PHYSICS ©

FOR SCIENTISTS AND ENGINEERS A STRATEGIC APPROACH 4/E

Chapter 23 Lecture

—

RANDALL D. KNIGHT
—

Chapter 23 The Electric Field

IN THIS CHAPTER, you will learn how to
calculate and use the electric field.
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Chapter 23 Preview

Where do electric fields come from?
Electric fields are created by charges.

m Electric fields add. The field due to
several point charges is the sum of
the fields due to each charge.
Electric fields are vectors. Summing
electric fields is vector addition.
Two equal but opposite charges
form an electric dipole.

Electric fields can be represented Field of a dipole
by electric field vectors or electric

field lines.

< LOOKING BACK Section 22.5 The electric field of a point charge
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Chapter 23 Preview

What if the charge is continuous?
For macroscopic charged objects, like rods [+]-Total charge @
or disks, we can think of the charge as ik
having a continuous distribution. - A2
® A charged object is characterized by I
its charge density—the charge per + 15;:‘:: Ci‘i&é 7
length, area, or volume. : Y
= We'll divide objects into small +
point charge-like pieces AQ. +
m The summation of their electric l
fields will become an integral.
= We'll calculate the electric fields of
charged rods, loops, disks, and planes.
2017 Poarson Eveston, o Siide 234

Chapter 23 Preview

What fields are especially important?
We will develop and use four important electric field models.

Point charge Line of charge Plane of charge Sphere of charge
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Chapter 23 Preview

What is a parallel-plate capacitor?
Two parallel conducting plates with equal but
opposite charges form a parallel-plate capacitor.
You'll learn that the electric field between the
plates is a uniform electric field, the same at
every point. Capacitors are also important
elements of circuits, as you'll see in Chapter 26.
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Chapter 23 Preview

How do charges respond to fields?

Electric fields exert forces on charges. >

» Charged particles accelerate. ¥
Acceleration depends on the k! E
charge-to-mass ratio.

= A charged particle in a uniform field
follows a parabolic trajectory.

= A dipole in an electric field feels a torque
that aligns the dipole with the field.

<€ LOOKING BACK Section 4.2 Projectiles
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Chapter 23 Reading Questions
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Reading Question 23.1

What device provides a practical way to produce a
uniform electric field?

A long thin resistor

A Faraday cage

A parallel-plate capacitor

A toroidal inductor

An electric field uniformizer

moowpy
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Reading Question 23.1

What device provides a practical way to produce a
uniform electric field?

A. Along thin resistor
B. AFaraday cage

/C. A parallel-plate capacitor
D. Atoroidal inductor

E. An electric field uniformizer
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Reading Question 23.2

For charged particles, what is the quantity g/m
called?

Linear charge density
Charge-to-mass ratio
Charged mass density
Massive electric dipole
Quadrupole moment

moowm»
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Reading Question 23.2

For charged particles, what is the quantity g/m
called?

A. Linear charge density
B. Charge-to-mass ratio
C. Charged mass density

D. Massive electric dipole
E. Quadrupole moment

©2017 Pearson Education, Inc. Slide 23-12




Reading Question 23.3

Which of these charge distributions did not have its
electric field determined in Chapter 23?

moow>

©2017 Pearsor

A line of charge

A parallel-plate capacitor
Aring of charge

A plane of charge

They were all determined.

1/23/2019
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Reading Question 23.3

Which of these charge distributions did not have its
electric field determined in Chapter 23?

oo w»

E.
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Aline of charge

A parallel-plate capacitor
Aring of charge

A plane of charge

They were all determined.

Reading Question 23.4

moow>

The worked examples of charged-particle motion
are relevant to
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A transistor.

A cathode ray tube.

Magnetic resonance imaging.
Cosmic rays.

Lasers.




Reading Question 23.4

The worked examples of charged-particle motion
are relevant to

A. Atransistor.
B. A cathode ray tube.
C. Magnetic resonance imaging.
D. Cosmic rays.
E. Lasers.
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Chapter 23 Content, Examples, and
QuickCheck Questions
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Four Key Electric Fields: Slide 1 of 2

Four key electric fields
A point charge:
Small charged objects
= 1 q.,
@® E= ?fn F F
An infinitely long line of charge:
Wires =i

== g 1 2[A] [ awayif +
= “\dme, r \owardif —
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Four Key Electric Fields: Slide 2 of 2

Four key electric fields
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An infinitely wide plane of charge: A sphere of charge:
Capacitors + Electrodes
s
P, ++ L L.
+ ++ ++ Ehny ++ ++ &
. ++ ++++ ++ ++ e
+ +
+:+ e " -
- _
. - 1 "
B={1 awayif + E=7gzrforr >R
2¢ | toward if — dareg r
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Electric Field of a Point Charge

I a
4irey 1?

