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Atoms: A neutral atom has the same number of protons as

electrons.
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ions:
A positive ion is an atom with one or more electrons removed.
A negative ion has gained one or more electrons.
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@ Protons (+) Neutrons
@ Electrons (—)

(a) 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




21.1 Electric Charge
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They rubbed amber with wool, the amber could attract other
objects, we say that the amber has acquired a net electric

charge, or has become charged.
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Two positive or two negative charges repel each other.
Ol Hliou of Hlumge Oluou 6l
A positive charge and a negative charge attract each other.
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(a) Interaction between plastic rods rubbed (b) Interaction between glass rods rubbed (c) Interaction between objects with opposite
on fur on silk charges
Plain plastic rods neither Plain glass rods neither The fur-rubbed plastic
attract nor repel each attract nor repel each rod and the silk
~ Other ... ~ other .. rubbed glass rod
|
Ao - L e attrac 1 l(h
. Ny other ..
. S N | ====70 I+ + +j +
Fur Plastic b bl
Silk Glass
... but after being @ e~ ... but after being

.. and the fur and silk

rubbed with fur, rubbed with silk, : Fs
each attracts the rod it
the rods repel the rods repel robbad
- ed.
’ each other. each other + t shathiz:d
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+ g _+'_'i1.
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in the same time ARM S

The printer is example of conductor and insulator
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Figure 21.2 Schematic diagram of the operation of a laser printer,

\2 Laser b

Paper (feeding to left)

. -
“=-(4 ) Wires spray a strong itive charge

The proton and electron have the same magnitude charge.
sl o ylaiall s Log) 9yiSI3lg (ygigyl

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

JS 2355 iy . diwill d2ds 8359 68 (gigyl ol o iSI31 disud Hlade
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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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When a glass rod is rubbed with silk, electrons are transferred
from the glass to the silk. Because of conservation of charge,
each electron adds negative charge to the silk, and an equal
positive charge is left behind on the rod
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21.2 Conductors, Insulators,
and Induced Changes ARMS
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A conductor permits the easy movement of charge through it
(such as copper and aluminum). An insulator does not.

ool Jio) 0pue dgguny ddbyaSIl bl y9 r00 Jrogall o
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Most metals are good conductors, while most nonmetals are
insulators.
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Semiconductors are intermediate in their properties between
good conductors and good insulators

832l Jjloslly xdiEmba el 50 loostiaoa@iiih.wgio dlogall ol

Insulating s : ———
= (7 — (f \ -
nylon threads ( \ ... and a positively
/ \ s ——
~ /A negatively charged \ charged glass rod
\ Chalrge:..l : plastic rod now repels \'-.\ attracts the ball.
astic roc \
o P the ball ... )
& ] - N F
2 D e
Metal Copper % e iy
, e - Charged
ball wire Charged . &
— : glass rod
N ] plastic rod R
The wire conducts charge from the negatively . ;

charged plastic rod to the metal ball.



Figure 21.7 Charging a metal ball by induction.

(b) Negative charge on rod
repels electrons, creating

(a) Uncharged metal ball

zones of negative and
positive induced charge.

Charging by induction

Electron Electron buildup
Metal deficiency
ball Negatively \++ =
charged = g =
Insulating _ rod = <
stand P g P

up (induced negative

charge) flow into

ground.

exerts an equal-magnitude attractive force on the comb.

(a) A charged comb picking up uncharged

pieces of plastic insulator

Electrons in each
molecule of the neutral
insulator shift away

from the comb,

; 2
® .-
@@4
eSS
e®®
9 S

[

Figure 21.8 The charges within the molecules of an insulating material can shift slightly. As a result, a
comb with either sign of charge attracts a neutral insulator. By Newton's third law the neutral insulator

(b) How a negatively charged comb attracts an

{(+) charges in each @
molecule are closer to @
the comb than are the (=) 9

charges and so feel a stronger

.|.+ _— Wire ++ .
~ @ _ = - Negative
= = <= % charge in
- ground
. Gl ’/
Ground
(¢) Wire lets electron build- (d) Wire removed; ball now

has only an electron-
deficient region of
positive charge.

