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Coulomb’s law

* The experimental law of Coulomb (1785)
— http://navercast.naver.com/contents.nhn?contents id=4647
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Electrostatics in Free Space

« Electric field density : the force per unit charge (very small)

E = IimE(V/m)

g—0 q
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Electrostatics in Free Space

« The two fundamental postulates of electrostatics in free space. W
P 1
V-E==*% IVV°EdU=—jVPUdU—>§|5$E'd5=g < Gauss's law
&, o €0
VxE=0 qsc E-dl =0 & Kirchhoff’s voltage law
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Static E I1s conservative !!

« Scalar line integral of E is independent of the path; it depends only W
on the end points.

VXE=0-> [(VxE):ds = Eedl=0
S

C 'C Eedl + jc Eedl =0

e B ]
Eedl =— E.dl

Jrc, P,C,

P[ PZ ,,p2 p2

E«dl = Eedl

JRC, RC,

C
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Coulomb’s Law

* Point charge at the origin

(a) Point charge at the origin.

* Point charge not at the origin

(b) Point charge not at the origin.

E
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Coulomb’s Law

 Example 3.2 W

— A total charge Q is put on a thin spherical shell of radius b, show
that E inside the shell is zero.

Y,
'08_47zb2
JF = Ps ds, ds,
e\ 171,
dQ:d—?cosazd—?cosa
" r
JF - _Ps dQ)  dQ 0

Are,\ COSa  COS«
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Coulomb’s Law

« When a point charge g, is placed in the field of another point chargew
q,, a force F,, is experienced by g, due to electric field E,, of q, at g,

0.9
F12 — qulz = 4ay, 47;0 ;122 (N)

« Example 3.3 : Find the vertical deflection of the electrons on the fluorescent
screen at z=L

y Screen\
Deflection /’/X/// I
plates — o
/ B dyy
0 o : _/L/

) (;E H’f/)l// d, l ‘e
ngde CRAANT : ek, W W
==k 2
w muO
|
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Electric Field due to Discrete Charges

« Electric field intensity azq/R’ is a linear function.

« The principle of superposition applies and the total electric field at a
point is the vector sum of the fields caused by all the individual

charges.

1 |&(R-R) &(R-R:),  G(R-R)
47| [R-R"  |R-Ri[ R-R;[

or

L G(RR) )

Cdne, & R-Rf
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Electric Field due to Discrete Charges

Electric dipole . d d)
— Dipole moment, p = qd q 2 R+3
E = 4 T — T
dme, o d R+ d
Z4 U 2|

p=qd=pa, R >d
< L

E=_2 (ap2cosf+a,sing) (V/m)

- Are, R’
| giin
(@ , E= 1R3 (3 Rep R—pj (V/m)

Are, R?
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Electric Field due to a Continuous Distribution

 The electric field caused by a continuous distribution of charge
can be obtained by integrating (superposing) the contribution of
an element of charge over the charge distribution.

P
®

o do’
dE = v V/
e\
1 p, do’
E= L V/
47&90"" " R? (Vim)

FIGURE 3-3 Electric field due to a continuous charge distribution.

1 p.ds’
« Surface charge E:—L,aRv(V/m)

4re,
 Line charge E-_t jaRp'd"(V/m)
dre, v " R
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Electric Field due to a Continuous Distribution

« Example 3.4

74 E

—dI’ Vim
47[50". o ( )
s R=ar-a,z, dl'=adz
_pdz’ ar-a,z

312
4re, (r2 + 22)

=a,dE, +a,dE,

B . opr e dZf
dE _ardEr _ar 47ZI'80 J‘w(rz N 22)3/2

or

E=a -2 (V/Im)
27e,r
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Gauss’s Law and applications

e (Gauss’s law

— The total outward flux of the E field over any closed surface in
free space is equal to the total charge enclosed in the surface

divided by &,
4) Eeds = Q
S 50

— Useful in determining the E field of charge distributions with
some symmetry conditions
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Gauss’s Law and applications

 Infinitely long line charge (example 3-5)

Cylindrical
Gaussian
surface

Infinitely long

ds =a, rd¢adz

L p27
 Eeds=["|" E.rdgdz = 2zrLE,
Q=pL

27rlE, = AL S E—a P

&, 27e,l

uniform line ) ) . ..
charge, p, What if the line charge is of a finite length ??
OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
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Gauss’s Law and applications

 Infinite planar charge (example 3-6)
On the top face,

E.ds=(a,E, )«a,ds) = E,ds
On the bottom face,

Area A
Gaussian - ,’*‘f’:::*‘ . a_ E'dS - (_az Ez ).(_azds) — Ezds
surface <<~~~ 4
AreaA” ot e — —
-~ 1 ¢ Eeds=2E, | ds=2E,A
L e i ) total charge enclosed in the box : Q = p, A
2E,A=p A
E=a,E, =4, Ps , 2>0
2¢,
E=-a,E,=-4a, Ps , z<0
2¢,

« Comparing lighting schemes
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Gauss’s Law and applications

« Spherical electron cloud (example 3.7)

a) 0<R<Db
E=a,E;, ds=agds— The total outward E flux is /

¢, Eeds =E, | ds=E47R’ |

The total charge enclosed within the Gaussian surface is \

7™ Electron
cloud

E=-a, 2R, 0<R<b

3¢, p,=—p, for 0<R<b
b) R=b p,=0 forR>D
4
Q—_po?b3
3
- -a, ,Oob2
3¢,R

« Spherical shell ?
« Gauss’ law and ionization energy in atoms
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Electrical potential

 From the null identity, VxE=0—->E=-VV
« Scalar quantities are easy to handle than vector quantities.

