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Problem 4.2
p=cak,

1
C“SEe -da = _Qenc
€0

! !

r r - ro—
= Ee (1) = L M pdr=— L 9 [T a gpr2gr- L4 1 j e ar'dr’
472'80 r2 0 472'80 r2 7Z-a3 0 2400 r2 a3 0

ar ' ; ar
_tal, (—Eje a ' —j (—E)e a 2r'dr’
&Y r2 3_3 \ 2 0 0 2
. . ( or 2 2r ' r 2 2r
= qz 3<(—3 e ar_ (—Ej e a(2r) +I (—Ej e 2 (2)dr
ey reoa” | 2 2 0 0 2

J
(—Ej e ar? —(—Ejz e @ (2r)+(—3)3 e a (2)—(—3j3 (2)}
2 2 2 2

2r 2r 2r
1 q 1{
72'50 r2 a3
3| _2r/, 2 er 2
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Problem 4.2
p=cak,

1 2 r r’
E,(n=—311 ¢ aj132 42"
472'80 r2 a az

1 2 4 g
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Problem 4.9
1 .
(aA)F=(p-V)E=(p-V) a5

h
= p, 0, 47::50 r% P+ pH% 47350 r% (9F)+ P, rsi1n0£47i90 rq2 j(agpf) ,gradient of a vector field
= p, 0, 47:80% Pt pQ% 4;0% 0+p, rsilnebjgo rqzj(sinﬁ(f))

B 47:90 (_2 fg " F:g 6+%¢j

) 4;0 %(p_?’prr) ) 47350 r%[p_g(p )]

(b)F = qEgjp (r) = 7:,90 %[B(p F)P-p|
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Problem 4.10

(a)o, =P-A=kR, p, =—V-P :—iar (rZPr):—iar (r2kr) = -3k

r2 r2
(b)
3
F>RZCJ)E-da:iQenC:>E(r): = %(_ka4m’ j?:_ﬁf
&0 472'80 r 3 &0
3
Lo . (ka4ﬂR2)+(—3kx4ﬂRj
r<R:E(r)= ot ¢ _ F o0
472'80 r2 472'6'0 r2
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Problem 4.16
oo =—-V-P=0= pr =0

(a) (b)
the electric field inside a uniformly polarized sphere of radius R: o, =P-h=P butda > 0= EGb =0
eq(414) Eab (P) — _LP = E = EO = D= 6‘0E = EoEO = DO -P
380
1 1
=E=Ey+E, (-P)=Ey+|-—(-P)|=Ey+—P
b 36'0 380
1 1 2
— D=80E:6'0E0 +—P=(D0—P)+—P=DO——P
3 3 3
(b)
Electric field of a sheet of surface charge o : E = Ziﬁ
€0
o, =P-A=P=E,_ :&ﬁ:Ewafer(P):Eupperlayer+EIowerIayer __% a_ % ﬁ:_&ﬁ:_i
b 280 o %b %b 280 280 & )
wafer (—P) P
=E=Eg+E (-P)=Eqg+| - =Eg+—=D=¢gE=¢Ey+P=(Dy—P)+P =Dy
€0 €0
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Problem 4.21
Let Q be the charge of a length L of inner conductor.

(_f)D-da=D27rsL=Q:>D= Q =sE=E(g)= Q
27sL 27sel

b
:vz—jaE(g)-m:—ja Q dl—j Q. q-_R |n(9j+i|n(3j
c b 27sgyl c 2rseperl 2nsgl a/ ¢ \b

-1
= 9 = g = 27eg {In(9j+iln(£ﬂ
L VL al & b
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Problem 4.28

2 2
I:capaci'[ance = Fyravity = Mg = P”(b —a )gh

1(Q¥dC 1.,dC
I:capaci'[ance — 5l ~ _:EV T

2\ C /) dx dh
Gauss Law:
Air part: E = 24 =V = 24 InE PR
QOil part: E = V==L |n= & ¢ €0
\ Ares dre @
, Q /1(|+)(eh) 27[50(|+;(eh)
Q=2h+a(-n)= A1+ (s ~)h]=A(1+geh) = C == = =" = -
In— In—
dreg A a
1.,dC 1., 2z YA
|:capacitance - EVZ dh = EVZ ObZe = ,07Z(b2 —a* ) gh=h= 0%e n
In— p(bz—az)gln—
a a
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Problem 4.33
P =kr,

op =P-A= k@j = Quurface = k—zax 6a’ = 3ka’>

.

