energy is radiated as EM

waves. 39



Example: Electric-field energy

Question: What is the magnitude of the electric field required
to store 1.00J of electric potential energy in a volume of 1.00 m?

in vacuum?
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Example: Electric-field energy

Question: What is the magnitude of the electric field required
to store 1.00J of electric potential energy in a volume of 1.00 m?

in vacuum?

The E-field can be calculated from the energy density

3
Bl= L= 2(1'00J/m ) — 475 x 10°V/m
Ve \88x10712C2/N.-m2?

Question: If the field magnitude is 10 times larger than that,

how much energy is stored per cubic meter?

40



Example: Electric-field energy

Question: What is the magnitude of the electric field required
to store 1.00J of electric potential energy in a volume of 1.00 m?

in vacuum?

The E-field can be calculated from the energy density

3
A== 2(1'00J/m) — 475 x 10°V/m
“ Ve \88 x10712C2/N.m2?

Question: If the field magnitude is 10 times larger than that,

how much energy is stored per cubic meter?

u is proportional to E?,

if F increases by a factor of 10, then u increases by 10% = 100.

40



Example: Electric field energy stored in a uniform sphere

of charge and radius

Hint:

e Outside the sphere E = Q/4meqr?

e and so u = 3e0E? oc 1/1%.

e The total energy is U = fV udV where dV = 47r2 dr.
o Uyt = [, udmr? dr =?

e Inside the sphere Qr/4mega®

e and so u = %eoE2 x 2.

o Uy = foa udmr? dr =7
3_@Q?
o U = Uin + UOU'E = 5 4mega

41




Dielectrics




Dielectrics

Most capacitors have a
nonconducting material (dielectric)

between their conducting plates. Conductor
(metal foil)
Why?
Conductor—
(metal foil) Dielectric

(plastic sheet)

A common type of capacitor

uses dielectric sheets to

separate the conductors.
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Most capacitors have a
nonconducting material (dielectric)

between their conducting plates. (C"“duc“.’r
metal foil)
Why?
e maintains two large metal :
sheets at a very small
separation without actual Conductor =
(metal foil) Dielectric
contact ’ (plastic sheet)

A common type of capacitor

uses dielectric sheets to

separate the conductors.
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Most capacitors have a
nonconducting material (dielectric)

between their conducting plates. (ij’c‘l‘:r;é‘l’lr)
Why?
e maintains two large metal :
sheets at a very small
separation without actual Conductor =
(metal foil) Dielectric
contact ’ (plastic sheet)
[ prevents dielectric breakdown A common type of Capacitor

uses dielectric sheets to

separate the conductors.
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Most capacitors have a
nonconducting material (dielectric)
between their conducting plates.
Why?

e maintains two large metal
sheets at a very small
separation without actual
contact

e prevents dielectric breakdown

e capacitance is greater with

dielectric compared to vacuum

Conductor
(metal foil)
Conductor—
(metal foil) Dielectric

(plastic sheet)

A common type of capacitor

uses dielectric sheets to

separate the conductors.

42



Dielectric constant of a material

A sensitive electrometer is a device

that measures the potential difference

between two conductors without @
letting any appreciable charge flow Vacuum\
from one to the other. \\‘

0
e without dielectric: charge @@ and

potential Vj

Electrometer
(measures potential
difference across

plates)
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Dielectric constant of a material

A sensitive electrometer is a device
that measures the potential difference
between two conductors without
letting any appreciable charge flow
from one to the other.

e without dielectric: charge @@ and
potential Vj

e with dielectric: charge @) and
potential V' < V)

(b)

Dielectric

-+ Adding the dielectric
reduces the potential
difference across the
capacitor.