« |f we can determine V more easily, then E can be found by a
gradient operation.

* Work done from point P, to point P,
W ("Bl (JrCorv)
q R

V, -V, =—["Ewdl (V)

« The meaning of gradient
« Direction of gradient & equipotential surface
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Electrical potential

« The electric potential of a point at a distance R from a point charge qw
referred to that at infinity

R q q
V=-| a| ——— (a.dR)—>V =
R[ sz( i ) Are,R

« The potential difference between P, and P, at distances R, and R,
respectively, from q is

g 1 1
Va=Ve, Ve = (R _RJ
0 2

« The electric potential at R due to a system of n discrete charges,
d..9,-.-,q, located at R’;, R%,...,R’,
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Electrical potential

« Continuous charge distributions

» For surface charge distribution

« For aline charge.
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Electrical potential

Electric dipole

v=_9 |1_
Are, \ R,

d<<R—>R, :(R—%cosej, R :(R+%cosej

Plasma Electronics Lab, Hanyang University, KOREA
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Electrical potential

« Electric potential of electric dipole

q 1 1 q d cosé _qdcosd

= = 2 ~ 2
ang, R—gcose R+C21c059 ang, RZ_d4c052g 4nggR

vV

= p . aR
4rg,R

> (V) where p =qd is the electric dipole moment

 Electric field

E=wW=-a,2 aN__P_
R "RAO 4mgR

Note that both V and E are independent of ¢, as expected

(2cos@ ag +sind a, )
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Electric field by a dipole moment

» Equipotential surface & E field line (Example 3-8) W

a, P 1 pcosé
V(R): 4 : 2 2
wg,R°  4mg, R

sV _1av_ p

T (2cosfa, +sinda,)
0

dl = RE
R=c,~cosO
R=c,sin*@

Plasma Electronics Lab, Hanyang University, KOREA
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Electric Potential

« Spherical Shell

0
v Q| V(R)="

Arg,z

V:

1 I”IZ” psbz sin (9dt9d¢ B ,Osbz Jﬂ sin8do
090 J22 41 b? _22bcosh 26, 70 22 +b% —22bcos O

. 2
:p;b[\/z%bz—Zzbcos@J _pb_ @

de,z 0 &2 Arng,z

Are,
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Electric Potential

« Example 3.9 W
ds’=r'dr'dg’ andR =~z +r"?

The electric potential at the point P(O, 0, z) referring to the point at infinity

2”j dr'dg’
47[5 Z +r 1/2

_ zp [(22+b2)1/2—\zﬂ

o
74
E:—VV=—aZ&
0z
a, == [1—z(zz+b2)_1/2] z>0
2¢,
=
—aZ&[1+z(zz+b2)_m] 2<0
2¢,

« Spherical shell ?
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Electric Potential

« Example 3.10

iA

1£(0, 0, 2)
R=z-27, z>L/2 z7~72
R Nl bv] I g
7, 271 g, LZ1-
_ dz’

E=-VV )’ L/2
i |
E:—azd—V:aZ AL —, Z>L/2 O f
dz 47[80|:22—(L/2)J L/2

»y
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aHe| HI1H 58

E+0 W

m
Il
o

free electrons(conductor) —
bound electrons(insulator)

@ o 9
: &
Of\o . ) ‘]conduction =okt
. T
O o '90
e F=Q(E+vxB)
Conductor

+

F)
@:9:9  pinole moment
@.9.0 P:polarization
-90-0
W P polarization — -V-P
oP
e lator J polarization — E
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Conductors In static electric field

* Inside a conductor (under static conditions) W

p, =0, E=0

* Boundary conditions at a conductor/free space interface

E, =2 Eds=E A5 = 22
é?o S g;o
E =0 «§ Edl=EAw=0

abcda

 Shielding from outside electric fields

FIGURE 3-12 A conductor—free space interface.
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Conductors In static electric field

~N
« Example 3.11
a) R>R, (Gaussian surfaceS,) 5
q) Eeds = E.,47R° = AN E. = LZ y
S &, 4e R /
VRl — _jj ERldR — L Conducting

J shell
Are,R 1

b) R, <R <R, (Gaussian surface S, )
E., =0,< E =0 inside conductor

Q

ArgyR,

r Hﬂj OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
HANYANG UNIVERSITY http://plasma.hanyang.ac.kr

