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Introduction

The laws of electricity and magnetism play a
central role in the operation of many modern
devices.

The interatomic and intermolecular forces

responsible for the formation of solids and liguids
- - ﬁ

are electric in nature.

The electromagnetic force between charged
particles is one of the fundamental forces of
nature.




@ Properties of Electric Charges

There are two Kinds of electric charges: Called 6e>
i L ATOM
* p__OSItIV, e and n'e'gﬂnve' ,(Ele_ctron) —
Negative charges are the type possessed by Neutron  dbtes
electrons. __
=
o Proton) e
Positive charges are the type possessed by
protons. o\ih Nucleus

al e ol
Charges of the same sign repel one another and @ @ o U
charges with opposite signs attract one another.
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22.1 Properties of Electric Charges

nd a2 s st
Conservation \

Electric charge is always
conserved in an isolated
system.¢las ) 500,02 S LM

\Jspas
For example, charge is not
created In the process of

rubbing two objects together.

The electrification i1s due to a

transfer of charge from one
object to another.

Example: A glass rod is
rubbed with silk.

Electrons are transferred
from the glass to the silk.

Each electron adds a
negative charge to the
silk.

An equal positive charge
Is left on the rod.

s

Because of conservation of charge,

each electron adds negative charge
to the silk and an equal positive
charge is left on the glass rod.




22.1 Properties of Electric Charges
- N e
Quantization ’y;)?fu OL N

- c
Electric charge exists as discrete packets.
The electric charge, g, Is said to be g = *+Ne
quantized. 5lee q | N is an integer
e 1s the fundamental unit of charge
qlis the standard symbol used for le|=16x10"1°C
charge as a variable. Electron: g = —e = -\.6 mo"‘q C

Proton: g = +e = 41.gx16 o
The Sl unit of charge ig Coulomb.
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22.2 Charging Objects by Induction

O’f "* =\ 1IN o D

It is convenient to classify materials in terms of the ability of electrons to

oo s\ 58\

Conductors

Some of the electrons are

free electrons pot.haund to
the atoms which can move

relatively freely.

Examples: copper,
aluminum and silver.

O e= [

o7 = LN

move through the material:

“ol\ad\ S\,
lnsulators

All of the electrons are
_bound to atoms which can
not move relatively freely
through the material.

Examples: glass, rubber
and wood.
——
Xy AR Pt

Sl ¥ PN QIO
Semiconductors
The electrical properties
of semiconductors are
somewhere between those
of Insulators and
conductors.

Examples: silicon and
germanium (commonly
used in making electronic
chips). 7



22.2 Charging Objects by Induction
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onductors

When a good conductor is
charged in a small region,
the charge readily
distributes itself over the
entire surface of the
material.

//
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Insulators Semiconductors
When a good insulator is The electrical properties
charged in a small region, of semiconductors can
the charge is unable to be changed by the
move to other regions of addition of controlled
the material. amounts of certain
2 - atoms to the material.
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22.2 Charging Objects by Induction
AR
2N Qo LGS The neutral sphere has

equal numbers of positive

Charging by induction requiresno and negative charges.
contact with the object inducing the -
charge. + = —
0 D\ﬂ:_'

Assume we start with a neutral metallic

sphere.
L: The sphere has the same number of
positive and negative charges.




22.2 Charging Objects by Induction

D

A charged rubber rod is
placed near the Sphere Electrons redistribute when a

charged rod is brought close.

It does not touch ;9_
(@ 229
the sphere. o= (, oo ;:]
The electrons in the ‘9“"9 g
neutral sphere are
redistributed.

The sphere is
grounded.

Some electrons

Some electrons leave the
grounded sphere through
the ground wire.

a =

can leave the —

sphere through
the ground wire.

: <Jf - —4

e
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22.2 Charging Objects by Induction

-
The ground wire Is removed.
. —_— The excess positive charge is

] o nonuniformly distributed.
There will now be more positive charges.
The charges are not uniformly distributed. /é - |

. | | smcacd 0 Y55
The positive charge has been induced in the \Q. D

sphere. -

11



22.2 Charging Objects by Induction

&,

The electrons remaining on the sphere redistribute
themselves.

The rod 1s removed.
——

There is still a net positive charge on the sphere.

