Chapter 27. The Electric Field - Part 2

Electric fields are
responsible for the electric
currents that flow through
your computer and the
nerves in your body. Electric
fields also line up polymer
molecules to form the
images 1n a liquid crystal
display (LCD).

Chapter Goal: To learn how
to calculate and use the
electric field.
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Learning Objectives

* Here 1s what you should get out of this weeks
lectures and Chapter 27

— To use the principle of superposition to calculate
the electric field of multiple charges and of
continuous charge distributions

— To learn the electric field of common charge
distributions

— To learn the electric field of a parallel-plate
capacitor and some of its applications

— To study the motion of charged particles and
dipoles in simple electric fields
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Brief Review of the Electric Field of a Dipole

We can represent an electric dipole by two opposite charges
+g separated by the small distance s.

The dipole moment 1s defined as the vector

p = (gs, from the negative to the positive charge)

The dipole-moment magnitude p = gs determines the

electric field strength. The SI units of the dipole moment
are C m.

@ The dipole moment p is a
vector pointing from the
negative to the positive
charge with magnitude gs.



The Electric Field of a Dipole

The electric field at a point on the axis of a dipole is

L %

E. ~ —
dipole
P d1re,y 1’

(on the axis of an electric dipole)

where 7 1s the distance measured from the center of the
dipole.

The electric field in the plane that bisects and 1s
perpendicular to the dipole is

Edipole o = (perpendicular plane)

This field 1s opposite to the dipole direction, and it 1s only
half the strength of the on-axis field at the same distance.



FIGURE 27.9 The electric field of a dipole.
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The electric
field vectors
are tangent to
the electric
field lines.
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Tactics: Drawing and using electric field lines

TACTICS . - . e .
oy Drawing and using electric field lines @

© Electric field lines are continuous curves drawn tangent to
the electric field vectors. Conversely, the electric field "
vector at any point is tangent to the field line at that point.

Field vector
& Closely spaced field lines represent a larger field strength, /———‘\/_>
with longer field vectors. Widely spaced lines indicate a ... g Field line
/

smaller field strength.

© Electric field lines never cross. \

O Electric field lines start from positive charges and end on negative charges.

Exercises 2—4, 12, 13
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The Electric Field of a Continuous Charge
Distribution

The linear charge density of an
Ob.] ect Of length L and Charge (a) Charge Q on a rod of
Q, iS deﬁned as length L. The linear

charge density 1s

A= OIL.

L0
L

) . ] The char.gc in a small
Linear charge density, which length AL is AQ = AAL.
has units of C/m, 1s the amount

of charge per meter of length.
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FIGURE 27.14 The electric field of an

Infinite Line of Charge infinite line of charge.

The field points straight away
from the line at all points.

A very long, thin rod, with

linear charge density A=Q/L, = <—<—<——4|—>—>—
has an electric field — i >—> —>
- < + > > —
= | 1 |Q| — < - -*+- > » —p
Ejpe = lIm - i
R . . B . .
+
<€ < <€ > > >
Lol 1 2fAl :
= — < B - S —
dme, rLI2  4me, 1 +
-« <« < i > > —>»
«— < < =+ > e —
Where r 1s the radial distance . Infinite line/ of chiatwe
away from the I'Od, Q 1s the The field strength decreases
with distance.
total charge on the rod and L R
is the total length Recall that we did the example

of a rod of length L last lecture



Electric Field of Line Charge

g
@ Choose a coordinate system with .......
the origin at the center of the rod. ™ >
< L/2 =
R :/SCgmw+ ¢ @ Identify the point at which we’re
E T going to calculate the field.
Al T f‘\
+ Sy
+
© Divide the rod into N small segments O ¥ X
of length Ay and charge AQ = AAy. < O Draw the field vector
g, + Distance d _ - - of charge segment i.
----- o+ IAy _ g
+ - o .
— -~ _..@ Note that the field from a symmetrically
i‘ """"" located charge segment will cancel (E)),.
5 .

