


Goals for Chapter 21

To study electric charge and charge conservation

"0 see how objects become charged

To calculate the electric force between objects
using Coulomb’s law

To learn the distinction between electric force and
electric field

To calculate the electric field due to many charges

To visualize and interpret electric fields

To calculate the properties of electric dipoles

Copyright © 2012 Pearson Education Inc.



Introduction to Physics 121
Electricity and Magnetism

e New this Term:

e Text: Young & Friedman, University Physics

e Homework & Tutorial System: Mastering Physics

e Syllabus, rules, assignments, exams, etc. iClickers
e Course content overview

First Lecture is Intro

e Review of vector operations
e Dot product, cross product

e Scalar and vector fields in math and physics
e Gravitation as an example of a vector field

e Gravitational flux, shell theorems, flow fields
e Methods for calculating fields
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- Experiments tell us which physical quantities are scalars and vectors
- E&M uses vectors for fields, vector products for magnetic field and force

Representations in 2 Dimensions: y
- Cartesian (x,y) coordinates
i AXiA+Ay] A, =Asin(0)
* Magnitude & direction A =A CLJS(G) <

A
A = \/A)Z( +AZ 0= tan'l(A—yJ
X

—

- Addition and subtraction &~ _ & _ _
of vectors: C=A+B means Cy =A, +By and Cy, =Ay +By

—

C=-A means Cx =—Axand Cy =-Ay

- Notation for vectorsF = ma
m

T T
Il

I
3
o
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Definition: Right-Handed Coordinate Systems

We always use right-handed z
coordinate systems.

In three-dimensions the right-hand
rule determines which way the
positive axes point.

Curl the fingers of your RIGHT
HAND so they go from xto y. Your

thumb will point in the positive z X Qr)

direction.

<

This course uses several right hand rules related to this one!
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Vectors In 3 dimensions

Rene Descartes

Unit vector (Carte3|an) notation:
1596 - 1650

a= a|+aj+ak

Spherical polar coordinate representation:

1 magnltude and 2 directions
= (a, 6, ¢) .z

Conversion into X, y, z components
a, =asinfcos¢
ay =asinfsiné
a, =acoso

Conversion from x, y, z components

a=\/a§+a§+a§
6=cos‘a,/a

¢=tan"'a,/a,
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Right Handed Coordinate Systems

1-1: Which of these coordinate systems are right-handed?

A. I and II.
B. Il and .
C. [, I, and 111
D. l and IV.
E. IV only.

X

/.

y4

y

e

Y4

Copyright © 2012 Pearson Education Inc.



There are 3 Forms of Vector Multiplication

Multiplication of a vector by a scalar:
- A R A sA
SA=sAyi+sSAy] /

vector times scalar - vector whose length is multiplied by the scalar

Dot product (or Scalar product or Inner product):

- vector times vector = scalar
- projection of Aon BorBonA
- commutative

AoB = ABcos(p) = BoA = A,B, +A B, +A,B,
unit vectors measure le]=0, Jok=0, 1ok=0
perpendicularity: ioi=1 ] ] =1, kok =1
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Vector multiplication, continued

Cross product (or Vector product or Outer product):

- Vector times vector - another vector perpendicular to the
plane of Aand B

- Draw A & B tail to tail:  right hand rule shows direction of C
é = A X é =- é X A (not commutative)

magnitude : ‘C‘=ABSin(¢)
where ¢ is the smaller angle from A to B

A

- If Aand B are parallel or the same, AxB =0
- If A and B are perpendicular, Ax B = AB (max)

—

B +AA><C#3

Algebra:  distributiverule : Aﬁx (g+ 6) = A>§ 3
associativerules: SAxB = (sA)xB = Ax(sB)
(AxB)xC = Ax(BxC)
Unit vector ixj=K, jxk=i, ixk=-] f I\
representation: {,7_g  jxj=0, kxk=0 . K
g g o " - N N ~ J —
AxB = (AXI+AyJ+A K) x (BX|+ByJ+BZk)

- (AB.-AB.)i+(AB -AXBZ)]+(AXBV-AVBX)&
F=gE+ gVxB

Z
___ Applications: F=rx |E L = Fxp
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Example:

A force F = -8i + 6) Newtons acts on a particle with position vector r = 3i + 4] meters

relative to the coordinate origin. What are a) the torque on the particle about the
origin and b) the angle between the directions of r and F.