The charge is now uniformly distributed.

Note the rod lost none of its negative charge during
this process.

The remaining electrons
redistribute uniformly, and there
is a net uniform distribution of
positive charge on the sphere.

/ D,

/ @D I :9\ \\
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22.2 Charging Objects by Induction & [&

—_— The charged balloon {nduces
a charge separation on the
A process similar to induction can take place 2, alignment of charges
in insu |a‘[o Is. . the molecules of the wall.
- f Wall
The charges within the molecules of the @\ |-
material are rearranged. @ \—w
- £ |-Le
- - - - & -a
The proximity of the positive charges on the + /=P
oot £ - d/ =
surface of the object and the negative Chargell] Bl
charges on the surface of the insulator results ballog charge
in an attractjve force between the object and  ( -\-) B __ane

theinsulator s v, % LoLEl I e usain B

INB\_ AV e OSSN b e
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22.3 Coulomb’s Law

1736 — 1806

Frgnch physicist

Major contributions were in areas of
electrostatics and magnetism

Also investigated in areas of
Strengths of materials

Structural mechanics
Igrgonomics

14



22.3 Coulomb’s Law

Charles Coulomb measured the maani IC

forces between two small charged spheres.
\Es el X*

Theforce is nversely proportional to thesquare of the
separation » between the charges and directed along the
line joining them.

TR Zoe W) 1%
The force is proportional'to the produict of the charges,
g, and g, , on the two particles.

The electrical force between two stationary point charges
IS given by Coulomb’s Law.

"':J“.‘T,:I .
_ .+ Suspension
[Si_?" <  head

g “¥ ;\:
=

.1 —Fiber
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22.3 Coulomb’s Law

20 WK aosa=
The term point charge refers to

a particle of zero size that
carries an electric charge.

The electrical behavior of

electrons and protons is well
described by modeling them as

point charges.

w2 (3
The force Is attractive if the X -
charges are of opposite sign.
The force is repulsive if the o L
charges are of like sign. e

The force IS a conservative

force. (Work is path- = \ e , & o9
Independent).

16
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Er= 3-85)(15"& C%/ N mz

ot O
\z Two-point charges, ¢; = +9 uC and q; = 4 uC, are separated by a distance r
=12 cm. What is the magnitude of the electric force?

C=012m

Gz 9qMC G.=HUC

‘—_:: K qn”c\f'?—l

X

q . ¢
_ 8.09X10 X G%16°% YKI6 —22.5N
(0.12)%




22.3 Coulomb’s Law

Remember that force Is a vector quantity. k is related to a constant called the

Mathematically th itude of the elect Wﬂ.%
athematically the magnitude of the electric o,
force is given by, mlMlamL”) € 2 Bnp cs) S

) (f‘ﬂ“ L]

1911192 |

72

Fe — ke 477:60

Thus,

: _ €o = 8.8542 x 1071%2C%/N.m?
k. is called Coulomb constant which has the 0 /

valu
ike = 8.9876 x 10° N.m?/C? \
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22.3 Coulomb’s Law

Remember the charges need to
be in coulombs.

e 1S the smallest unit of charge
(except quarks!)

e =1.6x1071°CSo1C
needs 6.24 x 1018 electrons or
protons

Typical charges can be in the
1LC range.

i,‘j A;.D\.a_;-\w t..):j*-‘;o".? NETSYW

TABLE 23.1 Charge and Mass of the Electron, Prolon, and Neulron
Charge (C)

Particle

Mass (kg)
Electron (e) —1.602 176 5 X 1019 9.109 4 X 10~
Proton (p) +1.602 176 5 X 1071

1.672 62 X 10273
Neutron (n) 0 1.674 93 X 10727

e IS the smallest unit of charge The
electron and proton are identical in the
magnitude of their charge, but very
different in mass.

The proton and the neutron are similar in
mass, but very different in charge.

18
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22.3 Coulomb’s Law

In vector form,

01492 -

F12 - k o
7"2

I;, IS the unit vector directed from g, to g,.

F,, is the force by g, on g,.

The like charges produce a repulsive force
between them.

When the charges are of the

same sign, the force is repulsive.

19



22.3 Coulomb’s Law

Electrical forces obey Newton’s Third Law.