=L/

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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1)
2)
3)
4)

5)

6)

“Setting up the Integral

determine length element ds (=r dO or dx usually)
relate dq to ds (dg=Ads usually)
relate dE to dq using FE = L ldl

471'60 r2

consider symmetry and look for cancellations of
components or entire parts of the field. Add all of
the non-cancelling components by integration

take constants outside the integral and reduce the
integrals to being over a single variable

use integration limits that give a +ve result, and
relate A to total charge if possible.
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Now do variation:Ring

* A thin ring of radius R
1s uniformly charged Segmenid_ oo, g Ehdu d[lyr;t

with total charge Q. e
Find the electric field at R

a point on the axis of R i o B

calculate the field.

the ring

@ Note that the field from @ Draw the field vector
a symmetrically located of charge segment i.
charge segment will
cancel (E)),.

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn -Wesley.
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Now do variation:Ring

--------------- @ Choose a coordinate system.

* A thin ring of radius R 1s
uniformly charged with total . J.o
charge Q. Find the electric ¢ ™™\
field at a point on the axis of
the ring

@ Divide the ring into segments.

Ss if @ Identify the
B point at which to
calculate the field.

1 zQ

B 4me, (22 + R*)”

(Ering)z

(5] Notc that the field from @ Draw thc. field vector

a symmetrically located of charge segment i.

charge segment will
cancel (E)),.

* Try problem 27.11
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The Electric Field of a Continuous Charge
Distribution

The surface charge density of a
tWO'dlmenSIOIlal dlStrlbUtlon Of (b) Charge Q on a surface of area A. The
Charge across a Surface Of area surface cl}arge density 1s n = Q/A.

A 1s defined as

t/+ + + + + + +
4+ + + + + + +
+ +@B+ + + +
+ + & D+ + +
— + 4+ 4+ $Ef 4 4
7 — + + + + ek +
A + + + + + 45+

+ + + + + + +

Area A S
The charge in a small

Surface charge density, with g Y
units C/m?, is the amount of

charge per square meter.
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A Plane of Charge

The electric field of an infinite
plane of charge with surface
charge density 7 1s:

Y
E = —— = constant
plane 260

For a positively charged plane, with #
> (), the electric field points away from
the plane on both sides of the plane.

For a negatively charged plane, with 7
<0, the electric field points ftowards
the plane on both sides of the plane.

FIGURE 27.18 Two views of the electric
field of a plane of charge.

Perspective view
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A Disk of Charge FIGURE 27.17 Calculating the on-axis field
of a charged disk.

Disk with
The on-axis electric field of a __—radius R and
charged disk of radius R, charge Q

centered on the origin with axis
parallel to z, and surface charge
density # = Q/aR? is

The charge of
the ring is AQ..

Field due
to ring i

_ " Z -

(Edisk)z _ e 1 = \/ 5 5 *-Ring i with radius r; and

0 " TR area AA,. If we unroll the
ring it looks as shown below.

Area AA; = 2mrr;Ar A

\ £ lAr

NOTE: This expression is only valid for z > 0. 1

The field for z < 0 has the same magnitude but 2, '

points in the opposite direction. 20



A Sphere of Charge

A sphere of charge O and radius R, be 1t a uniformly charged
sphere or just a spherical shell, has an electric field outside
the sphere that 1s exactly the same as that of a point charge
O located at the center of the sphere:

.

Eootere — y— r forr = R
0

21



The Parallel-Plate Capacitor

e The figure shows two
clectrodes, one with charge
+Q and the other with —Q
placed face-to-face a
distance d apart.

e This arrangement of two
electrodes, charged equally
but oppositely, 1s called a
parallel-plate capacitor.
 Capacitors play important
roles 1n many electric
circuits.

FIGURE 27.20 A parallel-plate capacitor.

d

—>

Area A

+0
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FIGURE 27.22 The electric field of a
capacitor.