~

\If-f
% Y

“
-
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r (electric field of a point charge)
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The Electric Field

= The electric field
was defined as

E-= ﬁm .4
where ﬁon ,isthe
electric force on
test charge q.

= The Sl units of
electric field are
therefore
Newtons per
Coulomb (N/C).
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TABLE 23.1 Typical electric field strengths

Field strength

Field location (N/C)

Inside a current- 1073-107"
carrying wire

Near the earth’s 10%-10*
surface

Near objects charged 10°-10°
by rubbing

Electric breakdown in 3% 10°
air, causing a spark

Inside an atom 10"
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The Electric Field of Multiple Point Charges

Suppose the source of an electric field is a group of
point charges q,, ¢, ...

= The net electric field E is the vector sum of the

net

electric fields due to each charge.

= In other words, electric fields obey the principle of
superposition.

q q q

B e

net

o =E 4Bt =3F
;
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QuickCheck 23.1

What is the direction i
of the electric field at
the dot?
B D.
C.
p—
@ L
+0 -0
E. None of these.
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QuickCheck 23.1

What is the direction A.
of the electric field at
the dot?
E. None of these.
®2017 Pearson Education, Inc. Slide 23-24
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Problem-Solving Strategy: The Electric Field of

Multiple Point Charges

The electric field of multiple point charges

MobpEL Model charged objects as point charges.

wisuaLize For the pictorial representation:
Establish a coordinate system and show the locations of the charges.
Identify the point P at which you want to calculate the electric field.
Draw the electric field of each charge at P.
Use symmetry to determine if any components of E,,ﬂ are zero.
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Problem-Solving Strategy: The Electric Field of

Multiple Point Charges

The electric field of multiple point charges
soLve The mathematical representation is E,,e, = EE,—‘
For each charge, determine its distance from P and the angle of E,- from the axes.
Calculate the field strength of each charge’s electric field.
Write each vector E, in component form.
Sum the vector components to determine Encl.
Assess Check that your result has correct units and significant figures, is rea-
sonable (see TABLE 23.1), and agrees with any known limiting cases.
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uickCheck 23.2

What is the direction of the electric field at the dot?

E. The field is zero.
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QuickCheck 23.2

What is the direction of the electric field at the dot?

E. The field is zero.
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QuickCheck 23.3

When r >> d, the electric field
strength at the dot is +Q @
d
A 2 ‘
drregrt +20 @ = .
2
B. 2
Ameyr +Q @
40
c. daregr’
4Q
D. darey(rt + d*)
E. Y2
dreyr
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QuickCheck 23.3

When r >> d, the electric field
strength at the dot is w0 @
A -2 “‘
dregr’ +20 @ = .
2
B. 2
Amer +Q @
40
VC' dmegr Looks like a point charge 4Q at the origin.
4
D. 2
darey(r+d”)
E. 42
daregr
2017 Pearson Eucaton, Side 23:30
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Electric Dipoles

A water molecule is a permanent dipole
because the negative electrons spend
= Two equa| but more llimc with the oxygen atom.
opposite charges :
separated by a
small distance form
an electric dipole.

= The figure shows
two examples.

- A
This dipole is induced, or stretched, by
the electric field acting on the + and —

charges.
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The Dipole Mo

= |t is useful to define the
dipole moment p), ) The dipole moment p is a

shown in the figure, as -q vector pointing from the
’ negative to the positive

the vector: charge with magnitude gs.

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

= The Sl units of the dipole moment are C m.
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The Dipole Electric Field at Two Points

y
-
E,
= = 7
E, > E_ 3 > dipole ] 5 o
. T'he dipole electric field
because the Y PUrEeE
- <+ at this point is in the
+ charge is 2 . 5
. - positive y-direction.
closer. E_ ¥
The dipole electric field

at this point is in the

[@ﬂ “1‘ negative y LIIIL:LII(m

1/23/2019

- i’
s E /l‘\
st T -
J T E_ : E.
A dipole =q diple
has no net
o217 Pamsoncacaton wo. | CHIATEC- Slide 23-33
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The Electric Field of a Dipole

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

o 1 2p

Eigots = (on the axis of an electric dipole)

4mey r?

where r is the distance measured from the center of
the dipole.