- -
Fio = —F>

The force on g4 1s equal in magnitude and
opposite in direction to the force on g,

With like signs for the charges, the product g,
q, 1S positive and the force is repulsive.

With unlike signs for the charges, the product
g1 g, 1S negative and the force Is attractive.

When the charges are of opposite
signs, the force is attractive.



22.3 Coulomb’s Law

The sign of the
product of g4 g,
gives the relative
direction of the
force between
q,and qs.

The absolute
direction is
determined by the
actual location of
the charges.

R A wis,-o,m

The resultant force on any one charge equals the_vector
sum of the forces exerted by the other individual charges

e

that are present. @ e

o v @

The resultant force on g, Is the vector &im of all the forces
exerted on it by other charges.

For example, if four charges are present, the resultant force
on one of these equals the vector sum of the forces exerted
on it by each of the other charges.

F, =F,; +F;; +Fyy

21
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Siad= 0w

7 3
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22.3 Coulomb’s L S
.3 Coulomb’s Law Cosd = 7/9 5
: 79 $°
S Ry
Consider three point charges located at the corners of a right triangle as shown in a ﬁzg
Figure 22.8, where ¢, = ¢, = 5.00 uC, ¢, = —2.00 pnC, and a = 0.100 m. Find the G —— -
resultant force exerted on g,. % J 'j"' -)g‘ Lo XS ‘ oL I' .o\_'_ // 13
- 4 7/
Solution 3 a i
& V2a
7’
1. The direction of forces at g5: a
a) Set g5 as the origin 7

b) Draw a dotted line between g5 and g, .
c) Since g5 has the same charge as g, the

force points away from g, along the line.
Repeat steps b) and c) for g,, noting that the
force points towards g, since they differ in
signs.

‘?1@ ®

There are two forces their sum produces the resultant
force.

F; = Fi3 + Fy3

22
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Yo = KWGs - 29910 X B0 % 5x16 = .2

f;: 2(041)*
Fas = K429z = 394x10 X 21X %6 — 2.94 N
= iy 2
{zs (o l)
APy Fg=ih2
F23= 8-»qu /
4
¢ 7% Esx

F23 __.’Q.C{q L M

fi3= FaCes®O U + Fia *S"n&\i

ha=1\-2 (:‘ﬁ) U4 ‘\‘7'(&:.)6

Fa= 3.99¢ 4 F.94y




Aq—.qd
43
< b >
~3AU v +.qy
adesSy v\
?7‘ r\3 ni FZS

= F.a4¢ 194§ — 8.99¢

E o= -los U x 3.9y

\Fa\':— JL(\.OS)”+ ('qu-l)m — ’N

O - an“'(i‘un
-1.04

- 32.5

I

-~32.5 35130

= 4%




22.3 Coulomb’s Law

Solution

2. The separation distance
between each charge and g5:

Given
3 =a

From the right tringle,

r& = a? + a?

= 1 = 2a?

= T'13 — \/ia

3. The magnitude of each force:

19211q3]

2
73

F23 ke

(5.00 x 1076 )(2.00 x 107)
(0.100)2

= (8.99 x 10°)
= 8.99N

(. |CI1||613
7”13

= (8.99 x 10°)

(5.00 x 1076 )(5.00 x 1079)
(vZ 0.100)°

— 11 9229NI



22.3 Coulomb’s Law

Solution

4. Resolving the forces
Into components:

y »
_ Fi3
First, we note from the a oyl
right triangle that the T ;' o
. s 3
angles are 45°. Since i
opposite angles are " P
equal, the angle that F;; #
mal_<es Wlth the 150 rd Fi3, = Fi3cos 6 = (11.23) cos 45° = 7.94N
horizontal is 45°. o —
71 G X

- F13y == F13 sin@ = (1123) sin 45° = 7.94N

=




22.3 Coulomb’s Law

Solution

5. Resultant force:

Method 1

8.99 = —1.05N

= F3 = Fa,d + F3,j =|—1.051 + 7.94j

Method 2
F)ZS = —899i

Fp3 = 7.941 + 7.94]

= F3 = Fy3+ F,3= —8.991 + 7.941 + 7.94 j=

Fo= [P+ B3, = (-

F
0 =tan~! (ﬁ> = tan~1 <
F3x

1.05)%2 + (7.94)2 = 8.01 N

82.0 + 180 = 98.0°

7.49
—1.05

—1.051 + 7.94j

25
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22.3 Coulomb’s Law .