(a) Ideal capacitor

e > > |—

- > > |— This 1s

i - > |— | anedge

0 > > |— | view of the
& > » [— | electrodes.
+ > > |—

+ > > |—

+ > > |—

+|—— > |—

The field is constant, pointing from
the positive to the negative electrode.
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The Parallel-Plate Capacitor

The electric field inside a capacitor 1s

— s T2 T’ e .
B nncitor & Bo I E = (6— from positive to negatlve)
0

Q . .
= (—, from positive to negative
€oA

where A4 1s the surface area of each electrode. Outside the
capacitor plates, where £, and £ have equal magnitudes
but opposite directions, the electric field is zero.

24



Example

* A positively charged particle is in the center of a capacitor.
Sketch the particle’s trajectory if the particle’s 1nitial velocity
1s (a) zero, (b) straight down, and (¢) to the right.

+++++++++++

25



Rank in order, from
largest to smallest, the
forces F, to I, a proton
would experience if
placed at points a —e in
this parallel-plate
capacitor.

++++++++ +
-y

A.F,= F, = F,= F,> F,
B. F,= F,> F.> F,= F

a c

C.F,=F,=F=F,=F

a C c

D.F,= F,> F,> F,= F,

c

E. F.>F,> F.> F,> F,
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Rank in order, from
largest to smallest, the
forces F, to I, a proton
would experience if
placed at points a —e in
this parallel-plate
capacitor.

++++++++ +

A.F,= F,= F,= F.> F.
B.F,= F,> F.> F,= F.
¢/ C.F,= F,= F.= F,= F,
D.F.,= F,> F.> F,= F,

E. F.>F,> F.> F,> F,

dae
—> 0 —>
b C od
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Example: The electric field inside a capacitor

 Two 1.0 cm x 2.0 cm rectangular electrodes
are 1.0 mm apart. What charge must be placed

on each electrode to create a uniform electric
field of strength 2.0 x 10° N/C?

 How many electrons must be moved from one
electrode to the other to accomplish this?

28



Example

An electron 1s launched
at a 45 degree angle and
a speed of 5.0x10° m/s.
from the positive plate of
a parallel plate capacitor
as shown. The electron
lands 4.0 cm away

a) What 1s the electric
field strength inside the
capacitor?

b) What is the smallest
possible spacing
between the plates?

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.

29




Motion of a Charged Particle in an Electric
Field

The electric field exerts a force

—> —

Fong = qE

on a charged particle. If this is the only force acting on ¢, it
causes the charged particle to accelerate with

>

Fonq q -

a = —_— —

m m

In a uniform field, the acceleration 1s constant:

qk
a = — = constant
m

30



Example

An electron 1s released from rest 2.0 cm from
an infinite charged plane. It accelerates

toward the plane and collides with a speed of
1.0x107 m/s. What are

a) The surface charge density of the plane?

b) The time required for the electron to travel
the 2.0 cm?

31



Which electric field
is responsible for
the trajectory of the
proton?

(a) (b) (c)

S T

v Y ll —

Y VY \\ p—

Parabolic
trajectory
(—
\
(—
—
(—
‘— /

(e)
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Which electric field
is responsible for
the trajectory of the
proton?

/

A ll

Y Y \\

(a) (b)

Parabolic
trajectory
(—
\
-
—
(—
‘— /

(e)
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Brief Review of the Electric Field of a Dipole

We can represent an electric dipole by two opposite charges
+g separated by the small distance s.

The dipole moment 1s defined as the vector

p = (gs, from the negative to the positive charge)

The dipole-moment magnitude p = gs determines the

electric field strength. The SI units of the dipole moment
are C m.

@ The dipole moment p is a
vector pointing from the
negative to the positive
charge with magnitude gs.
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The Electric Field of a Dipole

The electric field at a point on the axis of a dipole is

L %

E. ~ —
dipole
P d1re,y 1’

(on the axis of an electric dipole)

where 7 1s the distance measured from the center of the
dipole.

The electric field in the plane that bisects and 1s
perpendicular to the dipole is

Edipole o = (perpendicular plane)

This field 1s opposite to the dipole direction, and it 1s only

half the strength of the on-axis field at the same distance.
35



FIGURE 27.9 The electric field of a dipole.

(b)

The electric
field vectors
are tangent to
the electric
field lines.
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Dipoles in an Electric
Field

The torque on a dipole in an
electric field 1s

T = [F = (ssin@)(gE) = pEsin6

where 6 1s the angle the dipole
makes with the electric field.