V, =V

1|R=Ro _




Conductors In static electric field

\ Vo

+/ 5

C) R < RI (a) E

N 2 :{;:

* Arg,R?
V3__j ERdR+K: Q + K Ex4
3 e,
V, =V2|R_R —> K = Qi1 1 Q/4me R
=R, 472'50 RO Ri Q/"UTE“R“-

v 1t 1. 1

dre,\ R R, R
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Atomic bonding in solid state materials

NaCl W

* lonic bond (NacCl, . @

« Covalent bond(C, Si, Ge, . M ERARHO =
@ (Insulator)
-

é I*I | =20 @ 2 K}FEH
é_ é_ é_ %@g@ (msulator semiconductor)
| —

« Metallic bond(Na, K, ...)

,|

@ M 2= X Free
= 7 (conductor) —> electrons

*Van der Waals bond(He, Ne, Ar, ...: inert gas): dipole interaction
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= X|(conductor)o  Free electron (Lorentz gas)

J=ot

5 T Xl (insulator)y

P=4E

conductivity

e B

\G&ZI

susceptibility

| otor ot
HANYANG UNIVERSITY

Plasma Electronics Lab, Hanyang University, KOREA
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Dielectrics In static E field

» Insulators ( or dielectrics)
— Bound charges

— The induced electric dipoles will modify the electric field both
iInside and outside the dielectric material

— Dielectric materials e b 1

Osn
* Polar molecules fﬁj - )

« Nonpolar molecules

p= 184

pinduced
+ -

—

E

applied — 0 E sppiica # 0

T (e Plasma Electronics Lab, Hanyang University, KOREA
o om e HiveRsiTY http://plasma.hanyang.ac.kr




Two types of dipole moments .. .

1. permanent dipole moment
2. induced dipole moment

Ammonia
permanent dipole moment (

Polar dielectrics

Methanol ‘ iy
' : Carbon monoxide

Water

r Hﬂj OHFJ Tt Plasma Electroni et et Ses o o S
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Two types of dipole moments

* Induced dipole moment

Nonpolar dielectrics

pinduced
» — Y

pP=cakE
o . atomic polarizability

r Hﬂj OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
“““““““““““““““““ http://plasma.hanyang.ac.kr




Static E field in dielectrics

« Polarization vector P ]
— average volume density of dipole moment

nAv

Zpk

P=lim L — (C/m?) : volume density of electric dipole mement

Av—0  Ap
4V =84y’ « dp=Pdv
Are,R
V = 1 j P.aZRdU’
Are, *V' R

. g
External E
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Mathematical proof of polarization charge

1 P-a,, , : . :
V= e g R= (A (v +(2-)

"(7)-5 (mm ey
1)z,

, Pa p.vf(i}vf.(ij_ivr.p
R) R

divergence theorem

1 ,(PY,, 1 ¢ (-V-P),,
V(R)= L,V -(Ejdu +47z50 L do

Are, R
_ 1 jfgp'ndS’+ 1 L(—V-P)du,
Arey V' R Aregy V' R
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Dielectrics In static E field

V = 1 L, P.?RdU’
Are, R

V:].§Paww+1 L@v¢%d
Arg, ’S" R 47z50 '

_ P
_4ﬂg§ > ds’ +

L pUdU

Are,

Polarization charge

Ps =P-n
v P

NNNNNNNNN
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Physical meaning of polarization charge

ps =P-n

Polarization charge {
p,=—-V-P

when p, =-V-P=0

l n,=-n, ps=P-n,=P-(-n;)=-P
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Physical meaning of polarization charge
ps =P-n =F, W

AL

yovov b L +,0 =P-n
/fff/ff/f /*/’L/’L/’L/"/"/* ps_Pn— _ >
f f /ff //* /* /’L /* ,7( ___ _—______
pS:P°n2:_Pn
when p, =-V-P =0
+
f % X | i X ==V-P
\\ff// \x\-ll-/x/ pl)
4—\ — +—\ 8 — +
/‘\ x/l\x >
// \\ ® A% 0 %
& 7T
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Example

« The polarization vector in a dielectric sphere of radius R, is P = a, P, W

- Determine
(a) the equivalent polarization surface and volume charge densities, and

P, =P-ay =P (a,-a3)=P,cosd
P, =—V-P=0

(b) the total equivalent charge on the surface and inside of the sphere.