Three point charges lie along the x axis as shown in Figure 22.9. The positive charge
4, = 15 0 p.C s at x = 2 00 m, the positive charge ¢, = 6,00 wC is at the origin, and the

18 zero. What is the x coordinate of qsf 7&
2L-X
Solution ‘b 5 _x
qs | Fz% 75 Fu N

1. The direction of forces at g5:

(same steps from example 1, but both forces
are attractive).

Since the net force on g5 IS zero
There are two forces their sum produces the
resultant force. 0 = Fy3 + F,5

F3; = Fi3 + Fy3

26



LR Z T T Fis a,
< >
B-—o :
= > 2-% fa
Foa = Vi3
K%y - K%
> (2-x) *

2-x = \.63) 2 —-x = \W538lyx
X

2 = 1L.B8I X x\X 2 = 2.581 X
A= 2 XK=0FF1 m

2.5%]



22.3 Coulomb’s Law

Solution
= Fi3= —Fy3

The forces have the same magnitude but
opposite direction,

= Fi3 = 53

19111q3] 1921193
=k, > =k, >
ri3 T3
14| 1q2 |

2 2
3 73

J

«— 200 m ——>

[ T?.OO—x—»

—P——>——=
q2 Fos ¢35 Fis3 q1

2. The separation distance between each

charge and g5

23 =X

T13 — 200 — X

27



22.3 Coulomb’s Law
= x(1/q; £ +/q1) = 2.00y/q,

Solution
la1] g2l
— 5= o 2.00/q,
13 23 @ i \/ﬁ
= I - 2.00,/(6.00 x 10~°
(2.00 - %)% x* > x, = 00J(600x 1079 _ r775m
V6.00 X 1076 + v/15.0 x 106
= (2.00 — x)%q, = x? q4
2.00,/(6.00 x 1076)
= X_ =
= (2.00 —x)\/q, = Tx /g, v6.00 x 10-6 — v/15.0 X 106
= —3.44m
= 2.00\/q, — x+/q, = £x+/q;
The negative root gives a second location, but it

= —x+/q, + x /g, = —2.00y/q, does not corresponds to the problem given.
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22.4 Analysis Model: Particle in an Electric Field

IS 3>

The electric force is a field force.

=S SERNS T = e

Field forces can act through space.

The effect is produced even with_no
physical contact between objects
TN WA PSOLS U5
Earaday developed the concept of a
field in terms of electric fields.

E yle

An electric field is said to gxist in the
region of space around a charged

object. ®

This charged object is the source

charge.

When another charged object, the test
charge, enters this electric field, an
electric force acts on it.

29



22.4 Analysis Model: Particle in an Electric Field

The electric field is defined as the E E is the field produced by sgme charge
electric force on the test charge per unit or cna.tg_e_dj.sm.bulwn separate from the
charge. _LID' aal— As L7500 o test charge. @ .
-

The electric field vector, l_Ef, at a point in The existence of an electric field is a
space is defined as the electric force_F, property of the source charge. |
acting on a po's*i'tive test charge, qo, The presence of the test charge Is
placed at that point divided by the test not necessary for the field to exist.
charge: Olest o2l Sz P ot s

™ The test charge serves as a detector of

E = q—" e the field.
0 A
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22.4 Analysis Model: Particle in an Electric Field

19&5 of“’s\ ";')“’L%‘ "“") o OL."S@Q\

The direction of E is that of the force

on a positive test charge.

The Sl units of E ar

We can also say that an electric field
exists at a point if a test charge at that
point experiences an electric force.

®

Q _

Test charge

Source charge

= E
e—@—b

31



22.4 Analysis Model: Particle in an Electric Field
E= _g_ F = Eq,

From the definition of electric field,
IT g 1s positive, the force and the field

F, = qE are in the same direction. .. .
SF s 05 e WS A
This expression is valid for a point —>E
charge only. If g Is negative, the force and the field
One of zero size are in opposite di[ections.
For larger objects, the field may olL= ']'4 Lk, c:.a:)\ PN LU

vary over the size of the object.

