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Mepiexopeva 21

2TATIKOG HAEKTPIONOG, HAEKTPIKO POPTIO KaI N
olaTAPNoNn auTtou

HAEKTPIKO OPTIO OTO ATOMO

 Avywyoi kal MovwTég

 Emayopeva Poprtia

« O No6pog Tou Coulomb

 To HAekTpIiko lNedio

* YTroAoyiouOG HAEKTPIKOU TTEDIOU VIO OUVEXN

KOTOVOMN POPTIOU
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Mepiexopeva 21
* Auvapuikeég Npappeg Mediwv

* HAeKTPIKA TTEDIO KOI AyWYoOI

* Kivnon @opTiIohEVOU 2ZWHATIOIOU O€
HAeKTPIKO TTEDIO

* HAeKTPIKG OiTrOAQ

* HAeKTPIKEG DUVAUEIC OoTN XNUEIA KAl
BioAoyia: DNA

* QwTtoTutriKa Mnyxavipoata Kol EKTUTTWTEG
XPNOIMOTTOIOUV ZTATIKO HAEKTPIOUO
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21-1 ZT1aTIKOG HAEKTPIONOG, HAEKTPIKO
®opTio Kal n diatipnon autou

AVTIKEIJEVA HTTOPOUV VA POPTIOCTOUV HECW
TPIRNG
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Two charged glass rods repel
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Charged glass rod attracts
charged plastic ruler
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21-1 ZTATIKOG
HAeKTPIONOG,
HAekTpIKO POpTio KaI N
ol10TAPNON AUTOU

YTrapyxouv OUO €idn
POPTIWV: TA OVOUACOUME
BETIKA KOl aPVNTIKA.

Ta opola opTia
aTTWOOUVTAI KAl TA
avouoIa EAKOVTAI.



21-1 ZTaTIKOG HAEKTPIONOG, HAEKTPIKO
doprTio Kal n diaTRPNON AUuToU

To NAEKTPIKO @opTio diaTtnpeital OnA. T
A0POIoHA TWV NAEKTPIKWY POPTIWV OE EVa
KAEIOTO cUOTNMO OEV METARBAAAETAI AOYW
OAANAETIOPACEWY.



21-2 HAEKTPIKO (pOPTIO OTO ATOUO

ATOMO:

NMupnvag (HIKPOG,
MEYAANn padla, OETIKO

POPTIO)

NEpog HAekTpoviwyv
(EKTETAMEVO, XOMNANG
TTUKVOTNTAG,
APNHTIKO ¢@oprTio)

-




21-2 HAEKTPIKO (pOPTIO OTO ATOUO

[MoAIkO MOpPI10:. CUVOAIKA OUDBETEPO, AAAQ
XWPEIiGC OMOYEVA KATAVOUNA TOU (POPTIOU




21-3 Aywyoi kai MovwTéEg

Aywyog: MoVvWwTEG (OINAEKTPIKA):

Ta @opTia pEouv 2Xe00V NNdEevVIKA pon

eAevBEpa TT.X. OTA POPTIWV TT.X. OTA

METOAAQ TTEPICOOTEPA UTTOAOITTO
UAIKA

MepiIKa UAIKAG gival NHIAYWYOI.

Charged Neutral (@ Metal Wood
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21-4 ETrayopevo ®Poprio-
HAEKTPOOKOTTIO

MeTAAAIKA QVTIKEIMEVA UTTOPEI VA QPOPTITOU
MECW AYWYIMOTNTOG

( |

(a) Neutral metal rod

e~ passage

Charged
metal object

e O

(b) Metal rod acquires
charge by contact



21-4 ETrayopevo ®Poprio-
HAEKTPOOKOTTIO

MTTopouv OHWCS VA POPTICTOUV KAl ETTAYWYIKA
€iTE €ival ouvOoedEPEVA ME TNV YN N OXI:

( —

o :
;

= ol FaTal
Metal rod still neutral, but
with a separation of charge




21-4 ETrayopevo ®Poprio-
HAEKTPOOKOTTIO

O1 HovWwTEG (OINAEKTPIKA) OEV OPTICOVTA OUTE ME
AYWYINOTNTA OUTE ETTAYWYIKA. Biwvouv povo
OI1aXWPICHUO POPTIOU.

Vres s
ey

Nonconductor




21-4 ETrayouevo ®oprio-
HAEKTPOOKOTTIO

To NAEKTPOOKOTTIO Metal

MTTOPEI VO METPNOEI
QOPTIO.




21-4 ETrayopevo ®Poprio-
HAEKTPOOKOTTIO

To NAEKTPOOKOTTIO UTTOPEI VA (POPTIOTEI EITE PE
AYWYIMOTNTA EITE ETTAYWYIKA.




21-4 ETrayouevo ®oprio-
HAEKTPOOKOTTIO
‘Eva @OpPTIOMEVO NAEKTPOOCKOTTIO UTTOPEI VA

TTPOOOIOPICElI TO TTPOCTMO EVOS AYVWOTOU
QOPTIOU.

(a) 3. (b) (c)

SN %K

= Yo vE

Nt

=]
—— —
—
———"]
—
oemereen
—
— e
— [ — 7 —
— —
— — — —
—_— —
— _—
— —
— L= —
rson education, Inc.

—
Copyright © 2009 Peal

I
11




21-5 Nopog Tou Coulomb

[MeipapaTIKA BPICKOUME OTI N NAEKTPIKN
OUVOMN METAEU OUO POPTIWYV Eival avaAoyn
TOU YIVOMEVOU TWV POPTIWV TOU KAl
AVTIOTPOPWGS AVAAOYN TOU TETPOAYWVOU TG
ATTOOTACNG TOUG

)
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21-5 Nopog Tou Coulomb

Coulomb’s law:

005

},2

F =k

|[magnitudes]|

H e€iowon autn Oivel To nEyeBOC TNG
NAEKTPIKNAG dUVANNG.



21-5 Nopog Tou Coulomb

H d1e0Buvon Tng dUvaung givail n evdeia TToU
EVWVEI Ta OUO QOPTIA KAl Eival EAKTIKN OTAV T

@OPTIA EiVAl OMOIA KAl ATTWOTIK OTAV TA POPTIA
gival avouola.