Problem 4.36
Continuity = E; Is continuos

No free charge at the boundary = oy =0= D, is continuos
tand, _ Ef /EF _El _Di/a_g

tnd  Ej/El Ef Di/sp 4

[Comment : defocus]
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Problem 4.39
R _ Qtotal

1 Qotal [claim] 5V (r) =V, —
dreg R rArgyr

E=-VV :Vo%f
r

@)V =

R .
P =¢egxeE =20xeVo I’_2 r
(0, on northern hemisphere

A R A A V -
= oy =P-f=1gxVo—F(-F) = _WTEO, on southern hemisphere
r

r=R
|0, onthez=0plane

e V -
50—0, on northern hemisphere
_ Qtotal _ _ R
JEY RN AV goxeVo | _ €0 (1+ 2 )Vo -
| - Re — , on southern hemisphere

"

Electromagnetism Chap.4 TA: Hung Chun Hsu, Yi Wen Lin, and Tien Fu Yang 2022 Fall



Problem 4.39
1 Qt0t8.| _ 1 47Z'R80VO . VoR

(b)V (r) = = . Q.E.D.
Areg T 4rey r r

(c)Given two solutions:

\ Vs V3=V, -V;

J\

El = —VVl E2 = —VVZ E3 = —VV3 = E2 - El
\D1=8E1 D2:8E2 D3:D2—D1

[ V.(VsDg)dr =@  VaDs-da=0(Vs =V, -V, =V —Vy =0 on the surface r = R)

JVol Surf

— VOIV'(V3D3)dT=O: VOI(VV3)'D3dT+ VOIVBV'ngT

BUtV'Ds :V'(DZ—D]_):V'DZ—V'D]_:,Of — Pf =0

2
= VV, ) -Dadr + VLV - -Dadr = E, -D-dr+0= clE;l"dr=0
Vol( 3) 3 Vol 3 3 Vol 3 3 Vol ‘ 3‘

= E3 =0=V, -V, = const. everywhere, and V; =V, =V, on the surface r =R

= V; =V, everywhere = it's uniquely determined.

(d) Fig.(a): oy, on the dielectric flate surface will not be 0, because of P is not perpendiculat to f;
Fig.(b) works the same way.
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Problem 4.2 According to quantum mechanics, the electron cloud for a hydrogen

atom in the ground state has a charge density vy ety h
(r) :ise—Zr/a’ + ++
zra o
where q is the charge of the electron and a is the Bohr radius. Find the atomic df_
polarizability of such an atom. [Hint: First calculate the electric field of the electron - 4

cloud, E, (r); then expand the exponential, assuming r « al Sy

p=aE.| Rule of Thumb! Not a fundamental Law!

2r
L7 g 1 1 q (-
- T =
72'6'0 r2 0 472'80 r2 7Z'a3 0 TEg r- a

Feynman's Trlck of Integration: Introduct another parameter A to simply the calculation
r

Consider: | = J‘ e MVdy = l(l_e—ir )
0 A

. 5/1]. s I ( ﬂy)dy:-.‘(:( y)edy = 1(1 e_M)JF%(lJMe_M) Experiment
} Hydrogen atom ~ 0.667e-30

cj)E da=— QenC:>E(r)_

< Same form as required integration!

“am _ 343~ 0.09x10 P m?
2 Are
2r/a 0
B (r)= = qz 13 2 3 1-e72"/3 1+(2/a)r+u - 3~£ < o 3 30 3
Ty 1 a” (2/a) 2 3ngpa®  «a r ~a° ~0.12x10""m

Electromagnetism 2022 Fall Chap. 4 Supplement by Tien-Fu Yang (TA) Email: yang168@gapp.nthu.edu.tw



Polarizability and susceptibility

Emacro = Eself +Eext
In a linear dielectric, the polarization is said to be proportional to the filed P = 5OZeE < Macroscopic

If the material consists of atoms (or nonpolar molecules), the induced dipole moment P = oE «—— Microscopic

? N o
P=Np=NoE= y, =—

€0
If the density of atoms is low, it’s not far off. However, the fields used are from different viewpoints!
—p —a Noa P Noa
Egelr = — 3= Emacro = ) Eext +Eext = (1_ _j Eext = - Eext
AregR AreR 3&g EoXe C0Xe
Na/e 350 X 3¢9 & -1 3gy n% -1
. Ze — / 0 — = 0 € = 0 r ~ 0