Electric forces on uncharged objects

insulator

Negatively
charged comb

As aresult, the

force from the comb. Therefore

the net force is attractive.
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(c) How a positively charged comb attracts an

N This time, electrons in
the molecules shift
toward the comb ...

ACADEMY

o
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(e) Rod removed;
electrons rearrange
themselves, ball has
overall electron
deficiency (net
positive charge).

Positively
charged comb

F
ZI’: ----------------------- ... 50 the

@ e (=) charges in each

molecule are closer to
the comb, and feel a

stronger force from it, than

the (+) charges. Again, the net
force is attractive.




21.3 Coulomb’s Law
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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.

b Juol> o by Guidads Gusioud G dolyeSdl 898l Hlade wnlin
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Interactions between point charges
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FZ on 1 .
/\ Charges of the
same sign repel.
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Example 21.2 Force between two point charges
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Two point charges, ¢, = +25 nC and ¢, = -75 nC, are separated
by a distance r = 3.0 cm (Fig. 21.12a). Find the magnitude and
direction of the electric force (a) that ¢, exerts on ¢, and (b) that
q, exerts on ¢,.

(a) The two charges

q1 q>

3

_ 1 ‘Ch(b‘
ATEG 1T

10n 2

(Co25%56™ C)(-75 x 10 C)|

= (9.0 x10° NemY(C?)
(0.030 M)’

(b) Free-body diagram
= 0.019 N for charge ¢,

Fl0n2 92

_ 1 ‘Chgz‘ —F
4T& T°

ton2 = 0.010 N

20n1

(c) Free-body diagram
for charge ¢,

91 ﬁzonl
O
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Example 21.3 Vector addition of electric

forces on aline AR M S
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Two point charges are located on the x-axis of a coordinate
system: ¢, = 1.onC is at x = +2.0 cm, and ¢, = -3.0 nC is at

x = +4.0 cm. What is the total electric force exerted by ¢, and ¢,
on a charge ¢, =5.0nC atx = 0?

4
G3=50nC ¢1=10nC ¢2=-30nC
_ 1 el @ ® O-x
1ons3 el I'lq)l Oy __ 20 cm — |
40 cm .

(@0 x 102 C)(5.0 x 107 C)

~ (90 107 N/ i
YW <) (0,020 m)’

- 1.12 %10 *N =112 yN

In the same way you can show that F, ., ; = 84 yN

—

F.=F, ony+ o, = (-112 uN)i + (84 UN)i = (<28 uN)i

J




Example 21.3 Vector addition of electric L J
forces on aline AR M S
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Two equal positive charges ¢, = ¢, = 2.0 uC are located at x = o,
y=o0.30mand x = 0, ¥y = -0.30 m, respectively. What are the
magnitude and direction of the total electric force that ¢, and ¢,
exert on a third charge Q = 4.0 yC atx = 0.40 m,y = 0?

_6 —()
F o1 5 on 0 SHOIORTON S mz/GZ)(‘F-O <10 C)(2.0 x10° C)

2

(0.50 m)*
=0.29 N

0.40 M
0.50 M

(Fl or 2 on Q)x - (Fl or 2 on Q)COS a= (O~29 N) - ()-23 N

0.30 M

(Fl or 2 on Q)\‘ - (Fl or 2 on Q)Sin a= (0-29 N) 0.50 m

= 0.17 N

F.,.=023N+0.23N=0.46N

F,=017N-017N=0

N
The total force on Q is in the +x-direction, with magnitude m
0.46 N.
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The electric field vector E is tangent to the electric field lines at
each point.

i JS is GilyasIl Jowall ek Goloo T ilyesl el aio

The number of lines per unit area through a surface
perpendicular to the lines is proportional to the strength of the
electric field in each region.
&0 cawliiy bglhdll Blenssgac xlaw juelds Lo 83>9 JSJ bglasll sac
falhis JS | 9 LyeSIl Jlowll b

(a) For a positive point charge, the lines radiate outward (away
from q).

(4 e 1um) )bl bghal 2is dazgall ddadil disuil) &l
(b) For a negative point charge, the lines converge inward

(toward q).
(q os3L) 1ol bghasdl L)l ddlul ddaddl disuid) dewill

/

Q

(a) The field produced by a positive point
charge points away from the charge. (b) The field produced by a negative point

charge points toward the charge.