F{, =tforce on 1 F,, =torce on 2
due to 2 due to 1
Fp <=3 &= F2
1 2
1 2
Fi, Ky
+ ~— —
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21-5 Nopog Tou Coulomb

Movada ®optiou: Coulomb, C.

H otaBepd avaAoyiag Tou vOUOU TOU
Coulomb eivau:

k =8.99 x 10° N-m?/C=.

Ta gopTia TTOU aAVATTTUOCOVTAI HEOW

TPIRNG €ival TNG TACNS TWV
microcoulomb:

1uC=10°C.



21-5 Nopog Tou Coulomb

To @OPTIO TOU NAEKTPOVIOU Eival:

e =1.602 x 10-° C.

To NAEKTPIKO QOPTIO €ival «KBAVTIOUEVO» O€
TTOAAQTTAACIO TOU (POPTIOU TOU NAEKTPOVIOU.



21-5 Nopog Tou Coulomb

H oTtaBepd avaloyiag k cuvoEeTal ue Tnv
NAEKTPIKN SIATTEQPATOTNTA TOU KEVOU E,:

o 1 Q1Q2,

2

direg 7
where

1
€g = —— = 885X 10_12C2/N*m2.
4k
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21-5 Nopog Tou Coulomb

Moo a1rd Ta OUO POPTIA AOKEI
MEYOAUTEPN OUVOUN;

AUo OeTIKG onuelaka @opTia, Q, =50 uC
kKal Q, =1 uC, atréXouv JETAU TOUG 7/ .
Moia duvapun gival NEYOAUTEPN, QUTH TTOU
aokei To Q, 010 Q, R T0 Q, OTO Q4]

@- 4 ~0




RESPONSE From Coulomb’s law, the force on Q) exerted by (2, 1s

Fo =k 91?2'
E'_
The force on (O, exerted by O is
- 122

which is the same magnitude. The equation is symmeltric with respect to the two
charges, so F5, = F,.

NOTE Mewton’s third law also tells us that these two forces must have equal
magnitude.

EXERCISE B What is the magnitude of Fi» (and ) in Example 21-1 if § = 30 ¢m?
4 12 21 P

Copyright © 2009 Pearson Education, Inc.



21-5 O Nopog Tou Coulomb

AidovTal Ta TPia PopPTIa TOU OXNMUATOS. Bpeite
TNV GUVOAIKRA duvapun oto Q3.

~—0.30 m—0.20 m~]

S ——x
Q)= U = Q3=
-8.0 nC +3.0 uC —4.0 uC

Copyright © 2009 Pearson Education, Inc


../../../../../PSE4_Lecture_Ch21.ppt#23. 21-5%20Coulomb%E2%80%99s%20Law
../../../../../PSE4_Lecture_Ch21.ppt#23. 21-5%20Coulomb%E2%80%99s%20Law

Copyright © 2

APPROACH The net force on partlclc 3 is the vector sum of the force F;, exerted
on 3 by particle 1 and the force F;, exerted on 3 by particle 2: F = F, + Fy,.

SOLUTION The magnitudes of these two forces are obtained using Coulomb’s

law, Eq. 21-1:
Q o
Fy = 5
ri
(9.0 X 10"N-m*/C’}{4.0 x 107°C)(8.0 x 107°C} N
B (0.50 m)* T
where ry = 0.50m 1s the distance from (4 to ;. Similarly,
By = k22
r'.r:.
~ (9.0 X 10"N-m*/C?)(4.0 x 107°C)(3.0 x 107°C) TN

(0.20 m)*

Since we were calculating the magnitudes of the forces, we omitted the signs of
the chdrg{,& But we must be aware of them to get the direction of each lorce. Let
the line joining the particles be the x axis, and we take it positive to the right.
Then, because Fy) is repulsive and F;, is attractive, the directions of the forces are
as shown in Fig. 21-17b: F5; points in the positive x direction and F5; points in the
negative x direction. The net force on particle 3 1s then

F = -F,+ F = —27N + 12N = —15N.

The magnitude of the net force is 1.5 N, and it points to the left.

NOTE Charge Q, acts on charge Q; just as if , were not there (this is the
principle of superposition). That is, the charge in the middle, (25, in no way blocks
the effect of charge {2, acting on ;. Naturally, (J, exerts its own force on (J;.



21-5 O Nopog Tou Coulomb

BpeiTe TNV OUVOAIKK dUVaUn 0TO Q; TOU OXN\MOATOG
AOYyw TwV QopTiwv Q, Kai Q..

\900 . Y
30°~
0, =+50 uC @ o o x
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APPROACH We use Coulomb’s law to find the magnitudes of the individual
forces. The direction of each force will be along the line connecting () to
0, or Q,. The forces F;; and F;, have the directions shown in Fig. 21-18a, since
0, exerts an attractive force on @5, and O, exerts a repulsive [orce. The forces
F., and FH are not along the same ling, so to find the resultant force on (5 we
resolve F;, and Fy, into x and y components and perform the vector addition.
SOLUTION The magnitudes of F;; and F;; are (ignoring signs of the charges since
we know the directions)

0,0, (9.0 x 10°N-m2/C?)(6.5 x 1075 C)(8.6 % 107°C)

F'I. = IEC .-| = - - 14{] N"
. 2 (0.60 m)?
2.0, (9.0 % 10°N-m¥/CH)(6.5 x 1077 CH5.0 x 107°C
g, = 22 | /e j i ) _ 330N
r 37 {ﬂ.?rﬂ I'I"i]'

We resolve F;, into its components along the x and y axes, as shown in Fig. 21-18a:
Fiy, = Fcos30" = (140N)cos30" = 120N,
Fyy = —F;sin30° = —(140N)sin 30°

—T0N.
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FIGUI
¥y for E;

gn: in

FJ-: 15
Fi, _ direct
|l| are
: (Qs a
1
1
1
i
]

Lowar
net fo

=] "

9 ~
_\ 3077~ _ 3 &0
O, =+50 uC & —x

32cm 0, = -86uC F;,
(a) (b)

The force Fi has only a vy component. So the net force F on (); has
components

F, = Fy,, = 120N,

F, = Fy + Fy, = 330N — 70N = 260N.
The magnitude of the net force is

F = \/F.+ F, = \/(120N)> + (260N)> = 290N;
and it acts at an angle # (see Fig. 21-18b) given by

tan# = i—i = iﬂT: = 2.2,

so # = tan~'(2.2) = 65"
NOTE Because F;; and Fs, are not along the same line, the magnitude of F, is not
equal to the sum (or difference as in Example 21-2) of the separate magnitudes.
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2TO oXNMa BpeiTe TTOU
TTPETTEI VA TOTTOOETNOEI TO
TETAPTO PopTio, Q, = -50 uC
WOTE N OUVOAIKR duvaun
OTO QOPTIO Q, VO MNOEVIOTE

RESPONSE By the principle of superposition, we need a force in exactly the opposite
direction to the resultant F due to (), and ¢J, that we calculated in Example 21-3,
Fig. 21-18b. Our force must have magnitude 290 N, and must point down and to the
left of Q5 in Fig. 21-18b. So @, must be along this line. See Fig. 21-19.