27

Q= pyds=| [ P cosoR:sinododg =0

Thus, total charge on the sphere, Q,+Q, =0

(c) Potential or electric field at z ?
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Electric Potential

« Spherical Shell
— V outside

v L I”IZ” p,b°sinddody P’ r cosdsin 6do
A7e, 0 70 22 1 b2 —2bzcos® 28 *° 2% +b7 —22bcos
cosd =t
1
J.l tdt (22 +b° + 22bt)\/22 +b° —2zbt
12 b2 —22bt 3b°2°
1
when z > b
V= By’ Sy=_P < p(diploe moment) = ﬂ7zb3P0 a,
3g,2° Are,z? 3
_ Vinside the shell (z<b )? vz?fiz
€0
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Electric Flux Density and Dielectric Const

« Gauss's law inside dielectric with no surface charge

Polarizati on charge, p,=-V-P

P+ Py
€0

p,~V-P)
€y
—>V-(&E+P)=p,
U
D=gE+P (C/Im?)

ve-

—>V-E:(

vV-D = Pree (C/ms)

cﬁs Deds=Q : Generalized Gauss's law
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Electric Flux Density and Dielectric Const.

 Dielectric constant W
electric susceptibility

P :ZegOE
—>D=g,E+ y.5,E=¢,(1+ 7. )E

™M
|l
M
Pu)
Q)
o

cr =1+ g, (}

Permittivity (dielectric constant)
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Common misunderstanding on E & D

25 1] ES QMU g Pt RE?

induced polarization ?%a applied field ? : not at alll

LS

P = ;{egOE E = Eapplied + Eby dipoles

A

=l D& 2?2 notat all!

il
30

o2 9| E= QIOIE MIIE, D

EQ D= A2 UE =2l E.

D=c¢E D:Dapplied + Dby dipoles

r Hﬂj OHFJ Tt Plasma Electronics Lab, Hanyang University, KOREA
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Point charge in a dielectric

+
|
X * x
x\ \ + [/ &
Q ® I/X
~
4 e
e ~
x I ®

E, = : Q E, = : Qz
471'50 Are v

E, <E, because ¢&2=g,

dielectric® 0l A E-field= 2Foll &

r Hﬂj Plasma Electronics Lab, Hanyang University, KOREA
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Dielectric constants

&g = costant > I dielectric materials
Material &,

e =& (E)>>1  :ferroelectric materials
Air  1.0005
Anisotropic materials: Paper 3
dielectric tensor Ferrite(NiZn) 12.4
Glass 4-7
Water(distilled) 80
D=:E Barium titanate 1200
D, =¢,E, + 5XyEy +¢&,,E,
D, =¢,E, +¢,E, +é&,E,
D,=¢,E, + gzyEy +¢&,,E,
E, E
€ xx gxy €z D
E=|Ey &y &y > E”
E

zy 7z

Ex €
r Hﬂj OHOFL| T 1l Plasma Electronics Lab, Hanyang University, KOREA
HANYANG UNIVERSITY
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D & E Field in a parallel capacitor (& 1)

Qs

Fixed charges

Q

P EENN S B G

—Q

:Qf/A

D =D, = p, when p, are kept const.
E=D/e=D,le=¢,E,/¢,&,

— E=E,/¢ <E,

D, = &Ey = py

V=| E-ds=Ed=Ed/s, =V, /5
-V <V,

C=Q/V -..C=¢,C,

—-C>C,

I:):;(e‘S‘OE W
D=¢E+P=¢,(1+ . )E=¢E
£ = £,8,

-1
P=y.6E=(e-1)gE = MEOEO

R
P=¢,(E,—E) > E=E,-Plg,
D=¢,E+P=D,=¢E,

&, —1 &, —1
| Pps [EPen=P=( F; )&.Ey = (——) g
R

_)pps =~ Ps (gR :OO)
|Pss| _ P

E, =
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Dielectric shell

« Example 3-12

— Determine E, V, D and P as functions of R

Dielectric
shell

(a)

P=D-gE=¢,(¢, —-1)E

R <R<R
P, =¢, (e, —1)ER2 _[- L Q

V — continuous

 HYU e
HANYANG UNIVERSITY
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(b)
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|
— —» R
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Dielectric shell

« Dielectric charge : surface & volume

P, (surface charge) = Pea,? p, (volume charge)=—-V+P?

— Pl
Posl =P8R, = -2 -¢ o
P*IR=R R=R, e |ArR? _
1 0O
pp:_V° :_ﬁa_R(Rz Rz):

R=R,
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Charge distribution

« Example 3.13 w
— Electric field intensity at a conductor surface is higher at points of

larger curvature.
— a) the charges on the two spheres
— D) the electric field intensities at the sphere surfaces

The spherical conductors at the same potential

Q Q, Q_b

= —> =
dre, 4dmeb, Q, b,
The charges on the spheres oc their radii

Q+Q,=Q
b, b,
= and Q, = —=2—
Q b1+b2Q Q, lerlozQ
The electric field intensities at the surfaces of the two conducting spheres
2

Eln = Ql > and Q2 > —> Eln = b—2 &:&

Are o, Ay, E,. b ) Q, b
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Dielectric strength & Dielectric Constant

W

TABLE 3-1
Dielectric Constants and Dielectric Strengths of Some Common Materials
Dielectric
Material Constant Dielectric Strength (V/m)