= The electric field in the plane that bisects and is
perpendicular to the dipole is
Ed‘ = —— i (bisecting plane)
ol = 4y 1
= This field is opposite to the dipole direction, and it is
only half the strength of the on-axis field at the same
distance.
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Example 23.2 The Electric Field of a Water

Molecule

EXAMPLE 23.2 | The electric field of a water molecule

water molecule ¢ dipole moment of . A6
2% 10 i T (90 X 10w =

dipole moment. bt *

ohje
SOLVE The on-axis electric field strength at » = 1.0 mm is themselves.
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Electric Field Lines

= Electric field lines are
continuous curves
tangent to the
electric field vectors.

] = Closely spaced field
l;'e“ vector lines indicate a
greater field strength.

= Electric field lines
start on positive

A

The field vectors are Charg.es and end on

tangent to the field lines. negative charges.

Field line
/

= Electric field lines
never cross.
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Electric Field Lines of a Point Charge

L g7

2

E=

r (electric field of a point charge)

4arey r
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The Electric Field of a Dipole

Field vectors

. pZ

= This figure represents the electric field of a dipole using
electric field lines.

1/23/2019
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QuickCheck 23.4

Two protons, A and B, are
in an electric field. Which
proton has the larger
acceleration?

A. Proton A
B. Proton B

C. Both have the same
acceleration.

%

©2017 Pearson Education, Inc. Slide 23-39
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QuickCheck 23.4

Two protons, A and B, are
in an electric field. Which ~ Stronger field where

ton has the larger field lines are closer
pro X 9 together.
acceleration?

B

=@

v'A. ProtonA
B. Proton B Weaker field where

C. Both have the same field lines are farther
. t.
acceleration. apar

©2017 Pearson Education, Inc
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QuickCheck 23.5

An electron is in the plane :

that bisects a dipole. What
is the direction of the electric
force on the electron?

C.

E. The force is zero.

©2017 Pearson Education, Inc
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QuickCheck 23.5

that bisects a dipole. What
is the direction of the electric &
force on the electron?

An electron is in the plane T
B D.

©2017 Pearson Education, Inc
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Continuous Charge Distributions

= The linear charge

= Linear charge
density, which has
units of C/m, is the
amount of charge
per meter of length.

©2017 Pearson Education, Inc

denSity of an ObjeCt Charge Q on arod of

of Iength L and length L. The linear
charge Q is defined charge density is
as 0 A= Q/I,:
A== L
L

The charge in a small

length ALis AQ = AAL.

Slide 23-43
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QuickCheck 23.6

If 8 nC of charge are
placed on the square loop
of wire, the linear charge
density will be

A. 800 nC/m

400 nC/m

200 nC/m

8 nC/m

2 nC/m

mo o w
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1.0 cm

1.0 cm
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QuickCheck 23.6

If 8 nC of charge are
placed on the square loop
of wire, the linear charge
density will be
A. 800 nC/m
B. 400 nC/m

V/C. 200 nC/m
D. 8nC/m
E. 2nC/m

©2017 Pearson Education, Inc

1.0 cm

B — e

1.0cm

Slide 23-45
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Continuous Charge Distributions

= The surface charge density
of a two-dimensional
distribution of charge Charge Q on a surface of area A. The
across a surface of area surface charge density is n = Q/A.
is defined as

(b
= Surface charge Arcad
density, with units The charge in a small
C/mZ, is the amount area AA is AQ = nAA.
of charge per square
meter.

1/23/2019
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QuickCheck 23.7

very thin sheet of metal. Charge
Q is uniformly distributed over the
ring. Assuming w << R, the
surface charge density 7 is
A.  QRzRw

. QlAzRw

. QInR?

A flat circular ring is made from a Charge Q

B
C
D. ORzR
E. Q/zRw
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QuickCheck 23.7

A flat circular ring is made from a Charge Q
very thin sheet of metal. Charge
Q is uniformly distributed over the
ring. Assuming w << R, the
surface charge density 7 is
A ONzRw  he ring has two
V' B. Q/zRw  sides, each of area
C. Ok 27Rw.
D. Q2zR?
E. Q/zRw
©2017 Pearson Education, Inc. Slide 23-48