— o ~
1- Na/3g, N 3+ N g+2 N p242

7 ™~

What about polar substance? Clausius-Mossotti formula Lorentz-Lorenz relation
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Polarizability and susceptibility

Energy of a dipole in an external field u=-p-E=-pEcoséd

Statistical mechanics says that for a material in equilibrium at absolute temperature, the probability of a given molecule
having energy is proportional to the Boltzmann factor

exp(—u/KT)
The average energy of the dipoles is therefore

Iue—U/deQ jpE ue KT dy

ePE/KT | o—PE/KT |
)= Ie_”/deQ jpE o~U/KT 4

— kT - pE{epE/kT PR = KT — pE coth( pE/KT)

——NIOu Np{ coth pEJ_ KT _ _
pE KT pE Langevin equation

/\

Linear region ||:>|| — |\| || || —

Np .
P~ E=cnv.E
KT 0Xe 1 ey S
sz Comment: For large fields/low temperatures, all the
Ae 3ok molecules are lined up, and the material is nonlinear.
0 -
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Problem 4.6 A (perfect) dipole p is situated a distance z above an infinite grounded 0
conducting plane (Fig. 4.7). The dipole makes an angle # with the perpendicular to P
the plane. Find the torque on p. If the dipole is free to rotate, in what orientation z
will it come to rest?

% + FIGURE 4.7

A 1. Use Image Dipole to free the boundary as shown in the figure.
2. Try to describe the system with respect to the origin of the image dipole

1 . 1 r-p_ 1 pcosé
+ Vyio (T,0) = — - |r'p(r')dz' = =
\I.;i\}\ _ aip (1:9) Ay r? p(r) sy r®  Arey  r°
v ( 2
pcosé
47[80r p A - A
— J . =E(r,0)= (20089F+Sln 69) Come to rest
0 1 psiné Aol
Eg=—=0pV = 3 0 when angle = 0 or 90 deg
p r 472'80r
i ) Oxf=—¢
0 22 Ei|@ — P 3(2c036’f+sin 60) 2
P 475y (22) N =pxE; = ——sin(26)(-¢
D, 4 0 = N=pxE; = 7 Sin ( )( ¢)
A A 872'80r
p= p(c059r+sm 60)
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Problem 4.11 A short cylinder, of radius a and length L, carries a “frozen-in” uni-
form polarization P, parallel to its axis. Find the bound charge, and sketch the elec-
tric field (1) for L > a, (11) for L < a, and (ii1) for L = a. [This is known as a bar
electret; it is the electrical analog to a bar magnet. In practice, only very special
materials—barium titanate is the most “familiar” example—will hold a permanent
electric polarization. That’s why you can’t buy electrets at the toy store. ]

Electron + magnet - Electret

L > a = Like Dipole

L << a = Like Parallel Plate Capacitor
Field is nearly uniform inside with fringing field at edges.
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Problem 4.13 A very long cylinder, of radius a, carries a uniform polarization P
perpendicular to its axis. Find the electric field inside the cylinder. Show that the
field outside the cylinder can be expressed in the form

2

a A\ A
{pb ——-V.-P E(r) = s’ [2(P -s)s — P].

[Careful: I said “uniform,” not “radial”!]

o> 0000000020020 — @
- = = = = += + -

e
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Electromagnetism 2022 Fall

Gaussian surface

—P
tp
~
4 /
/ E-da=F-47r? = L Qene = = 3713p.  So
€0 €g 3 P
Prob. 2.18 BE= i
360
E. ="
+ = + - :
3¢ Points outside 2 All the
E -_ P, For field in the region of overlap charge on each sphere
- 3o T were concentrated at
0 1 od -1 the respective center.
E++E__L(r+—r_):—id:— q3: P n
380 380 47[80 R 380 1 p-r
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Problem 4.13 A very long cylinder, of radius a, carries a uniform polarization P
perpendicular to its axis. Find the electric field inside the cylinder. Show that the