Dielectric constant of a material

A sensitive electrometer is a device

(b)

Dielectric

that measures the potential difference
between two conductors without
letting any appreciable charge flow
from one to the other.

e without dielectric: charge @@ and

potential Vj

-t Adding the dielectric
reduces the potential
difference across the
capacitor.

e with dielectric: charge @) and
potential V' < V)

e C'=Q/V increases = C > ()

e dielectric constant of the material
K>1
K=C/Cy and V =VW/K
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Values of Dielectric Constant at

Table 24.1 Values of Dielectric Constant K at 20°C

Material K Material K
Vacuum 1 Polyvinyl chloride 3.18
Air (1 atm) 1.00059 Plexiglas 3.40
Air (100 atm) 1.0548 Glass 5-10
Teflon 21 Neoprene 6.70
Polyethylene 2.25 Germanium 16
Benzene 2.28 Glycerin 425
Mica 3-6 Water 80.4
Mylar 3.1 Strontium titanate 310

12008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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Water as a dielectric?

e While water has a very large value of K = 80!
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Water as a dielectric?

e While water has a very large value of K = 80!

e Would we use it in capacitors?
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Water as a dielectric?

e While water has a very large value of K = 80!
e Would we use it in capacitors?

e No! Why?
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Water as a dielectric?

e While water has a very large value of K = 80!

e Would we use it in capacitors?

e No! Why?

e While pure water is a very poor conductor, it is also an

excellent ionic solvent.
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Water as a dielectric?

e While water has a very large value of K = 80!
e Would we use it in capacitors?
e No! Why?

e While pure water is a very poor conductor, it is also an
excellent ionic solvent.

e Any ions that are dissolved in the water will cause charge
to flow between the capacitor plates, so the capacitor
discharges.

45



Leakage Current

e No real dielectric is a perfect insulator.
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Leakage Current

e No real dielectric is a perfect insulator.

e Hence there is always some leakage current between the
charged plates of a capacitor with a dielectric.
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Leakage Current

e No real dielectric is a perfect insulator.

e Hence there is always some leakage current between the
charged plates of a capacitor with a dielectric.

o We tacitly ignored this effect when we derived expressions

for the equivalent capacitances of capacitors in series

(C~' =7+ CyY) and in parallel (C = Cy + Co).
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Leakage Current

e No real dielectric is a perfect insulator.

e Hence there is always some leakage current between the
charged plates of a capacitor with a dielectric.

o We tacitly ignored this effect when we derived expressions

for the equivalent capacitances of capacitors in series
(C~'=cCyt + 51 and in parallel (C = C; + Cy).

e But if a leakage current flows for a long enough time to
substantially change the charges from the values we used to

derive these equations, they may no longer be accurate.
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Induced Charge and Polarization

e Vacuum E07 FE (@  Vacuum (b) Diele|ctric
= o < \ O
with dielectric s s Ao, o
+H— |8 -
+ - o S |
E:Eo/K g Ej—- 1 s
: A
K>1 t | Inducedy
o *™ charges |~
e induced = #= in
charge of the + = 1
opposite sign Y, o
o -
appears on ; For a given charge density o, the iﬁ:duccd
f f charges on the dielectric’s surfaces reduce the
eaCh surface o o electric field cen the plates.

the dielectric

Ey = T and F = i i 2 so that o; = 0<1 — >
€0 €0 K
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Capacitance and energy with dielectric

The permittivity of a dielectric is denoted by e.
e = Kep, K>1

Capacitance of a parallel plate capacitor with dielectric

A A
C:KCOZKEOEZEE

Electric energy density in a dielectric

1 1
u = §K€0E2 = §€E2
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A capacitor with and without a dielectric

Adding a dielectric between the plates of a capacitor increases
the capacitance by a factor of K.

For a given amount of charge, adding the dielectric also reduces
V', E-field, the electric energy density, and the total stored
energy, all by a factor of 1/K.

Energy storage with and without a dielectric

1Q*  1Q?
) > fQ— =U = energy decreases at fixed @

Uo=5c,"2¢C

As a result there is force pulling Dielm{
the dielectric slab into the k
capacitor. I
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Dielectric Breakdown

e When a dielectric is subjected to
a sufficiently strong electric field,
dielectric breakdown takes place

and the dielectric becomes a

conductor.

e Lightning is a dramatic example

of dielectric breakdown in air.

Dielectric breakdown occurs when the E-field is so strong that

e~ are ripped loose from their molecules and crash into other

molecules, liberating even more e~s. This avalanche of moving
charge forms a spark or arc discharge.
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Dielectric Strength

The maximum E-field magnitude that a material can withstand
without the occurrence of breakdown is called its dielectric

strength.