FIGURE 27.30 The torque on a dipole.

The torque due to a couple
i1s 7 = [F = pEsiné. +q

;m

[ = ssinf

F gy - . _ _ _ _ —
—q
[n terms of vectors p X E
— ﬁ —
i el

' Fe—CTD—>F.

—_— S—_—— ——3 F
This dlpole 1s in equilibrium.
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Example

* A point charge Q 1s a distance » from the center of a
dipole consisting of charges +¢g separated by a
distance s. The charge 1s located in the plane that
bisects the dipole. At this instant, what are
a) The force (magnitude and directions) on the dipole

b) The torque on the dipole

Assuming that » >>g

f':+
"!'--.._____‘

Fon dipole T

X =TT
\ i
] I
1 ]
it
1 I
\ ]
Vo
1 I
1101
ki
ryy W
_®o
ih:j*
[y’
gy
=)

(a) (b)



Example

« Three dipoles are between the plates of a capacitor. For each dipole,

does 1t
— a. not move, d. rotate clockwise,
— b. move to the right, c. rotate counterclockwise
— C. move to the left, f. some combination of these?

Ftitttts
|
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Brief start to Chapter 28: Gauss’s Law
Symmetry

Some charge distributions have translational, rotational, or
reflective symmetry. If this is the case, we can determine
something about the field 1t produces:

The symmetry of an electric field must match the symmetry
of the charge distribution.

Symmetry can tell us the shape of the electric field

For example, the electric field of a cylindrically symmetric
charge distribution
a) cannot have a component parallel to the cylinder axis.

b) cannot have a component tangent to the circular cross section.
40



FIGURE 28.6 Three fundamental symmetries.

Basic

symmetry:

More
complex
example:

Planar symmetry

A

The field is
perpendicular
to the plane.

frt++FrFFF+FFF+++

Infinite parallel-plate capacitor
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Cylindrical symmetry

The field is radial
toward or away
from the axis.

Coaxial cylinders
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Spherical symmetry

The field is radial
toward or away
from the center.

Concentric spheres
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Chapter 27. Summary Slides
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General Principles

Sources of E
Electric fields are created by charges.
Two major tools for calculating E are

* The field of a point charge:

* The principle of superposition

Multiple point charges
Use superposition: E= E, + Ez + E3 + -

Continuous distribution of charge

* Divide the charge into segments AQ for which you already
know the field.

 Find the field of each AQ.
« Find E by summing the fields of all AQ.

The summation usually becomes an integral. A critical step 18
replacing AQ with an expression involving a charge density
(A or m) and an integration coordinate.



General Principles

Consequences of E

The electric field exerts a force on 7 7
- E
a charged particle:
F = gE E
The force causes acceleration: E
d = (g/mE

Trajectories of charged particles are calculated with kinematics.

The electric field exerts a torque
on a dipole:

- F,
+
>E
+—A
T = pEsinf F_
The torque tends to align the dipoles with the field.

In a nonuniform electric field, /
a dipole has a net force in the

E
ot - - F «—— G
direction of increasing field strength. \
E
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Applications

Electric dipole

p
- (.

§
The electric dipole moment is

P = (gs, from negative to positive)

. S 1 2p
Field on axis: E = —
47T€0 r3
e = I p
Field in bisecting plane: E = — =
47T€0 r

Infinite line of charge with linear charge

density A
T

+ + + + + + +

EEEEE

= 1 2
E= A, perpendicular to line
47760 r

Infinite plane of charge with surface
charge density i

!

I
AI/J,|+]‘+|
oo

= M
E = (—, perpendicular to plane)
2¢,

Sphere of charge

Same as a point charge Q for r > R

N | /
S
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Applications

Parallel-plate capacitor

The electric field inside an ideal
capacitor is a uniform electric field:

= ) . :
E = (—, from positive to negative
€o

=
E
_—
_—
—_—
B ——
_—
_—
_—

l+ + + + + + + +|

A real capacitor has a weak fringe field
around it.
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