16



Problem-Solving Strategy: The Electric Field of

a Continuous Distribution of Charge

The electric field of a continuous distribution of charge
mooeL Model the charge distribution as a simple shape.
visuaLize For the pictorial representation:
Draw a picture, establish a coordinate system, and identify the point P at
which you want to calculate the electric field.
Divide the total charge @ into small pieces of charge AQ, using shapes for
which you aiready know how to determine E. This is often, but not always, a
division into point charges.
Draw the electric field vector at P for one or two small pieces of charge. This
will help you identify distances and angles that need to be calculated.
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Problem-Solving Strategy: The Electric Field of

a Continuous Distribution of Charge

The tric field ofa i istribution of charge

soLve The mathematical representation is £y = SE,.
‘Write an algebraic expression for each of the three components of E (unless
yOU are sure one or more is zero) at point P. Let the (x, y, z) coordinates of the
point remain variables.
Replace the small charge AQ with an equivalent expression involving a charge
density and a coordinate, such as dx. This is the critical step in making the
transition from a sum to an integral because you need a coordinate to serve
as the integration variable.
Express all angles and distances in terms of the coordinates.
Let the sum become an integral. The integration limits for this variable must
“cover” the entire charged object.
assess Check that your result is consistent with any limits for which you know
what the field should be,
Brecse 16 [
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The Electric Field of a Line of Charge

= Example 23.3 in the text
uses integration to find
the electric field strength
at a radial distance rin
the plane that bisects a
- rod of length L with total
P charge Q:

| _—~Total charge Q

What is the electric
field at this point? E = 1 ‘ Ql
rod 4 \ﬁ
- The linear charge T€ rN r*+ (L/2)

density is A = Q/L.

t~
+.++++++-{++++++++

©2017 Pearson Education, Inc. Slide 23-51
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QuickCheck 23.8

At the dot, the y-component of the electric field due to the

1/23/2019

shaded region of charge is

A (Q/L) dx 2
dmeg(x®+y) " x
(Q/L) dx X
—_——— X —_—
dmeg(x’ +y7) y
(Q/Lz dx _w X
Amey(x” +)y7) x4yt
(Q/L) dx % y
dmeg(x® +31) T \Pay?
(QIL) dx ¥

x
4175:!‘/x2+y2 V442

©2017 Pearson Education, Inc

¥ Charge Q

— ' b

e dx I
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QuickCheck 23.8

At the dot, the y-component of the electric field due to the

shaded region of charge is

A (Q/L) dx Y

dmey(x +y) " x

(Q/L) dx x

P o L >< —

dmey(x*+yH) y
(O/L) dx x

dreg(x” + %) RN

X

(OIL) dx y
D. —~ X
v dmeg(’ + ) T4y
©nds .y
dmen/y2 4y Vixl+y?

©2017 Pearson Education, Inc

¥
cos f=—

=

2=ty o7 gy Charge @
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An Infinite Line of Charge

The field points
from the line at a

raight away
points... .
.. and its strength

decreases with distance.

-
—_— s —>
— > —
— —— —

—_—

—_— s —

— —— —>

— s —>

—_— s —

——

—_—

Elina = (

R i o e e e

Infinite line of charge

©2017 Pearson Education, Inc

= The electric field of a

thin, uniformly charged
rod may be written

_ 123 1
dmey o N1+ 4,212

rod

= |fwe nowletL — o,

the last term becomes
simply 1 and we're left
with

1 2|A| faway from line if charge +
4arey r 7 Ltoward line if charge —

Slide 23-54
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A Ring of Charge

(@)

. The field is zero
“in the center.
—

Maximum
field strength

(b)

©2017 Pearson Education, Inc

= Consider the on-axis
electric field of a positively
charged ring of radius R.

Define the z-axis to be the
axis of the ring.

The electric field on the
z-axis points away from
the center of the ring,
increasing in strength until
reaching a maximum
when |z| = R, then
decreasing:

1 z0
(Ering)z = 2 24312
4ey (z°+ R7)

Slide 23-55

A Disk of C

ge

Disk with
_—radius R and
charge Q

The charge of
the ring is AQ,.

Field due
toring

AA; If we unroll the

Area AA, = 27 Ar
\ i 1 Ar

©2017 Pearson Education, Inc

¢ the center of the disk, with

ring it looks as shown below.

= Consider the on-axis
electric field of a positively
charged disk of radius R.

= Define the z-axis to be the
axis of the disk.

= The electric field on the
z-axis points away from

magnitude:

(Eande= [ 1- ]|
disk /2 25[’ m

Slide 23-56
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Example 23.5 The Elect

Disk

EXAMPLE 23.5 | Theel

at a point near the center?

©2017 Pearson Education, Inc

ric Field of a Charged

lectric field of a charged disk

A 10-cm-diameter plastic disk is charged uniformly with an exira
10" electrons. What is the electric field 1.0 mm above the surface

MODEL Model the plastic disk as a uniformly charged disk. We are
seeking the on-axis electric field. Because the charge is negative,
the field will point roward the disk.

