PHYS 122-Lecture 6:
Capacitance and Dielectrics

* Capacitance [First half of Chap 24]

* Dielectrics [Second half of Chap 24]




Introduction

* How does a camera’s
flash unit store
energy?

» Capacitors are
devices that store
electric potential
energy.

* The energy of a
capacitor 1s actually

stored 1n the electric
field.
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Capacitors and capacitance

* Any two conductors separated by an insulator form a
capacitor, as illustrated in Figure 24.1 below.

 The definition of capacitance 1s C = Q/V ;.

[C/V] = Farad [F]

Conductor a

Conductor b
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Parallel-plate capacitor

A parallel-plate capacitor consists of two parallel conducting

plates separated by a distance that 1s small compared to their
dimensions. (See Figure 24.2 below.)
The capacitance of a parallel-plate capacitor 1s C = g,4/d.

(a) Arrangement of the capacitor plates

Wire Plate a, area A
y -
p =T,

-1 /i;j C
PPtenllal N
difference = V,

Wi Plate b, area A
ire

Follow Examples 24.1 and 24.2.

(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.
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A spherical capacitor

* Follow Example 24.3 using Figure 24.5 to consider a
spherical capacitor.

Inner shell, charge +Q
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A sEherical caEacitor

*  Follow Example 24.3 using Figure 24.5 to consider a
spherical capacitor.
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A cylindrical capacitor

* Follow Example 24.4 and Figure 24.6 to investigate a
cylindrical capacitor.
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A cvlindrical caEacitor

* Follow Example 24.4 and Figure 24.6 to investigate a
cylindrical capacitor.
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Capacitors in series

(a) Two capacitors in series
Capacitors in series:

* Their potential differences add:

Vur T "rh = \;'”/).

a
~e
igi—ii G
Vip =¥ ¢c
T
Y o

b

* The capacitors have the same charge Q.

by 1/Coq = 1/C, +1/C, + 1/Cy + ...

(b) The equivalent single

a
e

Charge 1s +0

the ﬂﬂilll]C o
as for the —m
individual 0]
capacitors.

» Capacitors are in series if they are connected one after the
other, as illustrated in Figure 24.8 below.

* The equivalent capacitance of a series combination 1s given

capacitor
Equivalent capacitance

is less than the indi-
vidual capacitances:

e o 9

-—— \'
e S . N
€ € E

Y o
b
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Capacitors in parallel

* Capacitors are connected 1n parallel between a and b 1f the
potential difference V , 1s the same for all the capacitors. (See

Figure 24.9 below.)

* The equivalent capacitance of a parallel combination is the
sum of the individual capacitances: C,, = C, + C, + G5+ ... .

(a) Two capacitors in parallel

Capacitors in parallel:

* The capacitors have the same potential V.

* The charge on each capacitor depends on its
capacitance: @, = C,V, @, = G, V.

a

Ne
Vul) =V Cl :: = Ql Cz ii Q2

Y @

b

(b) The equivalent single capacitor

a

& arce 1 A Q F >
Charge is the sum of the
+0 individual charges:
~ el . >
V Cqeo—0=0,+t0Q,

AL —{) Equivalent capacitance:
—— Ceq=C, + G
b
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Calculations of capacitance

* Refer to Problem-Solving Strategy 24.1.
* Follow Example 24.5.

* Follow Example 24.6, a capacitor network, using Figure 24.10
below.

(@) (b) a © g @
e e replace these series

= —m— ~———\ capacitors by an equivalent
r__ 12 uF 1 capacitor.
p—: 373 ::ll,uF‘ m— W 7 3 ::”MFL::‘l#F& i |} V1 )
=

6 uF
o J 4 — O uF
asslem Replace these series capacitors —slex ... replace these F— ] i
s 1B : : — ] _ ST )
by an equivalent capacitor ... parallel capacitors by .
® ® an equivalent capacitor ... @ El
b b b b
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Energy stored in a capacitor

The potential energy stored 1n a capacitor 1s
U=02C=12 CV*=1/2 QV.

The capacitor energy is stored in the electric field between the
plates. The energy density is u = 1/2 g E?.

The Z machine shown below can produce up to 2.9 x 1014 W
using capacitors in parallel!
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Dielectrics

A dielectric 1s a nonconducting
material. Most capacitors have
dielectric between their plates. (See
Figure 24.13 at upper right.)

The dielectric constant of the
material 1s K = C/C, > 1.

Dielectric increases the capacitance
and the energy density by a factor K.