Air (atmospheric pressure) 1.0 3 x 10°
Mineral oil 2.3 15 x 10°
Paper 2-4 15 % 10°
Polystyrene 2.6 20 x 10°
Rubber 2.3-4.0 25 x 10°
Glass 4-10 30 x 10°
Mica 6.0 200 x 10°

r Hﬂj OHOFL| T 1l Plasma Electronics Lab, Hanyang University, KOREA
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Dielectric strength

« Example 3.16 : Coaxial cable

— Determine the inner radius r; of the outer conductor so that
the cable is to work at a voltage rating of 10 kV. (dielectric
con. = 2.6 and dielectric strength of polystyrene =20x10°
(V/m)

0 r
E=aE =a P v =- E dr= P ne
27, Ef f 2re, g8 T

02— Pl ko _[ 227 |, g0
27m(2.6)g, T r 2

Maximum Er:0.25x(20x106):2 (2/’('3) :
7T\ £.0) &ol;

—| =2 |=0.25x(20x10° ), =10*
5.27¢,

I =1r,=er =2.718x2mm =5.4mm
r

r Hﬂj OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
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Boundary conditions (A4 =)

« Tangential component of E

VxE=0—>E, =E,

r Hﬂj OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
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Boundary conditions (A4 =)

« Normal component of D

V.-D=0-D, -D, = p, (C/m?)

V.-D=p
—$D-ds=(D,-a,,+D,-a,)AS
S

=a,,-(D,—D,)AS = jv pdo = pASAh
Dln_DZn = Ps T

p ~ constant
o, = lim pAh

Ah—0

« Curl > 34 H&, divergence > 2! d&

r Hﬂj OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
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Boundary conditions

« Example 3.14 W

— A lucite sheet (¢,=3.2) is introduced perpendicularly in a uniform
electric field E, = a, E, in free space. Determine E;, D;, and P,
Inside the lucite.

i Boundary condition at the left interface
D, =a,0, =a,D, = D, =a,¢E,
r/f\ no change in electric flux density across the interface.
L“=al\,f‘“ E’. E : l 1 E
D,= Ak, D, D, e gg | 732
The effect of the lucite sheet is to reduce electric intensity.
1

P.=D, -¢E =a, (1——) £E, =2,0.6875¢,E, (C/m?)

Free Lucite Free 3.2

space i3\2/ space

Does the solution of this problem change if the original electric field is no uniform;
that is, if E; =a,E(y)?

r Hﬂj PrE St Plasma Electronics Lab, Hanyang University, KOREA
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Boundary conditions

« Example 3.15 ]

— Determine the magnitude and direction of E at point P, in
medium 2. (Charge-free boundary)

E,sina, =E,sina, < E,, =E, 0
&E,c0sa, =¢gE cosa, <D, —D,, = %f

E, = JEZ +EZ =(E,sina,)’ +(E, cosa, )’

2 1/2

. 2 & . &
E, =| (E;sina,) +(—1 Elcosal) or E, =E, S|n2a1+[—1003a1)
&

&,

2 1/2
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Boundary conditions

« E field line
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Capacitances and Capacitors

1. Choose an appropriate coordinate system.
2. Assume charges, +Q, -Q

3.Find E

4. Find V,, by evaluating from —Q to +Q.

V,, = [ E-dl
5. Find C by taking the ratio Q/V,,

( or oLy Vi
AANYANG UNIvERsTTY http://plasma.hanyang.ac.kr




Capacitances and Capacitors

« Example 3-17

Dielectric
(permittivity €)

Q P Q
=g ~ Y e )
oy o Q B Q
V12 = - y=0 E'dl - —jo (—ay gj‘(aydy) - gd
C :g:a‘i
V12
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Capacitances and Capacitors

« Example 3-18 : Coaxial cable

Applying Gauss's law to a cylindrical Gaussian surface
within the dielectrica<r <b

E=akE =a, Q
2rerlL

./ V, =- raE-dlz—_[ba(ar Q j-(a dr)= Q In(gj

r=b 2rerl )~ T 27eLl  \a

Therefore
Q 2zl

L

Earth’s capacitance ? 7.08x104 (F)

C=

r Hﬂj OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
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Capacitances and Capacitors

» Spherical capacitor

Q

E=a, Are R*

V| Bear=-L " Lap- 2|1
R, Arre IR, R? Arne\ R.

l

Are,

"1/R-1/R,

— One electrode capacitor when R, o0?

r Hﬂj OHFJ Tt Plasma Electronics Lab, Hanyang University, KOREA
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Capacitances and Capacitors

« Multi conductor systems
V1 = p11Q1 + plez Tt pann

Vn = plel + anQZ +.o.t pann

— For an isolated system

Q+Q,+..Q, =0

Q =c,V,+c,V, +..+¢C, V

1In " n

Q =c. V,+c.V,+..+C V,

Plasma Electronics Lab, Hanyang University, KOREA
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Electrostatic Shielding

« A technique for reducing capacitive coupling between conducting W
bodies.
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Electrostatic Energy