Table 24.2 Dielectric Constant and Dielectric Strength of Some Insulating Materials
Material Constant, K E,(V[m)

Polycarbonate 2.8 3 x 107

Polyester 33 6 X 107

Polypropylene 22 7% 107

Polystyrene 26 2% 107

Pyrex glass 47 1x 107

This quantity is affected significantly by temperature, trace
impurities, small irregularities in the metal electrodes, and

other factors that are difficult to control. @

The dielectric strength of dry air is about 3 x 10° V/m.
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Mbolecular model of induced

charge




Polar molecules in E-field

@
(a) When no electric field is present
in a gas or liquid with polar % (9
1 1 h 1 1 In the absence of
mo eCll eS? t e mo ecu es a're (§ @ an electric IICILI
polar molecules

oriented randomly

@ @ orient randomly.
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Polar molecules in E-field

(a
(a) When no electric field is present
in a gas or liquid with polar %
1 1 h 1 1 In the absence of
mo eCLl eS? t e mo ecu es a're (§ @ an electric 1101(‘
polar molecules

oriented randomly

@ @ orient randomly.

(b) In an electric field, however, they ®)

tend to orient themselves. B
Because of thermal agitation, the & L\ When an

electric field is

alignment of the molecules with Ex 96 applied, the

— | molecules tend > )

E is not perfect. ( (j ) to align with il,D‘é
-\t y
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Nonpolar molecules in E-field

©)}
(a) A molecule that is not

ordinarily polar will become a
dipole when placed in an E
field because E the positive
and negative charges in the
molecules in opposite

directions.

In the absence of
an electric field,
nonpolar molecules
are not electric
dipoles.
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Nonpolar molecules in E-field

(a) A molecule that is not

ordinarily polar will become a
dipole when placed in an E
field because E the positive
and negative charges in the
molecules in opposite

directions.

This causes a redistribution of
charge within the molecule.
Such dipoles are called
induced dipoles.

©)}
(b)
— - E
K y & 3
-
E P2
- X
N -
- >

In the absence of
an electric field,
nonpolar molecules
are not electric
dipoles.

An electric field
causes the mole-
cules’ positive and
negative charges
to separate
slightly, making
the molecule

effectively polar.
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Molecular model of induced charge

With polar/nonpolar molecules, the redistribution of charge

caused by the field leads to the formation of a layer of charge on

each surface of the dielectric material.

e surface charge densities o; D) @
e these charges are not free to move COEHE
indefinitely SDICGPISIED
CoE»E»

e called bound charges CHoCH AP F
e in the interior of the material the net SDBICRISD

charge per unit volume remains zero =D D €

ik eBleplab)
e this redistribution of charge is called CHEHED

polarization U

e the material is said to be polarized.
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Capacitor with dielectric

(a) No dielectric

o > —a
Eqy

oy

9
il
iq

(a) the original field inside the capacitor without dielectric slab
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Capacitor with dielectric

(a) No dielectric (b) Dielectric just
. inserted
o B, o “
4 ol
=
]
B
4 | S |
g
o S |
H———
=
i
i~
==
o S
o= -
o —0 S

(a) the original field inside the capacitor without dielectric slab

(b) dielectric has been inserted but no rearrangement of charges
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Capacitor with dielectric

(a) No dielectric (b) Dielectric just (©) Induced charges

inserted create electric field

o E —a
0

. W

) NS |

o S

o SN

| S

B
H

o |

o |

o |

o S

o I

—

+

+‘

—0 electric field  due to induced (bound) charges

Original Weaker field in dielectric

(a) the original field inside the capacitor without dielectric slab
(b) dielectric has been inserted but no rearrangement of charges

(c) additional field set up in the dielectric by its induced surface
charges (opposite to the original field
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Capacitor with dielectric