Slide 23-57
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Example 23.5 The Electric Field of a Charged
Disk

EXAMPLE 23.5 | The electric field of a charged disk

SOLVE The total charge on the plastic square is Q= N(—¢) =
~1.60 X 10°° C. The surface charge density is

Q0 -1e0x10%C

TTATER . A(0050my

—2.04 X 10°*C/hn’

The electric field at z = 0.0010 m, given by Equation 23.25, is

n 1
E.=W[|— }=—|.|><|(}‘Nfc
The minus sign indicates that the field points roward, rather than
away from, the disk. As a vector,
E = (1.1 X 10° N/C, toward the disk)
AsSESS The total charge, —16nC, is typical of the amount of
charge produced on a small plastic object by rubbing or friction.

Thus 10° N/C is a typical electric field strength near an object that
has been charged by rubbing.

©2017 Pearson Education, Inc
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A Plane of Charge

= The electric field of a plane of charge is found from the

on-axis field of a charged disk by letting the radius
R — 0.

= The electric field of an infinite plane of charge with surface
charge density 7 is

__n _
Epjane = 2—50 = constant
= For a positively charged plane, with > 0, the electric

field points away from the plane on both sides of the
plane.

= For a negatively charged plane, with 5 < 0, the electric
field points toward the plane on both sides of the plane.

©2017 Pearson Education, Inc
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A Plane of Charge

Perspective view P

- (m {away from plane if charge + )

e =\ 2¢,” | toward plane if charge —
Edge view

tHettteettttaetteeees
tHettteretteeetteeees

WHHHH L
W
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QuickCheck 23.9

Two protons, Aand B, are B

next to an infinite plane of

positive charge. Proton B is -
twice as far fromthe plane . 4 &
as proton A. Which proton 8 b i
has the larger acceleration?

®--®

+4F
e

+
a5

ey
e
++t
e
+++\

\

A. Proton A
B. Proton B
C. Both have the same acceleration.

1/23/2019

e
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QuickCheck 23.9

Two protons, Aand B, are B

next to an infinite plane of

positive charge. Proton B is

twice as far fromthe plane ., 4
as proton A. Which proton Srtr
has the larger acceleration?

®--®@

+HF
R

+
AL

+4+
et
e
e
e
+++\-

\

A. Proton A
B. Proton B
/C. Both have the same acceleration.

e
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A Sphere of Charge

= A sphere of charge Q and radius R, be it a uniformly
charged sphere or just a spherical shell, has an
electric field outside the sphere that is exactly the
same as that of a point charge Q located at the center
of the sphere:

E =——7 forr=R
P g regr?

©2017 Pearson Education, Inc. Slide 23-63
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The Parallel-Plate Capacitor

= The figure shows two

electrodes, one with d

charge +0Q and the other —

with —Q placed face-to-

face a distance d apart. Area A

= This arrangement of two
electrodes, charged
equally but oppositely, is
called a parallel-plate J .
capaclltor. ' +0 20
= Capacitors play important
roles in many electric
circuits.
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The Parallel-Plate Capacitor

* The ﬁgure shows two The capacitor’s charge resides on th
> e capacitor’s charge resides e
]((:apact:;]tor PdlateS, seen inner surfaces as planes of charge.
rom the siae. i
. Edge view + =
= Because opposite of electrodes | 4w -
charges attract, all of N L
the charge is on the . . | 4 E L[ —
inner surfaces of the Bl > W5
two plates. E.=0 | ] = Enl Ep=0
= Inside the capacitor, H + i B
the net field points <
toward the negative g
plate' (jmsmlcjhc capacitor,  Inside the capacitor,
= Qutside the CapaCitOr, E, and E are (Jppmilc. E,and E are ]7.;u'xl][u|A
the net field is zero. so the net field is zero.  so the net field is large.
©2017 Pearson Education, Inc. Slide 23-65

The Parallel-Plate Capacitor

= The electric field of a capacitor is

3 = (g, from positive to negalivc) inside
E capacitor = €A

0 outside

where A is the surface area of each electrode.

= QOutside the capacitor plates, where E, and E_have
equal magnitudes but opposite directions, the electric
field is zero.

©2017 Pearson Education, Inc. Slide 23-66
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QuickCheck 23.10

Three points inside a
parallel-plate capacitor are
marked. Which is true?