21-6 To HAekTpIkO [1edio

To HAekTpiko lNedio gival o0 AOyog TnG
HAeKTPIKAC AUVOUNG WS TTPOG TO POPTIO:



21-6 HAekTpIKO [edio

KdaBe @popTio £xel yUpw TOU (ONnUIoUpyEi) Eva
NAEKTPIKO TTEDIO




21-6 HAekTpIKO [edio

Mo onNUEIOKO QOPTIO:

F  kqQ/r
E-- qQ/7

g

E = k=, [single point charge|

or, in terms of €, as in Eq. 21-2 (k = 1/47760):
1 0

E = single point charge
2 gle p g

direg 7
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21-6 HAekTpIKO [edio

H dUvapun TTou

E
OOKEITE O€ EVa
@opTio Adyw TOU (a)

HAekTpikou lNediou

givai: L
F
(b)

F = 4E. T4



21-6 HAekTpIKO [edio

To ®wroTuTKS MN)AavNnua. \

H AsiToupyia Tou @WTOTUTTIKOU BacileTal oTNV B —
guluypdauuion (d1appuBUIoN) BETIKWY POPTIWYV

(o€ katrol0 oX£010 TTOU ETTIBUMOUNE VA

AVTIYPAWOUHE) TTAVW OTNV ETTIPAVEIA EVOG

KUAIiVOPOU KOl OTN OUVEXEIA TNV evATTO0EO

APVNTIKA QOPTIOHEVWYV OTAYOVISiWYV aTrd HEAGVI
TTAvw TOoU. Ta otayovidia Tou peAaviou
TTPOCWPIVA TTPOCKOAAIOUVTAI OTO OXEDIO TOU
KUAIiVOPOU TO OTTOi0 OTNV CUVEXEI
gEvaTtroTifevral TTAvw oTO XAPTi «AIWVOVTAG TAY.
Edv utroBéooupe 611 n pada Kade otayovidiou
MeAaviou gival 9.0 x 101% kg kai @épel Tepi Ta
20 nAekTpoOVIa TTEPiCOIA, KAl 0TI N SUVANN TTAVW E
OTO OTAYOVidIO TTPETTEl VA gival TOUAAXIOTOV - Toner particles

, . , , held to drum surface
SirAdocia amrd To Bapog Tou, Bpeite TV TO by electric field E
MEYEBOG TOU NAEKTPIKOU TTEdIOU TTOU ATTAITEITAI
KOVTA OTNV ETTIPAVEIO TOU KUAIVOpPOU.

Surface of
drum

Copyright © 2009 Pearson Education, Inc.



APPROACH The electric force on a toner particle of charge g = 20e 158 F = gFE,
where £ is the needed electric field. This force needs to be at least as great as
twice the weight (mg) of the particle.

SOLUTION The minimum value of electric field satisfies the relation
gE = 2mg
where g = 20e. Hence

2 2(9.0 x 107" kg)(9.8 m/s’
2mg _ 2 JOSm/S) s ionye
q 20(1.6 x 107" C)

Copyright © 2009 Pearson Education, Inc.



21-6 HAekTpIKO [edio

Bpeite TO pEyeBOC Kal d1evubBuvon Tou
NAEKTPIKOU TTEQIOU OTO ONMEIO P TTOU ATTEXEI
30 cm d&&1a atd 1o gopTio Q =-3.0 x 10° C.

|< 30 cm »‘

e P
Q= 30><10—6C E=3.0%x10° N/C

@ P e
Q=+3.0x10"6C E=3.0x10°N/C

Copyright © 2009 Pearson Education, Inc



APPROACH The magnitude of the electric field due to a single point charge is
given by Eq. 21-4. The direction is found using the sign of the charge (.

SOLUTION The magnitude of the electric field is:
0 (9.0 x 10°N-m*/C*)(3.0 x 107 C)

E = k= = - = 3.0 % 1P N/C.
P (0.30m)" /

The direction of the electric field is roward the charge O, to the left as shown in
Fig. 21-25a, since we defined the direction as that of the force on a positive test

charge which here would be attractive. If Q had been positive, the electric field
would have pointed away, as in Fig. 21-25b.

NOTE There is no electric charge at point P. But there is an electric field there.
The only real charge 15 Q.

N |< 30 cm »‘

© ~——g P
0=-30x10°C E=3.0x10>N/C

(a)

O P @m—
Q=+3.0x10"°C E=3.0x10° N/C

Copyright © 2009 Pearson Education, Inc.



21-6 To HAekTpIkO [1edio

AUo @opTia améxouv HeTagu Toug 10.0 cm. To €va E€xel
@opTtio -25 uC ka1 To aAAo +50 uC. (a) Bpeite TNV TINA TOU
NAEKTPIKOU TTEQIOU OTO onueio P trou Bpioketar 2.0 cm
a1rd 1O APVNTIKO @opPTio. (b) EAv éva nAekTpoOvio (mass =
9.11 x 103! kg) Bpedei akivnTo oTOo onueio P mroia Ba givai n
OPXIKA TOU eTTITAXUVON (METPO Kal O1EUBUVON);

Q1 =-25 uC P 0, = +.5() uC
&
«~ry1 =2.0 cm—~|~= — 1, =8.0cm ~

El . Q2
-
E,

Copyright © 2009 Pearson Education, Inc.