(a) No dielectric (b) Diclectric just (¢) Induced charges (d) Resultant field
inserted create electric field
o E -0 p o, -0
3l 0. il *\ — pi=Ci_ oi\m A S
e et
H _ EE=——1i ol +H=
+ -~ .
- L == . _ uN
H N —r 4
——— " L +- +-
+| ———— — - —— +—
+ = -
H——— e +- +-
+ 1 G =—- R a—
+ e . S i i L
+ pE . S o G |
B +- +-
+ H— D L
—_— +- +-
— H—
- < ol —
= H Original Weaker field in dielectric

electric field due to induced (bound) charges

S
|
S

(a) the original field inside the capacitor without dielectric slab
(b) dielectric has been inserted but no rearrangement of charges

(c) additional field set up in the dielectric by its induced surface

charges (opposite to the original field

(d) the resultant field in the dielectric, decreased in magnitude 55



Force on an uncharged object by a charged object

e induced positive charges on B
experience a force toward the
right

e force on the induced negative
charges is toward the left

4
e the negative charges are closer to — \
+

A, and thus are in a stronger field

o the force toward the left is
stronger (attraction)

e works similarly for conductors
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Gauss’ law in dielectrics

Apply Gauss’ law to the rectangular box shown by purple lines

e The left side is embedded in the
conductor = E =0

e The right side is embedded in the
dielectric with field magnitude E

e I/, = 0 on other four sides

® Qencl = (U T Uz)A

e FA= Qencl/eo gives

(0 —0y)A
€0

EA =

Not clear since o; and E in dielectric

unknown.

E=0 E

E——

Conductor Dielectric
.

Side view + ——
o o
-

+ _,_\
Gaussian
surface

Conductor

Perspective
view

Dielectric
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Gauss’ law in dielectrics

Apply Gauss’ law to the rectangular box shown by purple lines

E=0 E

e Recall 0; = o(1 — 1/K) which is N

equivalent to 0 — 0; = /K o
e Using this with EA = (0=00)A o get Side view D

€0 ¢ -o
KEA=0A/e 'S
.
e We thus write Gauss’ law in dielectrics AT
surface
as
B R Q l f Conductor
% KE ° dA‘ = o o Perspective
€0 view

Dielectric

L] Equation says that the flux of KF y not S e

E. through the Gaussian surface is
equal to the enclosed free charge oA
divided bv en
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A spherical capacitor with dielectric

Problem: Use Gauss’s law to find the capacitance of the
spherical capacitor of if the volume between the shells is filled

with an insulating oil with dielectric constant K.

Consider a spherical Gaussian surface of radius r, < r < rp.

58



A spherical capacitor with dielectric

Problem: Use Gauss’s law to find the capacitance of the
spherical capacitor of if the volume between the shells is filled

with an insulating oil with dielectric constant K.

Consider a spherical Gaussian surface of radius r, < r < rp.

fKE-dA 15 fKEdA = KE?{dA = KE(47r?%) = Q
€0
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A spherical capacitor with dielectric

Problem: Use Gauss’s law to find the capacitance of the
spherical capacitor of if the volume between the shells is filled

with an insulating oil with dielectric constant K.

Consider a spherical Gaussian surface of radius r, < r < rp.

fKE-dA: fKEdA:KE?{dA:KE(Mr?) _Q

€0

Using E(r) = Q/(4mKeor?), the potential difference is

Q 1 1
V p— [ N p—
dnKeg \rq T
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A spherical capacitor with dielectric

Problem: Use Gauss’s law to find the capacitance of the
spherical capacitor of if the volume between the shells is filled

with an insulating oil with dielectric constant K.

Consider a spherical Gaussian surface of radius r, < r < rp.

fKE-dA = ]{KEdA = KEj[dA = KE(47r?) = Q
€0

Using E(r) = Q/(4mKeor?), the potential difference is

1 1
V|= @ — - —
dnKeg \1rq 19

and the capacitance follows as
c— Q _| 4 Kegryry

Vv Th — T

Fxercise: Repeat when capacitor is partially filled. 5



	Capacitors and Capacitance
	Calculating Capacitance: Capacitors in Vacuum

	Capacitors in series and parallel
	Capacitors in series
	Capacitors in Parallel

	Energy storage in capacitors and electric-field energy
	Dielectrics
	Induced Charge and Polarization
	Dielectric Breakdown
	Molecular model of induced charge
	Gauss’ law in dielectrics