7| = 50 along z axis

b) CanUse: |7Z|=rFsin(¢)
r=[32+421"2=5  F=[82+62]"2=10 .
F

rFsin(¢) =50sin(¢p) .. sin(p)=1 0
;. $=90° thatis FLT '
Better to Use: T oF = r Fcos(p) =50 cos() Why?
FoF =—(3.8)i01 + (389?!] — (4.8)J47 + (4.6)j-]
= =24 +24 =
© thatis FLT

*. 50cos(p)=0 so ¢$=90
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Introduction

« Water makes life possible g
as a solvent for biological ‘
molecules. What electrical
properties allow it to do
this? /

* We now begin our study . ﬁ
of electromagnetism, one

of the four fundamental
forces.

* We start with electric
charge and look at electric
fields.
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Electric charge

* Two positive or two negative charges repel each other. A positive
charge and a negative charge attract each other.

* Figure 21.1 below shows some experiments in electrostatics.

(a) Interaction between plastic rods rubbed

on fur
Plain plastic rods neither
attract nor repel each
-~ other ...
A

= /

( e \ 3
... but after being
rubbed with fur,
the rods repel
each other.

(b) Interaction between glass rods rubbed
on silk

Plain glass rods neither
attract nor repel each
p -~ other ...

... but after being
rubbed with silk,
the rods repel

each other.

(c) Interaction between objects with opposite
charges

The fur-rubbed plastic
rod and the silk-
rubbed glass rod

attract each

other .
————— )+ +' tlhat)
... and the fur and silk
each attracts the rod it
e + T + +“|uhha,d

b

Copyright © 2012 Pearson Education Inc.



Laser printer

* A laser printer makes use of forces between
charged bodies.

@ Laser beam “writes” on the drum, leaving negatively =" %
charged areas where the image will be.

e, Toner (positively charged)
@Wirc sprays ions onto drum, giving the drum
a positive charge.

Lssansmsnne m
@Lamp discharges the drum, readying ‘<:>

R

+
@Rollcr applies positively charged toner to drum.

it to start the process over, Rotatin ;
I . . g 4+ Toner adheres only to negatively charged areas
imaging ; A
= + of the drum “‘written” by the laser.
_ _ drum - E
Fuser rollers heat paper so toner + -+

remains permanently attached.

e T i i | Paper (feeding to left)

() g B, : _
@ "--@ercs spray a stronger negative charge

on paper so toner will adhere to it.
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Electric charge and the structure of matter

« The particles of the atom
are the negative electron,
the positive proton, and the
uncharged neutron.

Atom

&\ Most of the
@ atom’s volume
< ~10§ 'Y m=> is occupied
A sparsely by
electrons.

* Protons and neutrons make /
up the tiny dense nucleus s (R R
which is surrounded by S -
electrons (see Figure 21.3 ~10"%m

- @ Proton: Positive charge
at the rlght) Mass = 1.673 X 102" kg

Neutron: No charge

* The electric attraction Mass = 1675 X 1072 kg
between protons and ®  Electron: Negalije charge L
Mass = 9.109 X 107" kg
eIeCtronS hOIdS the atom The charges of the electron and
together proton are equal in magnitude.
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Name Symbol Value

2.99792458 X 10% m/s

Speed of light in vacuum C

Magnitude of charge of electron e 1.602176487(40) X e

Gravitational constant G 6.67428(67) % 107" N -m?/kg?