field outside the cylinder can be expressed in the form d s, 1 s.d d
Si :S$—:> —52—2(5i5—2$—]
a’ R 2 Sk S S 2
O, =—V-P E(r) = e s? [2(P -s)s — P]. <
A 0
Op = P-n
[Careful: I said “uniform,” not “radial”!]
_ pﬂszﬂ PS .
+ Again by Gauss’s Law,  E(275)£= =E=21-3§
+ + +_|_ &0 280
+ +
E=E, +E_ ZL(S+—S_)=—LC’=_—1P (fors<a)
280 280 I 280
P(ﬂazf) = (pﬂazf)d
For points outside,
Key: Consider two cylinders of 2, 2 2(s &
opposite uniform charge density E(2ﬂs)g _pra — E = pa S E=E,+E_= pa [ + —j
whose cross sections are as shown! &0 2&0S 26 \ Sy S
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Problem 4.14 When you polarize a neutral dielectric, the charge moves a bit, but Qtotal = J-Vpbdf + opda

oV
the fotal remains zero. This fact should be reflected in the bound charges o, and p,. B v.P\d P.A)da<0
Prove from Eqs. 4.11 and 4.12 that the total bound charge vanishes. B Iv(_ ' ) o C_f)av ( n) a=
Problem 4.15 A thick spherical shell (inner radius a, outer radius ») is made of :
dielectric material with a “frozen-in” polarization No free charge!
k .

P(r) = — £ b vpo L (rzhj?ﬁ
where k 1s a constant and r is the distance from the center (Fig. 4.18). (There is r2 ' r r?
no free charge in the problem.) Find the electric field in all three regions by two ) +P-F=k/b (I’ — b)
different methods: op=P-n= .

—P-f=—k/a (r=a)

(a) Locate all the bound charge, and use Gauss’s law (Eq. 2.13) to calculate the )

field it produces.

1 A
Gauss's Law = E = Qenc P
472'80 r2

—E=0forr<aandr>hb

(b) Use Eq. 4.23 to find D, and then get E from Eq. 4.21. [Notice that the second
method is much faster, and it avoids any explicit reference to the bound charges.]

dp ,
‘E Fora <r <D, Qenc =_—k(4ﬂa2)+_‘-r(_—5j4ﬂr’2dr’ =—-4zkr = E :_Lf’
2 a\r ol
d
P i B = = -
Kp A Cj)D da_Qfenc_0:>D—<90E+|:’—0everywhere:>E_go
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Problem 4.18 The space between the plates of a parallel-plate capacitor (Fig. 4.24) (ﬁ D-da=Q; =2DA=cA=D-= 94
1s filled with two slabs of linear dielectric material. Each slab has thickness a, so S o 2
the total distance between the plates is 2a. Slab 1 has a dielectric constant of 2, and
slab 2 has a dielectric constant of 1.5. The free charge density on the top plate is o ~D=4-0 54095 __ 53
and on the bottom plate —o. 2 2

0, outside the plates

(a) Find the electric displacement D in each slab.
(b) Find the electric field E in each slab.

(c) Find the polarization P in each slab.

(d) Find the potential difference between the plates.

(e) Find the location and amount of all bound charge.

(f) Now that you know all the charge (free and bound), recalculate the field in each
slab, and confirm your answer to (b).

-

5 E = —Zii, for slab 1 N ,
E=—=- 280 :>AV=—J. E~d?:{[——aja (—i a
¢ |E,=-=23, forslab 2 B 329
380
- 1 ( o @
P=egreE=¢0(e ~1)E=¢q(& —1) 2= —0'(1——]2 F—, forslab 1 fgf;g
co0ér r o, =P-A=; 2 ®)
(o)
P1=—%2, P, =—%2:>V-P=O:>,0b = 0 everywhere T forskb2 +o/3
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Problem 4.19 Suppose you have enough linear dielectric material, of dielectric
constant €,, to half-fill a parallel-plate capacitor (Fig. 4.25). By what fraction is
the capacitance increased when you distribute the material as in Fig. 4.25(a)? How
about Fig. 4.25(b)? For a Eiven Potential difference V between the Elates, find E,
D, and P, in each region, and the free and bound charge on all surfaces, for both

cases. d o @) ®)
Without dielectric, EE=——2 V:—j(+)E-d2=—jd O gz gc Qo oA _ZA
0 ¢0 (—) 0 o o V O'd/é‘o d

In (a),
D=—O'2:>E={

—o/gy 2 ,in air (vaccum)
—o/¢Z ,in dielectric

\Y —i(gj+z(gj—(ﬂJ(l+g_l): o= 260 =C _Q_ oA Bl = Ca __ 2
go\2) €2 2&g ' d(1+gr—1) Y, (o-d J(1+g_1) d 1+¢9r_1 Co 1+g,r_1
r