Q1=-25 pC P 0, =+50 uC
& * ®
-1 = 2.0 cm—>|= r,=8.0cm =

(a)

a e %
3 (b)

APPROACH 'The electric field at P will be the vector sum of the fields created sepa-
rately by O, and (J,. The field due to the negative charge O, points toward ), and
the field due to the positive charge O, points away from ;. Thus both fields point
to the left as shown in Fig. 21-26b and we can add the magnitudes of the two fields
together algebraically, 1gnoring the signs of the charges. In (b) we use Newton's
second law (F = ma) to determine the acceleration, where F = gFE (Eqg. 21-5).
SOLUTION (a) Each field is due to a point charge as given by Eg. 21-4,
E = kO/r*. The total field is

o) &) k({«}. . %)

A

E=k=>+k= =

r i 13

25 % 1079 C 50 X 1070 C
(9.0 x m"N-mlfcl)( ’ CE ¢ j
” (20107 m) (80 x 107 m)

= 63 % 10°N/C.

(b) The electric field points to the left, so the electron will feel a force to the right
since it is negatively charged. Therefore the acceleration a = F/m (Newton’s
second law) will be to the right. The force on a charge ¢ in an electric field E is
F =gE (Eq.21-5). Hence the magnitude of the acceleration is

F o gE (160 x 107" C)(6.3 x 10°N/C)

q = = =

m m 9.11 % 107" kg

NOTE By carefully considering the directions of each field (E, and E,) before doing
any calculations, we made sure our calculation could be done simply and correctly,

= 1.1 % 10" m/s".
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21-6 To HAeKTPIKO TTEDIO

onueEio B Tou

OXAMOTOG £C AITIOG
TWV QOPTIWV, Q; KAl 3.

Q>.

Copyright © 2009 Pearson Education, Inc.

—

BpeiTe TO NAEKTPIKG
medio E yia (a) oT1o
onueio A kai (b) oto

\700
\
N
= ~ g
~ \
R N
N
v 26 cm 26 cm B™%
& X
Q5 =+50 uC Q1=-50 uC



26 cm

—e
Q2 =+50 /.LC

ST IEE R F above two point charges. Calculate the total electric field
(@) at point A and (b) at point B in Fig. 21-27 due to both charges, 2, and Q.

APPROACH The calculation is much like that of Example 21-3, except now we
are dealing with electric fields instead ol Torce. The electrie field at point A is
the vector sum of the fields E,, due to Q.. and E .. due to .. We find the
magnitude of the field produced by each point charge, then we add their components
to find the total field at point A. We do the same for point B.

SOLUTION (a) The magnitude of the electric field produced at point A by each
of the charges Q, and (; is given by E = kQ/r’, so

(9.0 % 10°N-m?/C?)(50 x 107°C)

E.B = 060m) = 1.25 % 10°N/C,
0.0 % 10°N-m*/C*)(50 x 107°C
En = { (0 ‘%:;m];l.{-‘- ) = 5.0 x 10°N/C.

The direction of E,, points [rom A toward ¢, (negative charge), whereas E ,, poinis




30 cm

—e

26 cm

Q2 =+50 /..LC

from A away from (J,, as shown: so the total electric field at A, E, . has components

E.. = E,cos30° = 1.1 x 10°N/C,

Eyy = Eap — Eusin30° = 44 < 10°N/C.
Thus the magnitude of E, is

Ey = A\ (11) + (44) x 10°N/C = 45 x 10"N/C,
and 1ts direction i1s ¢ given by tand = E/E,, = 44/1.1 = 4.0, so ¢ = 76"
(b) Because B is equidistant from the two equal charges (40 cm by the Pythagorean
theorem), the magnitudes of £y, and Eg, are the same; that is,

kO (9.0 X 10°N-m*/C?)(50 x 107" C]

Ey = Ep = = -
" B (0.40m)?

= 2.8 % 10°N/C.
Also, because of the symmetry, the v components are equal and opposite, and so
cancel out. Hence the total field Eg is horizontal and equals Eg, cos@ + Eg; cosf =
2Eq, cos 6. From the diagram, cos# = 26 cm/40 cm = 0.65. Then
Fp = 2Eg cosf = 2(2.8 x 10°N/C}(0.65)
= 3.6 % 10"N/C,
and the direction of Ey is along the +x direction.

NOTE We could have done part (b) in the same way we did part (a). But
symmetry allowed us to solve the problem with less effort.




21-7 YToAoyiopuog HAekTpIkoU [ediou yia
2uvexn Karavoun Poptiwyv

Mia OuveEXNG KOATAVOMN POPTIWV HTTOPEI Vva
BewpnBei w¢ dabBpoiocua ATTEIPOEAAXICTWYV
(onuelakwyv) @opTiwv. To CUVOAIKO TTedio gival
TO OAOKANPWHO TWV TTEQIWV KABE onuEIOKOU
(POPTIOU:

1 dQ

ey ¥?

adb. =

B = J JE.
NMpoocoxn! To Tredio €ivalr Ol1AVUOUATIKN

TTOOOTNTA KOI ETTOMEVWGS TO OAOKANpwWHA
gival TTOAAATTAO, £va yia KABe diaoTaon.



21-7 YToAoyiopuog HAekTpIkoU [ediou yia

2uvexn Karavoun Poptiwyv
Example 21-9: @opTicnEVo AAKTUAIDI.

‘Eva AeTrTO OAKTUAIOI ME OKTIiVO a £XEI OUVOAIKO
@opTio +Q KATAVEMNMEVO OoHoOIOuOp@a. Bpeite 1O
NAEKTPIKO TrEdi0 OTO OnuEio P TTavw OTO A¢ova
OUMMETPIOG TOU O ATTOOTOON X OTTO TO KEVTPO
ToUu OaKTUAIOIOU. Opiloupye 4 TO @POTIO avda
povada pnkoug (C/m).

Copyright © 2009 Pearson Education, Inc



y
\\\ T—»x

9\/\\ P dE, = dE cos 0

= -
X
\

—

dE, dE

/

-«

APPROACH AND SOLUTION We cxplicitly follow the steps of the Problem

Solving Strategy on page 571.

1. Draw a carclul diagram. The direction of the electric hield due to one infinitesimal
length df of the charged ring is shown in Fig. 21-28,

2. Apply Coulomb’s law. The electric field, dE. due to this particular segment of
the ring of length € has magnitude
1 dQ

darey 1t .