N2
b —



21.4 Electric Field and Electric Forces
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The electric force on a charged body is exerted by the electric
field created by other charged bodies.

. voc o e . Figure 21.16 The force Fn = an exerted
OL (Q'"",“> LJJ"C ‘1-*-’l-’)~85-” 09'0‘” L)J"))LAJ on a point charge ¢y placed in an electric

£ . - field E.
aluixt e 2l LilyeS)l Yol dawolgy ™

£ Q
o - O & -+ -
. | (< §) + E (due to charge Q)
So=l Dgzans O 0 @
& + b7 o F;n

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

Q o i
+ " F, E (due to charge Q)

+ —— |
r E=_1 M by R

2 The force on a negative test charge ¢, points
9o 47€o T

opposite to the electric field.

we can write a vector equation that gives both the magnitude and
direction of the electric field E

E L3Sl Jloxall ollg Hlade (o YS lasd dgie dslas LS (Say

F-— 4L ¢

4TEo 17

Figure 21.17 The electric field E produced at point P by an isolated point charge g at 5. Note that in both
(b) and (c), E is produced by g [see Eq. (21.7)] but acts on the charge g, at point P [see Eq. (21.4)].

(a) (b) E (c) '
o M X 4o
- i E
P ) . P H _ P
g T F 4q - : g » _-

; 4 frs j .
r @'/ At each point P, the electric 9’/ At . | T—— )
. I - . - . . ! ach point £, the electric
5 Unit vector r points from g field set up by an isolated posifive point il it

£3t % f 2 h e Jiractly e e ) field set up by an isolated negative point

source point 5o field point P, charge g points directly away from the | sl v I 1h
- et . charge ¢ points directly toward the

charge in the same direction as r. ageq Tl ki .

charge in the apposite direction from r.
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Example 21.6 Electric-field vector for a point charge
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A point charge q = -8.0 nC is located at the origin. Find the
electric-field vector at the field pointx =1.2m, y = -1.6 m.

xi+yj _ (.2m) + (1.6 my
r 2.0m

= 0.601 - 0.80)

)(—8.0 x 107 ()

—~ (0.601 - 0.80))
(2.0 m)*

= (9.0 x10° N « m*/C?

= (-11 N/C) + (14 N/C)y



21.5 Electric-Field Calculations
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Principle of superposition of electric fields: The total electric field
at a point P is the vector sum of the fields at P due to each point
charge in the charge distribution.

£gamoll 9 P dhiai xic LIS byastl Jwall :alygSl o3l STy Tae |
disuiadl 293 3 dudads diswd JS (ye doilill P aie il gial

lh@

~

Electric field e Electric field
at P due to ¢, at P due to g,

q> e/

25
v E

The total electric field E at point P
1s the vector sum of E,| and E,.

= F, =2 =2 =
PJ:q_:PJI+PJZ+P13+
(0]
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Example 21.8 Field of an electric dipole
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Point charges ¢, = +12 nC and ¢, = -12 nC are 0.100 m apart
(Fig. 21.22). (Such pairs of point charges with equal magnitude
and opposite sign are called electric dipoles.) Compute the
electric field caused by ¢,, the field caused by ¢,, and the total
field (a) at point a; (b) at point b; and (c) at point c.

_ 1 ‘Q1| ; Y
Y 4TE 17 E, b ’\?\ : o« E }

= (9.0 x10° N e m*/(?) (13 ;gg_inc)z =3.0 X10* N/C

We calculate the other field magnitude in a similar way. The
results are

E,, = 3.0 x10*N/C

E,;, = 6.8 x10* N/C

E, = 6.39 x10° N/C

E,, = 6.8 x10* N/C

E,, = 0.55 x10* N/C
E,.=E,=6.39x10° N/C

WY A\
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()
E,=E+E,=(.8x10*N/C)

(b)
Eb y _Elbi+ EZbZA: (‘6.2 X 10* I\I/C)ZA

(c)

E @l =k, cos az16.39 g0’ N/C)( 153 )