Stored Energy Q
2

W, =Q,V, =Q, 2 =Q =QV,

W, = %(lel +QV,)
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Electrostatic Energy

« Three charges case R, Q, W
Ql /
Suppose another charge Q, is brought from infinity to a point -I-/ R23
AW =Q.V, = Q Q \\
Qs 3 Q3 + R +
Are R, AmeyRy, 13 4 Q
3

W3 =W2 + AW = 1 [QlQZ n Q1Q3 n Q2Q3j
drsy | Ry, R R,

We can rewrite W, in the following form:

Yol sSg)oleds3g)olede 2]
2 Are,R, 4me R, Are,R, 4me,R,, Are, R,  AmeyRy,

(Q1V1 +Q,V, +Q,V; )

N |-

* In general

W, :EZQka (J)

r Hﬂj OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
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Electrostatic Energy

« For a continuous charge distribution of density.

w-l¥ou  wew
k=1

1 1
—>W, = EjV,VdQ - EjV,pUVdu )

« Example 3.23

V(R)=-[ E-dR=-| E-dR- [ E-dR

r Hﬂj OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
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Electrostatic Energy

« Example 3-22

_ 2
W,=m,c” ?

b ~1.7x10"m !!

assuming that the sphere of charge is assembled W
by bringing up a sucession of spherical layers of thickness dR
At a radius R, the potential

Qe
" 4rg,R
where Q, is the total charge contained in a spehere of radius R:
4
=p —nR’
QR pl) 3

The differential change in a spherical layer of thickness dR
dQ, = p,47R%*dR
The work or energy in bringing up dQ,
dW, =V,dQ, = 4—7[pr4dR
3g,
The total work or energy requred to assemble a uniform sphere of charge
of radius b and charge density p,

4 b Amp?h® dr
W = dW, =—p’| R*dR=—22—>Q=p, —b°
L= dw, 350"“!0 5 Q=
3Q?
e = ()
207s,b

" HYU

OHOFLY Ot il

HANYANG UNIVERSITY

Plasma Electronics Lab, Hanyang University, KOREA
http://plasma.hanyang.ac.kr



Electrostatic Energy

« Example 3-23

1
We = 5 V,,OUVdU

V(R)=-| E-dR=-[ E-dR-[ E-dR

r Hﬂj PrS Ot ul Plasma Electronics Lab, Hanyang University, KOREA
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Electrostatic Energy

In terms of field quantities

W, =1j V-DVdv « V-(VD)=VV-D+D-VV

— j (VD) du——j D-VVdo

:ESE ands+E D-Edov
2758 29V
1 ¢
W,=—| D-BEdv<«D=¢E
Y%
Wezl. gE*dv
2 IV’
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Electrostatic Energy

Example 3.24 1
—CV?

=
[

[
I

r Hﬂj OHOFL| T 1l Plasma Electronics Lab, Hanyang University, KOREA
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Electrostatic Energy

« Example 3.25 (coaxial cable)

2 2
- = ( j L2xrdr =
a \ 2nelLr drel

Q

2C

Dielectric, €

" HYU

oHF o}l

HANYANG UNIVERSITY
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Electrostatic Forces

« Principle of virtual displacement.
— Force

Mechanical work done by the system (constant Q)
dw =F, -dI
dW = —-dW

e

dW, = (VW,)-dl - F, =—VW, (N)

W, AW,
(FQ)X__ x (F/), = OX
_ Torque constant V
NV, NV,
(T.), =~ Py < (T,), = —dW =T,.d¢

constant V

r Hﬂj OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
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Electrostatic Forces

Example 3.26

W,=icvi=iqv
2 2

upper plate
E:—afﬁz—a—gn»V:—j E-adx:jlx
X ‘90 X gOS lower plate X gOS

) __Qov__ @

Q P
F =— =— =-Q-2=-0E
(Fo 2 0x  2g,S ngos ngo 2

— Fixed potentials ?

r OHFL} Tt Plasma Electronics Lab, Hanyang University, KOREA
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Electrostatic Forces

« Constant Q

S
— Constant E 5
: 11,4 _@Q P4 +
— Increase in W¢ E=50 o4
— dW +dW, =0 T o

— Additional energy from ?

e ConstantV
— Decrease in E
— E «1/d, decrease in W¢

W, =%CV2

— Work done by battery, dWg = VdQ
— dWg =2dWg (=% dQ V)
— dW +dWg = dWg =dW¢ = dW = dW¢

Plasma Electronics Lab, Hanyang University, KOREA
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Summary

 Electrostatics

V= 1 j P
dre, V' R
vV
[ Potential, V

[ Charge density, p ]

VeEE=pleg,,
_10/80 VXE:O

E=-VV

V:-j Eedl

N

E= L j,pljdv
dre, V' R

[ Electric Field, E]

Plasma Electronics Lab, Hanyang University, KOREA
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Home Work

. 37g
- 5,6,8,11,12,15,16,19,20,22,23,27,28,32,33,35,41,44 .48
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Discussion Questions

» Electric lines of force never cross. Why? W

* The free electrons in a metal are gravitationally attracted toward the earth. Why, then, don’t they
all settle to the bottom of the conductor, like sediment settling to the bottom of a river?