280

0, in air (vaccum)
- = — = 2V(C: (C: _1 . . -
oL P =g (e ~1)E=1_Vap(r )2, in dielectric
— Z ,in air (vaccum) d (gr +1)
E- dfteer’) , N o (& 1)
=~ E= o/ =) _Mz’ in air (vaccum) |op =P-N=- 0\°r (at top surface of dielectric)
—— =% ,indielectric d(e +1) < d(er +1)
d(& +1) D=¢E =1 2V gpe
k NEEr 5 i ity = £0Eqir = ——2T_ (on top plate above dielectri
~— %7 lindielectric |9t = €0Fair (on top plate above dielectric)
d(e +1) \ d(er +1)
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Problem 4.19 Suppose you have enough linear dielectric material, of dielectric
constant €,, to half-fill a parallel-plate capacitor (Fig. 4.25). By what fraction is
the capacitance increased when you distribute the material as in Fig. 4.25(a)? How
about Fig. 4.25(b)? For a Eiven Potential difference V between the Elates, find E,

D, and P, in each region, and the free and bound charge on all surfaces, for both
cases.

In (b),
v Vo | | E | D | P |
E=—=0=¢E=¢gy;— Inair (vaccum
g = 7= 0=y inair (vaccum) (o) air T g% | e x| 0
V . ] ) V . ] ) dicloctric 2 Vg 2V ¢ | 2 DeaV ¢
P=¢eyx.E =690 g in dielectric = oy, = —&p 16 4 (at top surface of dielectric) 8 d?“k‘"t““ D4 x 1) _d X (f.,.+1)0 a *
H) air T X e X
\Y, V Y/ . . b) diclectri V3 Vg - 1)V
" Otot = EOT —o,+0f = 0f = 80—(1+ Xe)= % (on top plate above dielectric) (b) diclectric | 4% G * e DR
top surface top plat
o Q_1(aV A VA _aA(lre ) G _lra | ~ | ffb_(zgr:%ll;rio) [ oy (2:;)1;;;0) |
b V V d 2 d 2 d 2 C 2 a (er+1) d (cr+1) d
00 i air ) (b) | —(er — )% | e, 2% (left); < (right)
, in air (vaccum
. P=¢gyle —1)E= -V . .. i
Vo, . o(er -1) (& -1) “0% 5. in dielectric
—g2in air (vaccum) d [Cb 1+€r]>(ca 2 ]
= E =+ = < ([ V = = 1
Vi o : ——&gZ, inai Co 2 Co 1+¢
_Y 5 in dielectric ; &oZ, Inair (vaccum) r
. d D=cE=« v
—Egogri ,in dielectric
Electromagnetism 2022 Fall Chap. 4 Supplement by Tien-Fu Yang (TA)
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Side View

Load
Mass

Parallel Plate Method

DMM
Board

Top View

Top
Foil

Bottom

DMM Foil
Sy

Load
Mass

Dielectric
Sheets

Ref: AJP 73, 52 (2005)

Dielectric
Sheets

N
A) £
Py
L
. : =
Dielectric i
[
fan1
sheet g
o
L
&
2
K=
Ailr

Foil

D
i

1.40
1.20
1.00
0.30
0.60
0.40

0.20
0.00 SR ————
0.0 0.2 04 0.6 0.8 1.0
Dielectric thickness (mm)
C_ ErgpA
d
N 1 _ Dteflon N dair
Crmeasured  €ré0A  &A
1 NDiefion 2da,f +(N _1)dd,f
— = +
Creasured ErgA EoA
1 NDefion 204, ¢ —dg 1
— = +
Crmeasured Er eff goA goA
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Problem 4.22 A very long cylinder of linear dielectric material is placed in an
otherwise uniform electric field E;. Find the resulting field within the cylinder. (The

radius is a, the susceptibility yx., and the axis is perpendicular to Eg.)
o0

k .
Vi =V ats—a Vin (s.4) = Zs (ay coske +by sinkg)
&0V = 6005Vt atS=a = 1 k=1 .
Vour > —Bpscosgfors>a |y (s 4)=—Eyscosg+ > s7(cx coskg -+ dy sinkg)