The whole ring has length (circumference) of 24ra, so the charge on a length d¥£ is

dQ = Q(i) = Al

dlE =

2ma

where A = OQ/2wa is the charge per unit length. Now we write dE as
1 Al

1k =
I dme, r*

Copyright © 2009 Pearson Education, Inc.



;9\/\\\[) dE, = dE cos 0

= ' o o
1
;\5

dE, dE

3. Add vectorially and use symmetry: The vector dE has componenis dE, along
the x axis and JdE, perpendicular to the x axis (Fig. 21-28). We are going Lo
sum (integrate) around the entire ring. We note that an equal-length segment
diametrically opposite the df shown will produce a dE whose component
perpendicular to the x axis will just cancel the JE, shown. This 15 true for all
segments of the ring, so by symmetry E will have zero v component, and so we
need only sum the x components, dE, . The total ficld is then

E =E, = I’d.&'x = JdEcnsﬂ = ] Ajﬁmsﬂ_
_ mey | I
Since cos® = x/r, where r = (x* + al}’li, we have
E - A X "EE _ Ax(2ma) _ 1 Ox
(47re,) (x* + a®) Jo dmey (& + a’fs dwey (2 + A7)

4. To check reasonableness, note that at great distances, x == a, this result
reduces to E = Q/(4me,x). We would expect this result because at great
distances the ring would appear to be a point charge (1,/r" dependence). Also
note that our result gives E = (0 at x = (), as we might expect because all

components will cancel at the center of the circle.
Copyright © 2009 . Jo.co.. —vucaucisy e




21-7 YToAoyiopuog HAekTpIkoU [ediou yia
2uvexn Karavoun Poptiwyv

PavraoTeiTe Eva HIKPO OETIKO @QOPTIO OTO KEVIPO €EVOG
TTAOOTIKOU OOQKTUAIOIOU TTOU (@PEPEI OMOIOMOPPO OPVNTIKO
@optio. BpiokeTtar og 1coppotria; Ti Oa ouufei €av ToO
METOTOTTIOOUME €AAXIOTA ATTO TO KEVTPO;, TiI aAAdalel eav TO
POpPTIO €ival apvnTIKO; (ayvoNOoTE TNV BapuTnTa)

RESPONSE he positive charee 1s in equilibrium because there 1s no net force on
it, by symmetry. I the positive charge moves away from the center of the ring
along the axis in either direction., the net force will be back towards the center of
the ring and so the charge 18 in stable equilibrium. A negative charge at the center
ol the ring would feel no net force, but 15 in unstable equilibrium because 1f 1t
moved along the ring’s axis, the net force would be awav from the ring and the

charge would be pushed farther away.
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21-7 YToAoyiopuog HAekTpIkoU [ediou yia
2uvexn Karavoun Poptiwyv

BpeiTe TO NAEKTPIKO TTEDIO
o€ oTToI00NTTOTE ONnuEio P
O€ ATTOOTACN X ATTO £V
MOKPU KOAWODIO ME
OMOIOHOPYPO POPETIO.
YTTOoBETOUHE OTI N
atréoTOooN X E€ival TTOAU
MIKPOTEPN ATTO TO MNKOG
TOU KaAwodiou Kal OTI / gival
TO (POPTIO ava povada
MAKoug (C/m).

Copyright © 2009 Pearson Education, Inc
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APPROACH We set up a coordinate system so the wire is on the y axis with
origin 0 as shown. A segment of wire dy has charge dQ = A dy. The field dE at
point P due to this length dy of wire (at v) has magnitude

1 dQ 1 Ady

dwe, r*  dwe, (x* + f}.

dE =

3

where r = {xz + y¥*)2 as shown in Fig. 21-29. The vector dE has components
dE, and dE, as shown where dE, = dEcos# and dE, = dEsin#.

SOLUTION Because () is at the midpoint of the wire, the v component of E will
be zero since there will be equal contributions to E, = [dE, from above and
below point (O

EJ. = J.dEsinE = L
Thus we have

E = E, = in’.’-?msﬂ =

A J cos A dy

dmey | x° + ¥




\ 1
\\r: (x2 + y2)2
.
Y i
%
PN
0
ole [
X

The integration here i1s over y, along the wire, with x treated as constant.
We must now write & as a function of y. or y as a function of #. We
do the latter: since v = xtan®, then dy = x df/cos’ . Furthermore, because
cos = x/+/xT+ ¥, then 1/(x?+ y?) = cos?d/x? and our integrand above is
(cos@)(x df/cos’8)(cos” 8/x°) = cos# df/x. Hence

A1 [T A w/2 1 A
E = — | cosfdf = (sin A = —3
dmeg X |0 dareq x - Qe X

where we have assumed the wire is extremely long in both directions {(y — +oo)
which corresponds to the limits # = + /2. Thus the ficld near a long straight wire of
uniform charge decreases inversely as the first power of the distance from the wire.

NOTE This result, obtained for an infinite wire, is a good approximation for a
wire of finite length as long as x is small compared to the distance of P from the
ends of the wire.




21-7 YToAoyiopuog HAekTpIkoU [ediou yia
2uvexn Karavoun Poptiwyv

‘Evag Oiokog MeE akTiva R €xel OMOIOMOP YO
@opTtio. To @oOpTIO aAVA MOVADA ETTIPAVEIOG
C/m?) gival o. Bpeite 10 nAekTpikd TMedio o€
onMeEio P mavw OTO Aova CUMMETPIOG TTOU
BpioKETOI OE ATTOOTAOCT Z OTTO TO KEVTPO TOU
OioKoOU. )

E

¥

dQ
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APPROACH We can think of the disk as a set of concentric rings. We can then
apply the result of Example 21-9 to each of these rings. and then sum over all
the rings.

SOLUTION For the ring of radius r shown in Fig. 21-30, the electric field has
magnitude (see resull of Example 21-9)

1 zd Q
4'1T"Eq:| |: r }_
where we have written J E (instead of E) for this thin ring of total charge d(Q). The

ring has area (dr)(2wr) and charge per unit area o = dQ/(27r dr). We solve
this for dQ (= o 27r dr) and insert it in the equation above for dE;

dE =

1 zolardr zirr dr
dE = 3 bTH = . e
dwey (22 + 1 2642 + P) IF:
Now we sum over all the rings, starting at r = () oul to the largest with r = P

F = zcrr rdr oz 1 K .
) 2ey |o {E: + r:)% 2, [Ei + rz]%

S R
2ey {EE + REJ%]

This gives the magnitude of E at any point z along the axis of the disk. The
direction of each dE due to each ring is along the 7 axis (as in Example 21-9),
and therefore the direction of E is along z. If _Q (and o) are positive, E points
away [rom the disk; if Q (and &) are negative, E points toward the disk.