G, P @ \f <57

e "
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22.4 Analysis Model: Particle in an Electric Field

=>E=k—f/_\h -7
“r? ‘AN
%3 ,ud

Remember Coulomb’s law, between the
source and test charges, can be expressed as

~ At any point P, the total electric field
= d9o .
F. -k, 2 r\ due to a group of source charges equals
= the vector sum of the electric fields of
Then, the electric field willbe all the charges.

U\ g7 SN 2F = deadt g

) y - - Zﬂf._
E = :ke—r - Te . T'iz l - 12
l qﬂé\ ®



22.4 Analysis Model: Particle in an Electric Field

a) g 1S positive, the force Is
) u’ — If ¢ is positive,

directed away from g. thie foree on

the test charge |

’G ‘.f qy is directed
b) The direction of the field is away from ¢

also away from the positive
source charge.

For a positive

source charge, p —

C) g Is pegative, the force is e
. leld at P points
dll’ECted tOWQI g q . 1jadiztll}' ofl)tward
. . P ' "‘5 from g.
d) The field is also toward the

negative source charge

Feg

q

| q0 4
F,
b—" i
o
D P
A <
£ 0

q

q0

/,))
s F{)
.

If ¢ is negative,
the force on
the test charge
qy is directed
toward g¢.

——4 For a negative
|

source charge,
the electric
field at P’ points
radially inward
toward ¢.

34



22.4 Analysis Model: Particle in an Electric Field

UICK QUIZ 22.4 A test charge of #3 uC is at a point Pwhere an external

. electric field is directed to the right and has a magnitude of 4 X 106 N/C. If the
. test charge is replaced with another test charge of —3 uC, what happens to the
. external electric field at P?’@ It is unaffected. (b) It reverses direction. (c) It

o changes in a way that cannot be determined.

o)
f’L,g uxio Nl

b A
>‘;\/,M P
A

35



22.4 Analysis Model: Particle in an Electric Field

Charges g, and ¢, are located on the xaxis, at distances g and_j, respectively, from the origip as
shown in Figure 22.13.

(A) Find the components of the net electric field at the point P, which is at position (0, y).

E,
A
N\
\
\ —
‘ v E
b N
/ \ /
PE7 -
I g4
[ ) |2
/ \
/ \
n ! \
/ \ 7"2

/ \

/ \
/ \
/ \

_4\;_|.  ;
a
q91
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JWst b Lo
22.5 Electric Field Lines
Vs € VN Q) AR ded oo

Fleld lines give us a means of representing the electric field

pictorially. /\
w—\£ *

The electric field vector Is tangent to the electric field line at
each point. bl.(\S_,_A & 26 L WY .n.(_g V oSy

The line has a direction that is the same as that of the electric

field vector. ‘1,'“' (: ,590'—}1 .r-mw’) \)Q\Sn b,ﬂ_b»f-

Jhest o g .y L (=
The number of lines per unit area through a surface

perpendicular to the lines is proportional to the magnitude of Aﬂ}
the electric field in that region.

i
PR

A
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22.5 Electric Field Lines <=7 tedors ¥
undorm m

\
"’g. l'r-C)ﬂ
The magnitude of the
field is greater on surface
The density of lines through surface A Is greater A than on surface B.
than through surface B. T
Thus, the magnitude of the electric field is greater / /;'
on surface A than B. /
The lines at different locations point in different / j—
directions. This indicates the field |s nonuniform. B -
B



22.5 Electric Field Lines
258 (aai I\

For a positive point charge,
the field lines are directed

The field lines radlate outward in all radially outward.

directions. ___,Lou:g 9__2¢ I Aury
\A

In three dimensions, the distribution is

spherical. (3‘;})_\&"—" AW G

The lines are dlrected away from the
urce ch - ~
squrce charge.  ;o” | Va2, o ~

A positive test charge would be repelled
away from the positive source charge.

c.;;)\q{/\;; /F;glé!-—-—- 39



22.5 Electric Field Lines
I T

—

No' Ay 5S asv
The field lines radiate inward in all
directions.

The lines are directed toward the source
charge. L 1S alo

A positive test charge would be attracted
toward the negative source charge.