A. E >E,>E;

B. E <E,<E;

C. E =E,=E,

D. E,=E,>E,

[+ + +++ + + 4
[

Slide 23-67
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QuickCheck 23.10

Three points inside a
parallel-plate capacitor are
marked. Which is true?

A. E >E,>E;
B. E <E,<E;
Vv'C. E =E,=E,
D. E =E,>E,

©2017 Pearson Education, Inc

+++++ + + 4
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The Ideal Capacitor

= The figure shows the
electric field of an
ideal parallel-plate
capacitor constructed
from two infinite
charged planes.

The ideal capacitor is
a good approximation
as long as the
electrode separation d
is much smaller than
the electrodes’ size.

©2017 Pearson Education, Inc

Ideal capacitor—edge view

ryy

++++++++ +
¥ Y Y Y

DY Y

The field is uniform

Slide 23-69
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A Real Capacitor

= Qutside a

electric fie

We will ke
simple by
assuming

capacitor.

©2017 Pearson Education, Inc

by a complicated but
weak fringe field.

very close together and
using E = /€, for the
magnitude of the field
inside a parallel-plate

real capacitor

Real capacitor—edge view

and near its edges, the

Id is affected

ep things

always

the plates are

Slide 23-70

Example 23.6 The Electric Field Inside a

Capacitor

©2017 Pearson Education, Inc

EXAMPLE 23.6 | The electric field inside a capacitor
Two 1.0cm X 2.0cm rectangular elecrrodes 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 th

MODEL The electrodes can be modeled as an ideal parallel-plate
capacitor because the spacing between them is much smaller than
their lateral dimensions.
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Example 23.6 The Electric Field Inside a

Capacitor

ol
50C. In

©2017 Pearson Education, Inc

late must be charged to +3.5 nC and the negative

inside a capacitor
apacitoris £ = Qleod.  battery to mov
of electrons in

e 35x10°C
160 107 Clelectron
Thus 2.2 X 10" electrons are moved fro

3500

practice, the plates are charged by using a

ctrons from one plate to the other. The number

N 22 101 electrons

o 10 the other.

Note that the capacitor s a whole has no net charge.
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Example 23.6 The Electric Field Inside a

Capacitor

EXAMPLE 23.6 | The electric field inside a capacitor
AssEss The plate spacing does not enter the result. As long as the
spacing is much smaller than the plate dimensions, as is true in this
example, the field is independent of the spacing.

1/23/2019
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Uniform Electric Fields

= The figure shows an
electric field that is the

same—in strength and
/ direction—at every
é /Y point in a region of
= space.
E
& é / = This is called a
/ uniform electric field.
/ = The easiest way to

produce a uniform
electric field is with a
parallel-plate
capacitor.
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Motion of a Charged Particle in an Electric Field

= Consider a particle of charge g and mass m at a
point where an electric field E has been produced
by other charges, the source charges.

= The electric field exerts a force fon §= ql::'.
E E E

ong
The vector is the electric  The force on a positive charge  The force on a negative charge is
field at this point is in the direction of E. opposite the direction of E.

©2017 Pearson Educaton, I Slide 23-75
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Motion of a Charged Particle in an Electric Field

= The electric field exerts a force f:,n .= qE on a charged
particle.

= |f this is the only force acting on ¢, it causes the
charged particle to accelerate with

o
_— Fon a_ EE

m m
= In a uniform field, the acceleration is constant:

qE
a = — = constant
m
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Motion of a Charged Particle in an Electric Field

= “DNA fingerprints” are
measured with the
technique of gel
electrophoresis.

A solution of negatively
charged DNA fragments
migrate through the gel
when placed in a uniform
electric field.

Because the gel exerts a
drag force, the fragments
move at a terminal speed
inversely proportional to
their size.
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QuickCheck 23.11

A proton is moving to the right in a
vertical electric field. A very short
time later, the proton’s velocity is

t
iﬁ;'

E. *

©2017 Pearson Education, Inc. Slide 23-78

A.
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QuickCheck 23.11

A proton is moving to the right in a
vertical electric field. A very short
time later, the proton’s velocity is

|

B.

v’ C. / Vertical acceleration

D. =—

E. *
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AV

=l

QuickCheck 23.12

Which electric field is responsible for the proton’s
trajectory?

| |l = = —
Kﬁm [l Ra, — — =
A. B. C. D. E.

©2017 Pearson Education, Inc Slide 23-80

QuickCheck 23.12

Which electric field is responsible for the proton’s
trajectory?

v
o |l 7= = >
" . 1 J’ —_— -— A
(:::;s‘:::::; Il & —% — ==
A. B. C. D. E.
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Dipoles in a Uniform Electric Field

The figure shows an
electric dipole placed in
a uniform external
electric field.