« Some of the free electrons in a good conductor (such as a piece of copper) move at speeds of
10°m/s or move. Why do these electrons not fly out of the conductor completely?

* You have a negatively charged object. How can you use it to place a net negative charge on an
insulated metal sphere? To place a net positive charge on the sphere?

* The electric force between an electron and a proton, between two electrons, or between two
protons is much stronger than the gravitational force between any of these pairs of particles. Yet
even though the sun and planets contain electrons and protons, it is the gravitational force that
holds the planets in their orbits around the sun. Explain this seeming contradiction.

* A spherical Gaussian surface encloses a point charge q. If the point charge is moved from the
center of the sphere to a point away from the center, does the electric field at a point on the
surface change? Dose the total flux through the Gaussian surface change? Explain.

* Are Coulomb’s law and Gauss’s law completely equivalent? Are there any situations in
electrostatics in which one is valid and the other is not? Explain your reasoning.

« If the electric field of a point charge were proportional to 1/73 instead of 1/r2, would Gauss’s law
still be valid? Explain your reasoning. (Hint: Consider a spherical Gaussian surface centered on a
single point charge.)

«  The electric field E is uniform throughout a certain region of space. A small conducting sphere that
carries a net charge Q is then placed in this region. What is the electric field inside the sphere?
Explain your reasoning.
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Discussion Questions

I s

Figure 22.31 Question
(‘)7'\ 2 ]

*  The magnitude of E at the surface of an irregularly shaped solid conductor must be greatest in regions [
where the surface curves most sharply, such as point A in Fig. 22.31, and must be least in flat regions
such as point B in Fig. 22.31. Explain why this must be so by considering how electric field lines must be
arranged near a conducting surface. How does the surface charge density compare at points A and B?
Explain.

* A solid conductor has a cavity in its interior. Would the presence of a point charge inside the cavity affect
the electric field outside the conductor? Why or why not? Would the presence of a point charge outside
the conductor affect the electric field inside the cavity? Again, why or why not?

* You find a sealed box on your doorstep. You suspect that the box contains several charged metal sphere
packed in insulating material. How can you determine the total net charge inside the box without opening
the box? Or is this not possible?

* A solid copper sphere has a net positive charge. The charge is distributed uniformly over the surface of
the sphere and the electric field inside the sphere is zero. Then a negative point charge outside the
sphere is brought close to the surface of the sphere. Is all the net charge on the sphere still on its
surface? If so, is this charge still distributed uniformly over the surface? If it is not uniform, how is it
distributed? Is the electric field inside the sphere still zero? In each case justify your answers. Suppose
that a Gaussian surface encloses no net charge. Does Gauss’ law require that E equal zero for all points
on the surface? Is the converse of this statement true; that is, if E equals zero everywhere on the surface,
does Gauss’s law require that there be no net charge inside?

. Is E necessarily zero inside a charged rubber balloon if the balloon is (a) spherical or (b) sausage
shaped? For each shape, assume the charge to be distributed uniformly over the surface. How would the
situation change, if at all, if the balloon has a thin layer of conducting paint on its outside surface?

. A spherical rubber balloon carries a charge that is uniformly distributed over its surface. As the balloon is
blown up, how does E vary from points (a) inside the balloon, (b) at the surface of the balloon, and (c)
outside the balloon?
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Discussion Questions

. In section 25-9, the total charge on the infinite rod is infinite. Why is not E also infinite? After all, W
according to Coulomb’s law, if q is infinite, so is E.

* The field due to an infinite sheet of charge is uniform, having the same strength at all points no matter
how far from the surface charge. Explain how this can be, given the inverse square nature of Coulomb’s
law.

. As you penetrate a uniform sphere of charge, E should decrease because less charge lies inside a
sphere drawn through the observation point. On the other hand, E should increase because you are
closer to the center of this charge. Which effect dominates and why?

. Is it possible to have an arrangement of two point charges separated by a finite distance such that the
electric potential energy of the arrangement is the same as if the two charges were infinitely far apart?
Why or why not? What if there are three charges? Explain your reasoning.

. If E is zero everywhere along a certain path that leads from point A to point B, what is the potential
difference between those two points? Does this mean that E is zero everywhere along any path from A to
B? Explain.

. If E is zero throughout a certain region of space, is the potential necessarily also zero in this region? Why
or why not? If not, what can be said about the potential?

» If you carry out the integral of the electric field f]? - dl for a closed path like that shown in Fig. 23.27, the

integral will always be equal to zero, independent of the shape of the path and independent of where
charges may be located relative to the path. Explain why. oYy

E

Figure 23.27 Question
023.7;

« ltis easy to produce a potential difference of several thousand volts between your body and the floor by

scuffing your shoes across a nylon carpet. When you touch a metal doorknob, you get a mild shock. Yet
contact with a power line of comparable voltage would probably be fetal. Why is there a difference?
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Discussion Questions

« If the electric potential at a single point is known, can E at that point be determined? If so, how? If not, ]
why not?