Planck’s constant h 6.62606896(33) x 107#J -5

Boltzmann constant k 1.3806504(24) X 10 2 J/K

Avogadro’s number Ny 6.02214179(30) x 10%** molecules/mol

Gas constant R 8.314472(15) J/mol -K

Mass of electron n, 9.10938215(45) x 103! kg

Mass of proton m, 1.672621637(83) X 10727 kg

Mass of neutron m, 1.674927211(84) x 10 %" kg

Permeability of free space N 47 x 1077 Wb/A *m

Permittivity of free space €0 = 1/mpe>  8.854187817... X 1072 C?/N-m’
1/47e, 8.987551787... X 10°N -m?/C?
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Atoms and 1ons

* A neutral atom has the same number of protons as electrons.

e A positive ion Is an atom with one or more electrons removed.
A negative ion has gained one or more electrons.

@ Protons (+) Neutrons
® Electrons (—)

(@) Neutral lithium atom (Li): (b) Positive lithium ion (Li*): (c) Negative lithium ion (Li™):

3 protons (3+) 3 protons (3+) 3 protons (3+)

4 neutrons 4 neutrons 4 neutrons

3 electrons (3—) 2 electrons (2—) 4 electrons (4—)

Electrons equal protons: Fewer electrons than protons: More electrons than protons:
Zero net charge Positive net charge Negative net charge
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Conservation of charge

e The proton and electron have the same magnitude
charge.

* The magnitude of charge of the electron or proton is a
natural unit of charge. All observable charge Is
quantized in this unit.

* The universal principle of charge conservation states
that the algebraic sum of all the electric charges in any
closed system Is constant.
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Conductors and insulators

- (a)
« A conductor permits the [

eaSy movement Of Charge | ./n}ion threads
through it. An insulator N R\ s rod
does nOt. Metal \Coppcr R

ball wire
=

& i

¢ I\/I OSt mEtaI S are gOOd The wire cun%iuclx charge from the negatively
Cond UCtO rS’ Wh i Ie mOSt :Il;;igcd plastic rod to the metal ball.
nonmetals are insulators. —
(See Figure 21.6 at the

plastic rod now repels

right.) D

Charged

¢ Se m i CO nd ucto rS are A plastic rod

Intermediate in their (f |

properties between good —_——
conductors and good \ s i

(
attracts the ball.

Insulators. D .

3
L=
Charged
glass rod
I
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Charging by induction

* In Figure 21.7 below, the negative rod is able to charge the metal
ball without losing any of its own charge. This process is called

charging by induction.

Electron Electron buildup
Metal deficiency
. N
ball Negatively ++ = ++ _— Wire
charged < W = & i
. - W L == + =
Insulating || rod - = =
stand )| _
T
Ground

(a) Uncharged metal ball

(b) Negative charge on rod
repels electrons, creating
zones of negative and
positive induced charge.

(c) Wire lets electron build-
up (induced negative
charge) flow into

ground.

g Kot +*
~= egative o
== % charge in g
ground
il ,/ A

(d) Wire removed; ball now
has only an electron-
deficient region of

positive charge.

(e) Rod removed;
electrons rearrange
themselves, ball has
overall electron
deficiency (net
positive charge).
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Electric forces on uncharged objects

« The charge within an insulator can shift slightly. As a result, two
neutral objects can exert electric forces on each other, as shown in

Figure 21.8 below.

(a) A charged comb picking up uncharged
pieces ol plastic

(b) How a negatively charged comb attracts an
insulator

insulator 5hl[l away
from the comb.

B w0 Negatively
W~ charged comb

o "
@ F As a result, the
@ (+) charges in each
@ @ molecule are closer to

4R R
222 e

the comb than are the (—)

charges and so feel a stronger

force from the comb. Therefore
the net force is attractive.

(c) How a positively charged comb attracts an
insulator

This time, electrons in 4
47
the molecules shift £ Y

toward the comb ... WL \_:f "' D
< Poqm\»eiy

* char ged comb

ﬁ /
weeneen o0y that the

§ : @) .' —) charges in each
molecule are closer to

5O &
@) @) the comb, and feel a
Y &

3

20

stronger force from il, than
the (+) charges. Again. the net
force is attractive.
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Electrostatic painting

 Induced positive charge on the metal object attracts the
negatively charged paint droplets.

Metal object
to be painted

Spray of
negatively
charged

Positive charge
1s induced on
surface of metal.