@L/\a.:':ﬁu,_:f:) )L

For a negative point charge,
the field lines are directed
radially inward.
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The lines must begln ona posrtlve charge and terminate on a negatlve charge.
GVL"V‘“ L.f WJ‘ P;-F—”. ( o --¢7.z,)f{wu )P uw'?

“ In the case of an excess of one type of charge some lines Wl|k6 or end
Infinitely far away. é

The number of lines drawn leaving a positive charge or approac‘ring a
r_r’gatlve charge IS proportlonal to the magnltude of the charge

No two fie INes can Cross. 9‘ o\ .! 3

Remember field lines are not material objects, they are a pictorial
representation used to qualitatively describe the electric field. "

22.5 Electric Field Lines
NP 7 4
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22.5 Electric Field Lines

/_—e. u-k:d
The charges are _ml and

OEEOSI'[G

The number of field lines leaving
the positive charge equals the
number of lines terminating on
the negative charge.

The number of field lines leaving
the positive charge equals the
number terminating at the
negative charge.
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22 5 Electric Field Lines & ®
i

]

The charges are equal and positive.

The same number of lines leave each
charge since they are equal In magnitude.
churdml S s YUK & v A c-.msmc_.a,.s-
17
At a great distance, the field Is
av approxmately equal to that of a single
charge of 2q.

Since there are no negative charges
available, the field lines end infinitely far
away. A g{'—’-\ < c:-2 43
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22.6 Motion of a Charged Particle in a Uniform Electric Field.
f
== |-
E— > | -

When a charged particle is placed in an electric field, it experiences an electrical
force.

If this Is the only force on the particle, it must be the net force.

£,

The net force will cause the particle to accelerate according to Newton’s second

law.

-

F, = gE = ma

44



F e —6
S
©— F = ‘?E;
=
>

:;,%a_}=£:- Lo <£;;: N CaTq Qéﬂpa'e»;57-ub;'iéﬂ
z?yL;/'c%lAQJE dbsy dﬂ?"&?
Ulo (ir SlyP W E o as 40, 2

_ -, S
WSy 2l oEe 2 M

F:}: moe — E;Cl'
a- E%
m
.|| ., e
) >®
XA

A VA -\t-:‘zjo'-/“2

U;z = u:.'?_‘\‘ 2L AX



22.6 Motion of a Charged Particle in a Uniform Electric Field.

If the field Is uniform, then the
acceleration 1s constant.

The electric force causes a particle to
move according to the models of forces

The particle under constant acceleration and motion.

model can be applied to the motion of the . + _
particle. If the particle has a_positive charge, its

acceleration is In the direction of the
Upf = Uy T Gyl I.Lg!g_

If the particle has a negative charge, its

acceleration is in the direction opposite
Vst = vt 20,(x7 — x)) the electric field.




22.6 Motion of a Charged Particle in a Uniform Electric Field.

An electron enters the region of a uniform electric field as shown in Figure 22.21, with v, = 3.00 X 10° m/s and
E = 200 N/C. The horizontal length of the plates is € = 0.100 m. ——

(A) Find the acceleration of the electron while it is in the electric field.
——

(B) Assuming the electron enters the field at time ¢ -=__(.), find the time at which it leaves the field.

(C) Assuming the vertical position of the electron as it enters the field is y; = 0, what is its vertical position when it leaves the field?

- X
Ax~o 0':.’\’\[* pat OIS

~ _ Q.f ‘ A AIA A A AR .;f_-_.( x,y)'.& \'\
G 3 < )—f-’-’ O’J ))-E ( f') E v’ [ i

Rttt \
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Q= ~(.6X10 : m= Qux1o ko

/) S L
) ~/9 3
A= GE = [Ef10 x 00 = 35 X100 m/s?
24 Q.U X0~ * .
(}c__-g\\_;s

~3.SKI0°f m/c

b) T
—> O
% e 8x\cf
\’ncso
13
a = 2.SX\0™ m/g _ A
E - 3.3 \(\0—6 L Y —J
A X=0:Am
v)
D= Ut x sze(&
X X
¢ =7
ol = 3x\e E ; B 15h ¢ = 2.33x10 S
SX\0
2Lev”

> DY - (?j/f)-\- = 0, e

3 -F\ %
d; —Y¢ = -2-x25X10 /(@-33)(10 )
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