The net force on the
dipole is zero.

The electric field exerts a
torque on the dipole that
causes it to rotate.

©2017 Pearson Education, Inc

The electric field exerts
a torque on this dipole.

E

P >

.,
F_

.
*
F,

oy
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Dipoles in a Uniform Electric Field
F— P—pF.

The figure shows an
electric dipole placed in
a uniform external
electric field.

The torque causes the
dipole to rotate until it is
aligned with the electric
field, as shown.

Notice that the positive
end of the dipole is in
the direction in which E
points.
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-

> >

This dipole is in equilibrium.

>E
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. Dipole A
. Dipole B
. Dipole C

moow>»

. All three dipoles

©2017 Pearson Education, Inc

. Both dipoles Aand C

3

i
U

N
D+

~ND
w

QuickCheck 23.13

Which dipole experiences no net

force in the electric field? A.
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QuickCheck 23.13

Which dipole experiences no net
force in the electric field?

. Dipole A

. Dipole B

. Dipole C

. Both dipoles Aand C
V'E. All three dipoles

oo w >

©2017 Pearson Education, Inc

3

i
U

N
D+

A.

1/23/2019
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QuickCheck 23.14

Which dipole experiences no net
torque in the electric field?

. Dipole A

. Dipole B

. Dipole C

. Both dipoles Aand C
All three dipoles

Mmoo w >

-

i
L

N
D+

A.

Slide 23-86

QuickCheck 23.14

Which dipole experiences no net
torque in the electric field?

A. Dipole A
B. Dipole B
+/C. Dipole C
D. Both dipoles Aand C
E. All three dipoles

©2017 Pearson Education, Inc

3

i
U

N
D+

A.
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Dipoles in a Uniform Electric Field

) = The figure shows a
The dipoles align with the electric field. sample Of permanent
dipoles, such as water
molecules, in an
= o
—_— external electric field.
E = All the dipoles rotate
d until they are aligned
. with the electric field.
—h
; ; = This is the mechanism
Excess negative charge  Excess positive charge H
on this surface on this surface by WhICh the Sa,'mple
becomes polarized.
®2017 Pearson Education, Inc. Slide 23-88

The Torque on a Dipole

= The torque on a dipole placed in a uniform external
electric field is

T=2XdF, =2(}ssin0)(gE) = pEsin®

Line of action

In terms of vectors, 7 = X E.
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Example 23.9 The Angular Acceleration of a

Dipole Dumbbell

EXAMPLE 23.9 | The angular acceleration of a
dipole dumbbell

Two 1.0 g balls are connected by a 2.0-cm-long insulating rod
of negligible mass. One ball has a charge of +10 nC. the other a
of =10 nC. The rod is held ina 1.0-X 10 N/C uniform electric
angle of 30° with respect to the field, then released. What
| angular accelera

MODEL The two oppositely charged balls form an electric dipole.
The electric field exerts a torque on the dipole, causing an angular
acceleration.
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Example 23.9 The Angular Acceleration of a

Dipole Dumbbell

EXAMPLE 23.9 | The angular acceleration of a
dipole dumbbell

VISUALIZE FIGURE 23.29 shows the dipole in the electric field.

E=10X10"N/C
—_—

Slide 23-91
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Example 23.9 The Angular Acceleration of a

Dipole Dumbbell

EXAMPLE 23.9 | The angular acceleration of a
dipole dumbbell

SOLVE The dipole moment is p=gs=(1.0%10°C)x
(0020 m) = 2.0 % 107" Cm. The torque exerted on the dipole
moment by the electric field is
7= pEsing = (2.0 X 107" Cm)( 1.0 X 10° N/C)sin30°
=10X10"°Nm
You learned in Chapter 12 that a torque causes an angular aceeleration
@ = 7/i, where I is the moment of inertia.

B
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Example 23.9 The Angular Acceleration of a

Dipole Dumbbell

EXAMPLE 23.9 | The angular acceleration of a
dipole dumbbell

soLvE The dipole rotates about its center of mass, which is at the
center of the red, so the moment of inertia is

st =20%10"kgm?

1= myr? + myr = 2m(
Thus the rod’s angular acceleration is
7_ 10X10°Nm

a=—=——"—— =50 radfs?
I 20%107 kgm?