Paint sprayer Groitid =
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Coulomb’s law

Coulomb’s Law: The

magnitude of the electric
force between two point

charges is directly
proportional to the

product of their charges
and inversely proportional

to the square of the
distance between them.
(See the figure at the
right.)

Mathematically:

F = kla,02/r? = (1/4m&y)| 0,01/

2onl .
/\ Charges of the
- same sign repel.

Charges

/\ of opposite
K r._sign attract.
q1 - \/

~

F20nl -
A
o ®

q>
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Measuring the electric force between point charges
 The figure at the upper <5

right illustrates how T he negaiively
Coulomb used a torsion b il
balance to measure the Torsion ber —{ | movsunl e clsi
electric force between
point charges. @L@j

Charged w1/

pith balls\ ;

il
« Example 21.1 compares |

the electric and —
gravitational forces. q=32x109¢

Follow It using Figure m=6.64x10%7kg

21.11 at the lower right. <_@5_,/ 2@5_,

A A
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Force between charges along a line

¢ Read PrObIem-SO IVi ng (a) The two charges (b) Free-body diagram (C) Free-body diagram
Strategy 2 1 . 1 . for charge g, for charge ¢,
2 2 Fl on 2 92 91 ﬁQ on |
C i
* Follow Example 21.2 for M

two charges, using Figure
21.12 at the right.

* Follow Example 21.3 for
three charges, using Figure

21.13 below.
(a) Our diagram of the situation (b) Free-body diagram for ¢,
Y b4
3=5.0nC ¢q1=10nC ¢2=-3.0nC {?1 Ez
+ ® X —€ —>— X
5(1— 20 cm—3 O 0|95
40 cm i
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Vector addition of electric forces

« Example 21.4 shows that we must use vector addition when
adding electric forces. Follow this example using Figure 21.14
below.

qi =20 }.LC

@,
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13.6 ++ Find the magnitude and direction of the net gravitational

force on mass A due to masses B and C in Fig. E13.6. Each mass 1s
2.00 kg.

Figure E13.6

A C B
@ © O Q
<10 cm—>{< 40 cm -

C B
o O O Q
<10 em=>f N

10 cm—=>p< 40 ¢cm
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13.43 - Three uniform spheres Figure P13.43
are fixed at the positions shown
in Fig. P13.43. (a) What are the
magnitude and direction of the C)l Okg 2.0kg
force on a 0.0150-kg particle Y O
placed at P? (b) If the spheres
are in deep outer space and a
0.0150-kg particle is released
from rest 300 m from the origin P. 050 m X
along a line 45° below the
—x-axis, what will the particle’s speed be when it reaches the
origin?

0.50 m
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21.7 -» An average human weighs about 650 N. If two such
generic humans each carried 1.0 coulomb of excess charge, one
positive and one negative, how far apart would they have to be for
the electric attraction between them to equal their 650-N weight?

21.21 - Two point charges are located on the y-axis as follows:
charge ¢, = —1.50 nC at y = —0.600 m, and charge ¢, =
+3.20 nC at the origin (y = 0). What is the total force (magni-
tude and direction) exerted by these two charges on a third charge
gz = +35.00 nC located aty = —0.400 m?
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Electric field

* A charged body produces an electric field in the space around it
(see Figure 21.15 at the lower left).

* We use a small test charge q, to find out if an electric field is
present (see Figure 21.16 at the lower right).

(a) A and B exert electric forces on each other.

m‘;{] G+ TH qo f‘;(}
et B
A

(b) Remove body B ...
... and label its former
4T position as P.
+ + e
+ P

(c) Body A sets up an electric field E at point P.

5 ¥ % Test charge g
+ + C{—b_»
tat AR

A + 4o

E is the force per unil
charge exerted by A
on a test charge at P.

Q 2 R

+ " == E (due to charge Q)
+ + 40

+ + + ..".-7 ﬁo

The force on a positive test charge g, points
in the direction of the electric field.

Q

+ - —
++ ++ F, - E (due to charge Q)
A
+ + + '_:" q0

The force on a negative test charge g points
opposite to the electric field.
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Definition of the electric field

* Follow the definition in the text of the electric field
using Figure 21.17 below.