— . 1 1
\/Zz-l-l i+1 = Z_sz:f(x)z\/m
(=) -

x+1 (x+1)%
Taylor f(x) = f(0) + f'(0) - x + -

f'(x) =

f(x)=1—x+---=1—zl2

‘ET01 TO TTEdio AauBAvel TNV Hopen

E d 1 1+1 —A
€o z2) z2
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21-7 YToAoyiopuog HAekTpikou [ediou yia
2uvexn Karavoun Poptiwv

2TO TTPONYOUMEVO TTOPADEIYHA EAV Z << R,
ONnA. TTOAU KOVTA OTO OIOKO TO NAEKTPIKO
Tedio gival :

E = — [infinite plane]
260

To atroTéAeoa €ival TO TTEDIO EVOG
ETTITTEOOU «ATTEIPWV» OIOOTACEWV.
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21-7 YToAoyiopuog HAekTpIkoU [ediou yia
2uvexn Karavoun Poptiwyv

Bpeite 10 nAekTpIKO TTEdio TTOU OYXNnMaTilouv OUO TTAPAAANAES
TTAAKEG (TTOAU AETTTEG) TTOU ATTEXOUV d HETAEU TOUG, ATTOOTAOCN N
otroia gival TTOAU MIKPOTEPN ATTO TIG OINOTACEISC TWV TTAAKWV
(omrAiIcpwyY). H piIa TTAAKA €XEI OMOIOHOPPO POPTIO aAvd povada
ETTIPAVEIAG O KAl N AAAN —O.

7] =]
o L
+ =
_ W E g _
E+ﬁE_+ : _EME_*_
= E_ —
E=E,+E =0 [ E=E,+E. [ E=E,+E_ =0
(oo [
0 = = L
I 2¢0) € |
I< d -
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+ + + + + + + + + + + +
| |
|mu+
|
Fu
=
+

E+<—.—>E_
E=F, +F_=0 E-E+E [ E=F,+E =0
_H( I \_O [
=22¢)) " & i
d
SOLUTION In the region between the plates, the lields add together as shown:
i ir r
E = E + E_ = + = —.
* B EE“ E'Eﬂ L

The field 1s uniform, since the plates are very large compared to their separation,
so this result is valid for any point, whether near one or the other of the plates. or
midway between them as long as the point 15 far from the ends. Outside the
plates, the hields cancel,

i o

E = £ + E_ = — = {,
I EEU E'Eq_]

as shown in Fig. 21-31. These results are valid ideally for infinitely large plates;
they are a good approximation for finite plates if the separation is much less
than the dimensions of the plate and for points not too close to the edge.

NOTE: These useful and extraordinary results illustrate the principle of superpo-

Copyright © 2uuy r¢

sition and 1ts great power,

alduUll CuuLauull, 1.



21-8 N'pappueg TTEOIOU

‘Eva nAekTpIKO TTEdIO UTTOPEI VA AVTITTPOOCWTTEVUTEI
aTrd TIC YPOMMEG TOU Trediou. O1 YPOAMMEG QUTEGQ
CEKIVOUV OTO OETIKA @OPTIO KOI KATOANYOUV OTO
aApPVNTIKA .




21-8 IN'pappeg MNediou

To TARGOC TWV YypapupMWYV TTOU TrRyadlsl (N
KOTOANYEl) O€ Eva POPTIO €ival avAAOYO TOU
MEYEBOUG TOU popTIiOU.

H TtukvoTnTa TWV YPOUMWY TOU Trediou
opiCeEl KOl TNV €VTOON. TTUKVEC YPOMMEG
IOXUpPO TTEDIO.



21-8 IN'pappeg MNediou

HAekTpIkO AitroAo: OUOo ANTIOETA (sTepwvupa)
@opTia pE TO 1010 NEYEDOCG !

Ny



21-8 N'pappueg TTEOIOU

+0 —

I
+—-—-—--—

+*—

To NAeKTPIKO TTEDIO METALU
OUO TTaAPAAANAWY TTAOKWYV
TTOU €ival avTifeTa
(POPTICMEVEG, Eival OTAOEPO
(OMOIENEY).

lNaparnpeiore ori 000
mANCIA{OUNE OTIC AKPESC TWV
TTAQKWV Ol YPAUUESC
KauITuAwvouv



21-8 N'pappueg TTEOIOU
2uvoyn Npappwyv HAekTpikou lediou:

1.01 ypaupEG TOU TTEdiOU ONAWVOUV KAl TNV
O1evBuvon Tou TTediou. To Tredio EPATTTETAI

OTIG YPOAUUEG.

2.H TTUKVOTNTA TWV YPOANMWYV Eival avaAoyn
TOoU Trediou.

3. 01 YpOaUHEG TTRYAJOUV ATTO TA OETIKA TreEdia
KOl KOTaARyouv oTa apvnTika. To 1mTARBo¢
TOUG E€ival OavAAoyo TOoU HMEYEOoug TOU
(POPTIOU.



21-9 HAekTpIKa MNMedia kal Aywyoi

To NAeKTPIKO TTEDIO EVTOG TWV aywywyv gival MHAEN-
OINPOPETIKA TA POPTia Ba yTTOopOUC AV VA
METOKIVNOOUV WOTE VA TO AVAIPETOUV.

To @OPTIO EVOC ayWYOU KATAVEMETAI OTNV ETTIQAVIOA
TOU aywyou Kal Novo.
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21-9 HAekTpIKa MNMedia kal Aywyoi

[Na Toug aywyoug, To TTEdIO OTNV ETTIPAVEIA TOU
aywyou gival KAOETO og autnv-O10@QOPETIKA, N
TTAPAAANAN cuvioTWOoO Oa TTPOKAAOUCE
METOKIVNON QPOPTIOU WOTE VA TO OVAIPECEL.