Eo|

N2

Yy~ , \ k=1
‘/< iak(a cosk¢+W)=—E ac:os¢+§:a‘k (c cosk¢+W)
2 k 0 k
k=1 k=1
<
ngkak‘l(ak CoS k¢+W) =-E, cos¢—Zka_k_l(ck CoS k¢+W)
L k=l k=1
ala:—an+%, fork =1
akak = a‘kck = Cy = a2kak, fork =1
=3 = a =C, =0 unlessk =1
Erdy =—E0 —i, fork =1
a
& kak‘lak = —ka‘k‘lck = & ay = —a‘z"ck, fork =1
Eo Eo Eo
LAy =— = Vi (S,0)=- scosg = E(S,¢)=
' 1+ 2e/2 n(54) 1+ 2¢/2 ’ (5:9) 1+ 2¢/2
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Problem 4.24 An uncharged conducting sphere of radius a is coated with a thick
insulating shell (dielectric constant €, ) out to radius b. This object is now placed in
an otherwise uniform electric field E,. Find the electric ﬁelc! in the 1nsulator.

Vi, (r,0)=0 forr<a
p +Pb Vied =0 atr=a
W 1Vimed = Vout atr=b = -
¢ &0Vimed = €00, Vout atr=>0
Vout = —Egrcosé forr>b

Vin (r,0)=0
Vineg (1,0) = Z(Aﬂ + jP[(cose)

Vout (1,0) = —Eqr cos@+2ﬁ P, (cos6)

P , c
/P N —Eobcose+zbf—fng(cose)=Z[A[bf wE l]Pg(COSH)

B,
Afa +—t =0=B,
N2

(A, =B, =0 forz=1
B, = A (b2z+1_a2z+1)
-3E,

B, = Al(b3—a3)+ Eob®

2[1—(a/b)3} +& [1+ 2(a/b)3}

:><SFZ[£Agbe_l (,€+1)b5ZJPK(COSQ)Z—E()COSQ Z£+1

bf

2

P, (cosd)
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Problem 4.25 Suppose the region above the xy plane in Ex. 4.8 is also filled with

linear dielectric but of a different susceptibility x,. Find the potential everywhere. D Ze
'.'pb=—V-P=—V-(8o;(e;j:— 1t Pi
24 Four charges involved: e
q (i) N £ _ _9
¥ q " Op 1 =0 =0 +q4=—
(i1) polarization charge surrounding g, T Ze &r
4o (iii) surface charge o}, on top surface of lower dielectric
_ \ /S ~ (iv) surface charge oy, on lower surface of upper dielectric
\ / y _ _
. -1 qd /&, o o}, -1 d
op =P-N=¢gyxE; =& xe 4 /r3/2_2b _Zb Op = g 372 Le ,
. 0 (12 4q2) " S0 2 4”(r2 d?) [1+(ze + 28)/2]
) r T 4= ' '
| ol = 1 qd E Yo &
' A ' , 1 8, O U’ o 3/2 '
oh =P-N=—gyxeE; =g xe 4 %/ IF3/2_ 2 4z (I’2+d2)/ [1+(Ze+7(e)/2:|
&Y (r2 +d2) 280 280
= 0y =0 +0p = 1 qd 32 (Ze_le)’ (=0 when z¢ = 7))
4r (r2+d2) 8r[1+(;(e+;(e)/2]
1 q/er +Q - r_ '
Vico = Az > /Zr t - = g = ’ (Ze Ze)q' :(55 &y Ji,:vbo _ 1 q/é‘r + oh
0\/x +y°+(z-d) Zgr[1+(;(e+;(e)/2] g +éep )& Areg \/x2+y2+(z—d)2 \/x2+y2+(z+d)2
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Problem 4.26 A spherical conductor, of radius a, carries a charge Q (Fig. 4.29). It
is surrounded by linear dielectric material of susceptibility ., out to radius b. Find

the energy of this configuration (Eq. 4.58).
0, r<a 0 r<d
(JSD-da:QfenC:D: Q ’r>a:>E:<4ﬁgr2,b>r>a
4rr? o)
— r>a
| drmegr
1 1 Q% , (1P a2y 1 ® a2, | Q° (1 x
.'.W:—jD-Edr:— Ar —J rr dr+—j r—redr | = —+ZE
2 2(4%)2 € Ja £g 9b 8regla b

Problem 4.31 A point charge Q is “nailed down” on a table. Around it, at radius R,
is a frictionless circular track on which a dipole p rides, constrained always to point
tangent to the circle. Use Eq. 4.5 to show that the electric force on the dipole is

L 0P

B 431'60 F

Notice that this force is always in the “forward” direction (you can easily confirm

this by drawing a diagram showing the forces on the two ends of the dipole). Why
isn’t this a perpetual motion machine?*!

dregR
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