* A conducting sphere is to be charged by bringing in positive charge a little at a time until the total charge
is Q. The total work required for this process is alleged to be proportional to Q2. Is this correct? Why or
why not?

» A conductor that carries a net charge Q has a hollow, empty cavity in its interior. Does the potential vary
from point to point within the material of the conductor? What about within the cavity? How does the
potential inside the cavity compare to the potential within the material of the conductor?

* A positive point charge is placed near a very large conducting plane. A professor of physics asserted that
the field caused by this configuration is the same as would be obtained by removing the plane and
placing a negative point charge of equal magnitude in the mirror-image position behind the initial position
of the plane. Is this correct? Why or why not? (Hint: Inspect Fig. 23.23b.)

. In electronics it is customary to define the potential of ground (thinking of the earth as a large conductor)
as zero. Is this consistent with the fact that the earth has a net electric charge that is not zero? (Refer to
Exercise 21.30.)

*  Suppose that the earth has a net charge that is not zero. Why is it still possible to adopt the earth as a
standard reference point of potential and to assign the potential V=0 to it?

. If you know E only at a given point, can you calculate V at that point? If not, what further information do
you need?

. If the surface of a charged conductor is an equipotential, does that mean that charge is distributed
uniformly over that surface? If the electric field is constant in magnitude over the surface of a charged
conductor, does that mean the charge is distributed uniformly?

* Anisolated conducting spherical shell carries a negative charge. What will happen if a positively charged
metal object is placed in contact with the shell interior? Discuss the three cases in which the positive
charge is (a) less than, (b) equal to, and (c) greater than the negative charge in magnitude.
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Discussion Questions

* A capacitor is connected across a battery. (a) Why does each plate receive a charge of exactly the same]
magnitude? (b) Is this true even if the plates are of different sizes?

+ A sheet of aluminum foil of negligible thickness is placed between the plates of a capacitor as in Fig.17.
What effect has it on the capacitance if (a) the foil is electrically insulated and (b) the foil is connected to
the upper plate?

« If you were not to neglect the fringing of the electric field lines in a parallel-plate capacitor, would you
calculate a higher or a lower capacitance?

« A parallel-plate capacitor is charged by using a battery, which is then disconnected. A dielectric slab is
then slipped between the plates. Describe qualitatively what happens to the charge, the capacitance, the
potential difference, the electric field, and the stored energy.

+  While a parallel-plate capacitor remains connected to a battery, a dielectric slab is slipped between the
plates. Describe qualitatively what happens to the charge, the capacitance, the potential difference, the
electric field, and stored energy. Is work required to insert the slab?

*  Two identical capacitors are connected as shown in Fig 19. A dielectric slab is slipped between the
plates of one capacitor, the battery remaining connected. Describe qualitatively what happens to the
charge, the capacitance, the potential difference, the electric field, and the stored energy for each
capacitor.

+  Equation (24.2) shows that the capacitance of a parallel-plate capacitor becomes larger as the plate
separation d decreases. However, there is a practical limit to how small d can be made, which places
limits on how large C can be. Explain what sets the limit on d.(Hint: What happens to the magnitude of
the electric field as d->07?)

*  Suppose the two plates of a capacitor is charged by connecting it to a battery, do the charges on the two
plates have equal magnitude, or may they be different? Explain your reasoning.

* A parallel-plate capacitor is charged by being connected to a battery and is kept connected to the battery.
The separation between the plates is then doubled. How does the electric field change? The charge on
the plates? The total energy? Explain your reasoning.
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Discussion Questions

« According to the text, we can consider the energy in a charged capacitor to be located in the field W
between the plates. But suppose there is vacuum between the plates; can there be energy in a
vacuum? Why or why not? What form could this energy take ?

« The charged plates if a capacitor attract each other, so to pull the plates farther apart requires
work by some external force. What becomes of the energy added by this work? Explain your
reasoning.

« The two plates of a capacitor are given charges +Q. The capacitor is then disconnected from the
charging device so that the charges on the plates can’t change, and the capacitor is immersed in
a tank of oil. Does the electric field between the plates increase, decrease, or stay the same?
Explain your reasoning. How can this field measured?

* A conductor is an extreme case of a dielectric, since if an electric field is applied to a conductor,
charges are free to move within the conductor to set up “induced charges.” What is the dielectric
constant of a perfect conductor? Is it K=0? K=«? Or something in between? Explain your
reasoning.

» A capacitor of capacitance C is charged to a potential difference V,,. The terminals of the charged
capacitor are then connected to those of an uncharged capacitance C. Compute a) the original of
the system; b) the final potential difference across each capacitor; c) the final energy of the
system; d) the decrease in energy when the capacitors are connected. e) Where did the “lost”
energy go?
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