Eir——-——E
A
[
[
[
[
[

Good conductor



21-9 HAekTpIKA TTESIO KOl AYWYOI

HAeKTPIK Owpakion

‘Evag KAwRog
(koU@I0 METAAAIKO
KAEIOTO KOUTI)
EICAYETAI METAEU OUO
TTAPAAANAWYV
OTTAICHWYV TOU
oxnuarog. NMNwg
aAAacel To TTEdIO Kl
TTWS pJolalouv ol

+ + + 4+ + + + + + + + + + +
0 r o r

YPOHHEG TOU;



21-10 Kivhon QopTICHEVWYV ZWHATIOIWV
0€ NAEKTPIKO TTEDIO

H dUvaun 1Tou aokeiTal o€ Eva owWHATIOIO UE
@opTio g TToU BpiokeTal o€ Tredio E:

F =qE
Edv yvwpiloupe Tnv pada Tou cwpuaTtidiou
TOTE EQAPMOLOVTAG TOU VOMOUC TG MNXOAVIKAG
MTTOPOUUE VA TTEPIYPAYOUME TNV Kivnor TOU,
AOyo Tou TTEdIOU.



‘Eva nAekTpovio (pada m =9.11 x 1031
kg=5,5x10% amu) emiTaxUOveTal O€
OMOYEVEG NAeKTPIKO TTEdio (E=2.0X
104 N/C) peTagl Twv omAiopwyv. H
ATTOCTAOT METAEU TWV OTTAICHWYV Eival
1.5 cm. To nAekTpOVIO gival apXIKaA
aKIiVNTO TTAVW OTNV ETTIPAVEIN TOU
APVNTIKA QOPTIOMEVOU OTTAICHUOU Kl
ECEPXETAI META TNV ETTITAXUVO TOUG
OaTTO MIO MIKPNR OTTH OTOV OETIKA
QOPTICNEVO OTTAICHO. (a) Mola gival n
TAXUTNTO TOU NAEKTPOVIOU KATA TNV
£¢o000 atrod to medio (B) Aeigre OTI TO
BapuTtikd TTEdi0 NTTOPEI VO ayvonoOki.
Y1roBéToupue OTI n OTTH €600V ival
ETTAPKWG MIKPR WOTE VA PNV Ogv
dlaTapAocoEl TIG YPAUMESG TOU TTEDIOU.

Copyright © 2009 Pearson Education, Inc.
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APPROACH We can obtain the electron’s velocity using the Kinematic equations
of Chapter 2, after first finding its acceleration from Newton's second law, F' = ma.
The magnitude of the force on the electronis F = ¢F and is directed to the right.

SOLUTION (a) The magnitude of the electron’s acceleration is

F gk
H = — = —
m L

Between the plates E is uniform so the electron undergoes uniformly accelerated
motion with acceleration
(1.6 = 1077 C)2.0 % 10°N/C)

a = 91 % 107 kg) = 3.5 x 10¥ m/s%

It travels a distance x = 1.5 % 107" m before reaching the hole, and since its
initial speed was zero, we can use the kinematic equation, »* = v + 2ax
(Eq. 2-12¢), with w, = (:

vo= V2ax = \/2(3.5 x 10%m/s’)(1.5 x 107m) = 1.0 X 10" m/s.

There 1s no electric field outside the plates, so after passing through the hole, the
electron moves with this speed, which 18 now constant.

(b) The magnitude of the electric force on the electron 1s

gk = (1.6 X 107 C)(2.0 x 10°N/C) = 3.2 % 107N,
The gravitational force is

mg = (9.1 % 107" kg)(98m/s*) = 8.9 x 107N,

which is 10" times smaller! Note that the electric field due to the electron does
not enter the problem (since a particle cannot exert a [orce on itself).

Copyright © 2009 Pearson Education, Inc.

++ + + + + + + [+ + + + + + H

-



‘Eva nAekTpovio Kiveital ge TaxuTnTa vy = 1.0 X
107 m/s Kol EI0EPXETAI OE EVO OMOYEVEG
NAEKTPIKO TTEdi0, OTTWG PAIVETAI OTO OXNAMA.
AyvowvTag TnV BaputnTa TTEPIYPAYTE TNV __
Kivnon Tou nAekTpoviou. 0 Vv E —~~< E
+ + + + + + H™

X

SOLUTION When the electron enters the electric field (at x = y = 0) it has
velocity ¥, = w0 in the x direction. The electric field E, pointing vertically
upward, imparis a uniform vertical acceleration to the electron of

F gk ek
ﬂlu = e = e = — —

m m m

where we set g = —e for the electron.

The electron’s vertical position is given by Eq. 2-12b,

_ 1L, _ ek,
- Eﬂﬁ - me
since the motion is at constant acceleration. The horizontal position is given by
x = yl
since a, = (. We eliminate 1 between these two equations and obtain
_ _ ¢k
Y - 2mu; b

which is the equation of a parabola (just as in projectile motion, Section 3-7).
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21-11 HAekTpIKA AiTrOoAO

‘Eva nAekTpikO OitroAo atroTeAcital amwd OuUo
poptia Q, ioou peyéBoug oaAAa avriOeTa o€
mPOONUO, TIOU RpioKovTal o0& MIO OTOBEPN
atmrootacn ¢ . H OITToAIK) potrl opileTal WS TO

ol1dvuoua
p=Q¢

ME POPA OTTO TO APVNTIKO TTPOG TO BETIKO QOPTIO.




21-11 HAekTpIKA AiTrOoAO

H poTrn Tou aokeital o€ €va OITTOAO TTOU BPICKETAI
o€ NAEKTPIKO TTEDIO OIVETAI ATTO TNV OXEON:

ol QEgsin(? i QEgsinﬂ = pEsiné.
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The effect of the torque is to try to turn the dipole so p is parallel to E. The work done
on the dipole by the electric ficld to change the angle # [rom #, to 85 15 (see Eq. 10-22)

ts
W = J T df,
i,

We need to wriie the torque as 7 = —pb sin @ because 1ts direction 15 opposite to
the direction of increasing # (right-hand rule). Then
s i -,
W = [ Tdf = _FEJ sinfldfl = pEcosf| = pE(cost, — cosh,).
il, i i
Positive work done by the field decreases the potential energy. U, of the dipole in
this field. (Recall the relation between work and potential energy. Eq. 8-4,
AL = —W.) If we choose U = ) when p is perpendicular to E (that is, choosing
B, = 90° so cosf, = 0), and setting &, = #. then