= 2.46 x 10’ N/C

FromySymmrentry, F.gand lsgare equal and
opposite, so their sum is zero. Hence

E, = 2(2.46 x10°> N/C)7 = (4.9 x 10° N/C)i
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If a charge Q is uniformly distributed throughout a volume V, the

volume charge density is defined by:
disudy AOUS 39353 @iy L8 .V @zl uc 390 JSuin Q disidl gjg5 o3 13]
3> o el

the unit of p is (C/m’)

(C/M’) o p 8a>g
If a charge Q is uniformlydistributed on asurface of area A, the
surface charge density is defined by:

Max iy Ol i\ dalaiall mlas Ll asgs JSdy Q disuidl gjgi o 1)
:ch}o .." l ” - o ” &éus

;
the unit of o is (C/m?) |
(C/M’) 2 O 8a>g M
If a charge Q is uniformly distributed along a line of length L, the
linear charge density is defined by: q
30355 2 016 (L Jshall b Jsbo Ll 590 JSaty Q Ll g5 3 13]
3 o dudasdl disuidl d5LS

}
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Example 21.9 Field of ring of charge

- O A ; R sl o
E . ! » J? 2/ z l/ \'I Hhk‘{f‘:x?
4T€o (x> + a?)?* [ L] fp o
\ //: EHE;
: pe_1 Qs .
Ifx>>a E = —=1
4TEe X*

Example 21.10 Field of a charged line segment

E=— = "I
4TEo YTt @ ™ 1
0 e x

If a >>x;E—}‘—i ]
2TWEQ X

Example 21.10 Field of a uniformly charged disk




21.6 Electric Field Lines
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The number of lines that begin at the positive charge must equal
the number that terminate at the negative charge.

Ll bl sac dmgall disil aic T3 Lill bghsdl sac ol ol oz |

The same number of lines emerges from each charge because the
charges are equal in magnitude.

Hladell o dygLudital Sliscill O3 distldh JS B bl e Gudi ygkay

Figure 21.28 Electric field lines for three different charge distributions. In general, the magnitude of
E is different at different points along a given field line.

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

Il V4

-

Field lines always point === " At each point in space, the electric Field lines are close together where the field is
away from (+) charges field vector 1s tangent to the field strong, farther apart where it 1s weaker.

and roward (—) charges. line passing through that point.
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21.7 Electric Dipoles
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An electric dipole is a pair of point charges having equal but
opposite sign and separated by a distance.

. (')‘o CQ) Q-Q LJJ B o LJJ Figure 21.31 The net force on this
L')S.lg 0) Lu.)§| Q) Lo.e.l Cl...b_o.;.“ COlisawdd! electric dipole is zero, but there is a torque

.. . directed into the page that tends to rotate
aol | l 9 L)l Slasx pag

the dipole clockwise.

—
=4

p=qd W e
/.
. dsind
the unit of p are (C « m) ) #¢ :
F.=—gE —¢g

(C e m) o pnsy .

The net force on an electric dipole in a uniform external electric

field is zero
201> S0yeS J gt Bk aSIl sl LS gl 6555001 dlaswll 594l

Torque on an Electric Dipole:
SLreSl sl LS Gle glhgall pje

T = gEd sin 6 t=pEsin® t-p*E

Potential energy for an Electric Dipole:
SyeS)l sl 3l diolS)l &5l
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Example 21.13 Force and torque

on an electric dipole ARMS
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Figure 21.32a(next page) shows an electric dipole in a uniform
electric field of magnitude 5.0 x 10° N/C that is directed parallel
to the plane of the figure. The charges are +1.6 x 10™ C; both lie
in the plane and are separated by 0.125 nm = 0.125 x 10 m. Find
(a) the net force exerted by the field on the dipole; (b) the
magnitude and direction of the electric dipole moment; (c) the
magnitude and direction of the torque; (d) the potential energy
of the system in the position shown.

(a) i

The ficldis unitorn, sedthe iy
forceson the two charges 5 /é@
are equal and opposite sign. ]
Hence {thetotahioree orilie £, U0

dipole is zero

p=qd=(1.6x10" (C)(0.125 x10° M)

=2.0x107 Cem

T=pE sin 6 = (2.0 x 107 C « m)(5.0 x 10° N/C)(sin 145")

=5.7xX10* Nem

= -pE cos 6
= (2.0 x107 C » m)(5.0 X 10° N/C)(cos 145")
=8.2x107]
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