Figure 24.15 (lower right) shows
how the dielectric affects the electric
field between the plates.

Table 24.1 on the next slide shows
some values of the dielectric
constant.

\
g Conductor
(metal foil)

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

(@) Vacuum (b) Dielectric
a = a bl ¢
[ Lk a
+ — + -
+ - +|— +|=
&——F,—= R i
- +|— +|-
+ - + -
— - +|= +|-
+ - H—
Inducedy
+ = +|—= +|—
charges
+ - LA
- +|- +|—
+ - +| -
+ - = +|—
+ - + -
A
+ - +|= : +|—
A _()'i : (fi
o -0 o : -0

For a given charge density o, the induced
charges on the dielectric’s surfaces reduce the

electric field between the plates.
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Molecular model of induced charge - 1

(b)

(a)

Figures 24.17 (right) —+
and 24.18 (below) % (9

In the absence of *

When an
ShOW the effeCt Of an g @ an electric field, > electric field is
apphed electric field polar molecules ‘v % applied, the

on polar and nonpolar @ @ orient randomly. @ " godlﬁ;:]i:]:ﬁnl?
molecules.

(a) (b)

= =

| ’étf— L An electric field
In the absence of k y 3  causes the mole-
an electric field, — _‘g.«% o cules’ positive and
nonpolar molecules % -[.-,*% I negative charges
are not electric y = to separate

dipoles. Ny U *.'1_> slightly, making
; g i the molecule

effectively polar.
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Molecular model of induced charge - 11

Figure 24.20 below shows polarization of the dielectric and how the
induced charges reduce the magnitude of the resultant electric field.

(a) No dielectric (b) Dielectric just () Induced charges  (d) Resultant field
inserted create electric field
o E —0 VA \ D O AT O
Eo f ) (o o) —o; o
+ - o + > - + > — + > =
T > = + > = i =] = b= s
+ > - + > - + > - + >~ -
+ > - + > - e — - +|-
+ > = + > — + > = =k > -
+ > = ot > = b > = = | Bl
+ > - + > - + >~ - + > -
i > = + > = +—= = m v +|= +|—
+ > - + > — + > - + > -
+ - - + > - | e m— +- +|—
ot > = = > = s > = efs > -
r > = + > = S == =- ¥ el i
+ - - + = - +H— - + - -
+ > - + >~ - B e +— +|—
\ /,/ :-'—' g, '.“O'i ) -\_ g; (85 i/
o -0 —_— 4 o = » —O
Original Weaker field in dielectric

electric field due to induced (bound) charges
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Gauss’ Law

_______________________________________________

CDEsz)-d/T:j[)EcoscpdAE:

_______________________________________________

Qenc

€o

Gauss’ Law in Integral Form

EE’s often call D the

“Electric Field!”

(Divergence Theorem)

Gauss’ Law in a Material in
Differential Form

Gauss’ Law in a Material in
Differential Form for EE’s




Gauss’ Law

_______________________________________________

O = fﬁ cdA = fEcosgbdA = Cenc
| L €
% E-dA = Uene Gauss’ Law in Integral Form
EO
€ = Ke, 0
K is the “dielectric constant”... also f E-dA =2 Gauss’ Law in Material
called the “relative permittivity.” _~ c
R $ pdv .
f (V - E )dV = (Divergence Theorem)
€
V. B = P Gauss’ Law in a Material in
€ Differential Form

EE’s often call D the _
“Electric Field!” ‘ V-D=p ‘ Gauss’ Law in a Material in
Differential Form for EE’s




Table 24.1—Some dielectric constants

Table 24.1 Values of Dielectric Constant K at 20°C

Material K Material K
Vacuum I Polyvinyl chloride 3.18
Air (1 atm) 1.00059 Plexiglas 3.40
Air (100 atm) 1.0548 Glass 5-10
Teflon 2.1 Neoprene 6.70
Polyethylene 225 Germanium 16
Benzene 2.28 Glycerin 42.5
Mica 3—-6 Water 80.4
Mylar 3.1 Strontium titanate 310
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Dielectric breakdown

« If the electric field is strong enough, dielectric breakdown occurs
and the dielectric becomes a conductor.

* The dielectric strength 1s the maximum electric field the material
can withstand before breakdown occurs.

» Table 24.2 shows the dielectric strength of some 1nsulators.

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 3:3 6 X 10’
Polypropylene 2.2 7 X 10’
Polystyrene 2.6 2 X 107

Pyrex glass 4.7 1 3 107
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