1.0g :
©2017 Pearson Educaton e, —10 nC Slide 23-93




Example 23.9 The Angular Acceleration of a
Dipole Dumbbell

EXAMPLE 23.9 | The angular acceleration of a
dipole dumbbell

AssEsS This valuc of « is the initial angular acccleration, when

s=20cm

E=10X10"N/C

1.0g—
-10nC

©2017 Pearson Education, Inc. Slide 23-94

—_—

Dipoles in a Nonuniform Electric Field

= Suppose that a dipole is /E
placed in a nonuniform
electric field, such as the

field of a positive point @ T,

charge.

= The first response of the i
dipole is to rotate until it
is aligned with the field. N

= Once the dipole is aligned, the leftward attractive force
on its negative end is slightly stronger than the rightward
repulsive force on its positive end.

= This causes a net force to the left, toward the point
charge.
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Dipoles in a Nonuniform Electric Field

= Adipole near a negative point charge is also
attracted toward the point charge.

= The net force on a dipole is toward the direction of
the strongest field.

= Because field strength increases as you get closer
to any finite-sized charged object, we can
conclude that a dipole will experience a net
force toward any charged object.
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Example 23.10 The Force Water Molecule

EXAMPLE 23.10 | The force on a water molecule

The water molecule H,O has a permanent dipole moment of
magnitude 6.2 X 107" Cm. A water molecule is located 10 nm
from a Na® ion in a saltwater solution. What force does the ion
exert on the water molecule?

VISUALIZE FIGURE 23.31 shows the ion and the dipole. The forces
are an action/reaction pﬂil.

-

=5
Fdipole on ion Fion on dipole

Na'ion s Water molecule

<
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Example 23.10 The Force on a Water

EXAMPLE 23.10 | The force on a water molecule

could ealeulate the net force on the dipole as the smal
between the attractive force on its n
force on its positiv

ve end and the repulsive
we know from Newton's

Na®ion T e B

< N
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Example 23.10 The Force on a Water Molecule

EXAMPLE 23.10 | The force on a water molecule

SOLVE The dipole’s electric field, which we found in Equation 23.10,

is
12
ame, P
‘The force on the ion at distance = 1.0 10 m is
1 Zep f
fi f =18X 10°"N
e,

Thus the force on the water molecule is

iom on dipale = 1.8 X 107N,
-

=5
Fdipole on ion Fion on dipole

Na'ion s Water molecule

<
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The Force on a Water

Example 23

EXAMPLE 23.10 | The force on a water molecule

ASSESS Wh

itis

¢ in solution. This clustering plays
ortant role in the micrascapic physics of solutions studied in
chemistry and biochemistry.

-

=5
Fdipole on ion Fion on dipole

~ -

Na'ion s Water molecule

<
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Chapter 23 Summary Slides
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General Principles

Sources of E

Eleetric fields are created by charges.

Multiple point charges

MODEL Model objects as point charges.

VisuaLIiZE Establish a coordinate system and draw field vectors.

soLVE Use superposition: E= E‘, ar Ez + E, 4R

Continuous distribution of charge

MoDEL Model objects as simple shapes.

VISUALIZE

* Establish a coordinate system.

« Divide the charge into small segments AQ.

* Draw a ficld vector for one or two pieces of charge.

SOLVE

« Find the field of each AQ.

« Write E as the sum of the fields of all AQ. Don't forget that it’s a
VeCIor SUm; Use Components.

« Use the charge density (A or ) to replace AQ with an integration
coordinate, then integrate.
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Consequences of £

The electric field exerts a foree
on a charged particle:

F=qE

The force causes acceleration:

i=(gm)E

Trajectories of charged particles are calculated with kinematics.

The electric field exerts a torque on
a dipole: Y
7= pEsinf

The torque tends to align the
dipoles with the field.

In a nonuniform electric field, a

E
dipole has a net force in the direction /

of increasing field strength. il
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General Principles
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Four Key Electric Field Models

Point charge with charge ¢ Infinite plane of charge with surface charge

density 7

A\ /

N
\V/

1 q

o = - Inl [ awayif+ )
ES ameor’ Eptae (259' {lowz:d if—
Inﬁr!ite line of charge with linear charge Sphere of charge with total charge Q
density A Same as a point charge @ for r > R
(EEERE |
(RN @
= 1 207 {away if + ) |
Ejine (4“0 r " Loward / l \
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Electric dipole
7
=

5

The electric dipole moment is

B = (gs. from negative to positive)

o 1 2p

Field on axis: E = Fso =
T N
Field in bisecting plane: E = s

Parallel-plate capacitor
The electric field inside an ideal
capacitor is a uniform electric field:

E= (:’ from positive to negative
0
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Applications
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