(a)

q0
P
q I 7
K'o
S Unit vector r points from

source point S to field point P.

At each point P, the electric
field set up by an isolated positive point
charge ¢ points directly away from the
charge in the same direction as r.

(9
L QD
E

q - -~ % F

r -
@/ At each point P, the electric

S field set up by an isolated negarive point
charge ¢ points directly toward the
charge in the opposite direction from r.
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Electric field of a point charge

* Follow the discussion in the text of the
electric field of a point charge, using
Figure 21.18 at the right.

* Follow Example 21.5 to calculate the
magnitude of the electric field of a
single point charge.

(a) The field pre
charge points aw

rduced by a positive point

ay from the charge.
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Electric-field vector of a point charge

e Follow Example 21.6 to v
see the vector nature of the B
electric field. Use Figure O,Sfj =—30nC

21.19 at the right. \_\
3
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Electron in a uniform field

« Example 21.7 requires us to find the force on a charge
that is in a known electric field. Follow this example
using Figure 21.20 below.

The thin arrows represent
the uniform electric field.

/
- S S N v R — i W W S N
E

ﬁ = —¢E 1.0 cm
100V
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Superposition of electric fields

« The total electric field at a point is the vector sum of the fields due
to all the charges present. (See Figure 21.21 below right.)

* Review Problem-Solving Strategy 21.2.

(]1@

Electric field N
at P due to g,

Electric field
at P due to g,

D

Follow Example 21.8 for an electric dipole. Use Figu

re 21.22 below.

- / \\
P Ez 13.0 cm 13.0 cm
-~ / \
— / \
42 v E / L
P /
.“ h = — < // \\
The total electric field E at point i \
. 5 — —> \
P 1s the vector sum of E, and E,. = g [\« =2\ g
1 & E]) b bin d Ea
g ® (t+ ® b
4.0 6.0 e 40__ 3
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Field of a ring of charge

* Follow Example 21.9 using Figure 21.23 below.
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Field of a charged line segment

e Follow Example 21.10 and Figure 21.24 below.

Q.
.<
5N
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Field of a uniformly charged disk
e Follow Example 21.11 using Figure 21.25 below.

® ©

dE,
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Field of two oppositely charged infinite sheets

« Follow Example 21.12 using Figure 21.26 below.

El* *Ez E=EI+E)2—0
Sheet2 —o X
d El‘ *EQ TE=EI+ _)2

Sheet 1 +o

Copyright © 2012 Pearson Education Inc.



Electric field lines

* Anelectric field line iIs an imaginary line or curve
whose tangent at any point is the direction of the electric
field vector at that point. (See Figure 21.27 below.)

Field at EP Field at
point P

Electric
field
line
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Electric field lines of point charges

* Figure 21.28 below shows the electric field lines of a single point
charge and for two charges of opposite sign and of equal sign.

(a) A single positive charge (b) Two equal and opposite charges (a dipole) (c) Two equal positive charges

+
lr'-
" Field lines always points=="" At each point in space, the electric Field lines are close together where the field is
away from (+) charges field vector is tangent to the field strong, farther apart where it is weaker.

and roward (—) charges. line passing through that point.

Copyright © 2012 Pearson Education Inc.



Electric dipoles

* An electric dipole is a pair el oo wie
of point charges having
equal but opposite sign and
separated by a distance.

® F i g U re 2 1 . 30 at the ri g ht T‘hc elcctf‘ic dipole mon‘fe’.ntp‘is
illustrates the water e ey
molecule, which forms an
. . (b) Various substances dissolved in water
electric dipole.
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Force and torgue on a dipole

Figure 21.31 below left shows the force on a dipole in an electric
field.

Follow the discussion of force, torque, and potential energy in the
text.

Follow Example 21.13 using Figure 21.32 below right.

(a) (b)

Y
Y

—

< F,= gk ~a
/% B
E d WT _ 35° T F
T 145 145°

F=—gE —g Tq

)

Y

Y
Y
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Electric field of a dipole
« Follow Example 21.14 using Figure 21.33.

=

+

tyy Oy

y + df2
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