U = -W = —pEcos# = —p-E. (21-10)
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21-11 Electric Dipoles

‘Eva ditTroAo Onuioupyei NAEKTPIKO Tredio Trou
gival To dBpoioua Twv TTEdIiWV TTOU dNUIOUPYOUV
T OUO @OPTIa TOU. 2& MEYAAEC atrooTAOEIC (O€
oxéon Me TIG dlaoTAOEIC TOU OITTOAOU) TO Tredio
gival avaAoyo Tou 1/r3 61rou r gival n amroéoTaon:

7 1 P _ on perpendicular bisector
of dipole

F = 1 p _ on perpendicular bisector
of dipole; » >> {
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where E, and E_ are the fields due to the + and — charges respectively. The
magnitudes E. and £_ are equal:

1 Q

E, = E_ = =
! 4’3’?'1':“ r- + F"/d

Their y components cancel at point P (symmetry again), so the magnitude of the
total field E is

1 Q 4
E = 2E.cos¢p =
d} Z?TE{] (?’2 + {JE/‘:I) 2(?"1 + 32/4)%
or, sctting Q4 = p,
1 14 on perpendicular bisector]

E - . , 21-11

dmey (r* + £/4) [ of dipole ( )

Far from the dipole, r == £, this reduces to
1 p on perpendicular bisector
E = drrey 1 [ of dipole; r => { (21-12)

So the field decreases more rapidly for a dipole than for a single point charge
(1/r* versus 1/r?), which we expect since at large distances the two opposite
charges appear so close together as to neutralize each other. This 1/r°

dependence also applies for points not on the perpendicular bisector (see
Problem 67).



H d1mmoAIkKiy potrl Tou vepou givarl 6.1 x 1030 C-m.
‘Eva poplo vepoU BpioKeTal MECO OE OMOYEVEG
NAEKTPIKO 1Tedio pe évraon 2.0 x 10° N/C. (a) MNoia
gival n MEYIOTN POTTN TTOU UTTOPEI VO OOKNOEl TO
medio OoTO MOPIO TOU vepou; (B) MNMoon eival n
OUVOMIKN EVEPYEIO OTAV N POTTH gival pEYIOTN; (Y)
2& Trola Bgon Aaufavel Tn MEYIOTN TIMAR TNG N
OUVOMIKN EVEPYEIO KOl YIOTI QUTH €ival O10QOPETIKN
aTro TNV OE0N OTNV OTToIx MEYICTOTTOIEITAI N POTTA;



FIGURE 21-43 In the water
molecule (H,O). the electrons spend
more time around the oxygen atom
than around the two hydrogen
atoms. The net dipole moment p can
be considered as the vector sum of
two dipole moments py and p- that
point from the O toward each H as
shown: p=p;, + p=.

SOLUTION (a) From Eq. 21-9 we see that 7 is maximized when 0 is 90°. Then
r=pE=(61x107C-m)(2.0 x I0°N/C) = 1.2 x 107" N-m.

(h) The potential energy for @ = 90° is zero (Eq. 21-10). Note that the potential
energy is negative for smaller values of A, so U/ is not a minimum for 8 = 90"

(¢} The potential energy U will be a maximum when cosf = —1 in Eqg. 21-10,
so @ = 180°, meaning E and p are antiparallel. The potential energy is maximized
when the dipole is oriented so that it has to rotate through the largest angle, 1807,
to reach the equilibrium position at 8 = (0°. The torque on the other hand is
maximized when the electric forces are perpendicular to p.
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21-12 HAeKTPIKEG AUVAUEIG OTN
Mopiakn BioAoyia: DNA

H Mopiakn BioAoyia
TPOOTTa0Ei VO KATAVONOEI
TNV OoMN KAl OPACTIKOTNTA
TWV KUTTAPWV O& HOPIOKO
emitTedo.

To popio Tou DNA gival pia
OITTAN EAIKQ :




21-12 HAekTpPIKEG AUuVAUEIC OTN
Mopiakn BioAoyia: DNA

Thymine (T)

O1 Baoeic A-T ka1 G-C
EAKOVTOI HEOW
NAEKTPOOCTATIKWYV
OUVANEWV
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21-12 HAekTpPIKEG AUuVAUEIC OTN
Mopiakn BioAoyia: DNA
Replication: To DNA BpioKeTal O€ MIO «GOUTTAO» A,
C, G, kal T yéoa oto KUTTApPO. Kata TnVv OIApKEIA
TUXOiwWV Kpouoeswyv, Ta (suyn ( A, T) kaBwg Kai
(G,C) €AKovTtal METOEU TOUG, EVW auTtd O¢gv
oupuBaivel via aAAa {guyn.
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This process of DNA replication is often presented as if it occurred in
clockwork fashion—as if each molecule knew its role and went to its assigned
place. But this is not the case. The forces of attraction are rather weak, and if the
molecular shapes are not just right, there is almost no electrostatic attraction,
which 1s why there are few mistakes. Thus, out of the random motion of the
molecules, the electrostatic force acts to bring order out of chaos.
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21-13 QWTOTUTTIKA KAl EKTUTTWTEG
O WTOTUTTIKO:

* O KUAIVOPOG gival BETIKA QOPTICHEVOG.

* To €idWAO0 e0TIAETAI TTAVW OTO KUAIVOPO.

* MOvo o1 HaUpPEG TrEPIOXESC TTOPAMEVOUV
POPTICHEVEG KOl «EAKOUV» TO APVNTIKA
POPTICUEVA HOPIO TOU MEAAVIOU.

* To €iOWAO PETAPEPETAI OTO XOPTI OTTOU
otafepoTtroicital («PAVETAI») PE BEpUOTNTA.
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21-13 Photocopy Machines and
Computer Printers Use
Electrostatics

(2) Lens focuses image of original

(3) Toner hopper

(4) Paper
Charging rod (5) Heater rollers
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21-13 Photocopy Machines and
Computer Printers Use
Electrostatics

2TNV TTEPITITWON TOU EKTUTTWTN ME laser, o
UTTOAOYIOTNG EAEYXEI TNV £VTOON TOU laser Trou
«YPAPEI» TO EIOWAO TTAVW OTOV KUAIVOPO.

[Laser beam scans

Toner hopper Laser

4

Heater rollers

Movable
mirror




