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Problem 4.2
p=cakE,

1
qSEe -da = _Qenc
€0

= E,(r) = L1 r,OdT= L 1.4 ‘e @ dxr2dy = gl jre_ a gy
&Y r 0 472'80 ]/'2 7Z'Cl3 0 20 ]/'2 a3 0
27 g 27

— 1 q 1 < (_g)e a ’/'12 _J-r(_gje a zrrdr!

&Y r a3 \ 2 0 0 2

| | ( 2r 2 2r T 2 2

- qz 3<(—£je ap? _ (—ﬁj e @ (2) +j (—ﬁj e @ (2)dr

&y r~ a \ 2 2 0 0 2

(] e o

1 1 3| 242 g 1 = 2
-—4 3(—3j e @ [LZ+—F+2)—2 =——Ll1-¢ a (1+21+2”—j
&Y r~ a 2 a a 472'80 7 a az
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Problem 4.2

1 24 d . d°
= E(d)= S [1+2—+2—]

72'80 d2 a a2
2 3 2
g IHEHE) W20 } 12?0
Arey d> a 2 a 3! a a a2
3
= : ii(i) + higher order terms
drey d% 3\ a
1 1 3
R 3qd: 3p:a:37r80a
3mega 3rmeya
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Problem 4.9

(a)F = (p-V)E=(p-V)— L

r
=p,0, 47;0 riz f~+p9% 4;80 ’% (aef')+p¢ rsilnH [4;80 rqz j(@wf') , gradient of a vector field
= p,0, 4;90 r% f‘+pg% 47;0 ’% é+p¢ rsilne(47igo rqz )(sinﬁ(f))

L [_2 L é+’:_§¢j

- 47;0 l%(p—3prf‘) = =~ ]%[P_3(P r)r]

(b)F = gEg;, (r) = 4;50 L[3(p-)é-p]
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Problem 4.10

(a)o, =P-n=kR, p, =—V-P = —izar (rzPr) = —izar (rzkr) = -3k
r r

(b)

1 3. .
r>R:¢E-da=—QenC:>E(r)= ! L(—3]{><47W ]r:—ﬁr
o) 472'80 ]/2 3

3
Lo 1 (ka4nR2)+(—3kx4”Rj
r<R:E(r)= tot ¢ _ 3 Ji—o

drey 12 dre, r?
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Problem 4.16
yos :—V-P:O:>pr =0

(a) (b)
the electric field inside a uniformly polarized sphere of radius R: o, =P-n=P butda > 0= E oy = 0
1 _ _ _ _
eq.(4.14): E, (P)=——P —E=E)=>D=¢E=¢FE)=Dy-P
b 350
1 1
—E=E,+E_, (-P)=Ej+|——(-P) |[=Ey+—P
b 36'0 380
1 1 2
= D= EoE = EoEO +§P :(DO —P)+§P :DO —EP
(b)
Electric field of a sheet of surface charge o : E = 2113
€0
o,=P-n=P=E_ = b i pwater (p) = gupper layer | plowerlayer _ _ % 4 b - Zbq_ _r
b 280 Ob Ob %b 26'0 280 o) N
wafer (-P) P \
= E=E;+E} (-P)=E,+| - =Ey+—=D=gE=¢E)+P=(Dy—P)+P =D, r
€0 €0
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Problem 4.21

Let O be the charge of a length L of inner conductor.

gSD-dazDznsL=Q:>D= Q =¢E=E(g)= 2

2N Vz—LaE(g)-dl:—j:

= £ = 2 =27y {ln(é)
L VL a

2rsL 2rselL

2rsggL c 27Z'S808,,L. - 2regL

~1
+ iln(gj
& \b

a
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Problem 4.28

2 2
L capacitance — {'gravity — M8 = P7T (b —d )gh
1OV dC 1. ,dC
9 capacitance 25 E EZEV E
Gauss Law:
Air part: £ = 24 =V = 24 lné PRy
) 42729,03 2‘;7?90 - SNy | .
Oil part: E = —V="""In= & ¢ €0
( 4res dre a
o B B _Q_/”t(l+)(eh)_27rgo(l+;(eh)
Q—2h+/1(l—h)—l[l+(g,,—l)h]—ﬁ(l+geh):C_?_ " ;
In— In—
drngy a a
1 -,dC 1 _»,2meyy E0X =
Fcapacitance:EVZE:EV2 Ob . :P”(bz_az)ghjh: D4 5
In— p(bz—az)gln—
a a
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Problem 4.33
P = ir,

o, =-V-P=-3k=0Q,, =-3kxa> =—3ka’

A k = Orotal =0
O-b :P.n:k(%j:qurfaceZTax6a2:3ka3 total

.

"

Problem 4.36

Continuity = £ is continuos

No free charge at the boundary = o =0= D, i1s continuos
tan6 _ Ei | E1 _E\ _Dli/a _&

tan 6, Eﬁ /]51l E2 Dlle, &

[Comment : defocus]

sl S
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Problem 4.39

1
(@)l = Qrotal . claiml >V (r) = 4
472'(90 R
E=-VV =V, %f
r

£ _ Qtotal
r  4reyr

R .
P=cox E=¢c0xVo—T
r

(0, on northern hemisphere

Eo XV :
__fokefo , on southern hemisphere

. R ., .
' goeVo—5 ¥+ (~F)

—Jdop =P-n=« —r =

r r=R

|0, onthez =0 plane
Y4
£070 , on northern hemisphere

o= Qrotal — 0y =+
2 eV, V o1+ 2. )V :
47 R (}3 0 _(_ 80;;6 0 j 20 ( RZe) 0 , on southern hemisphere

"
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Problem 4.39

dreg 1 dre r r

, Q.E.D.

(c)Given two solutions:

V] Vs V3=V,-N
E,=-VIN {E,=-VV, <E;=-VI3=E,;-E,;
(D =¢E, D, =¢E, D; =D, -D,

Jy ¥V 02P)d =9

= Vozv'(V3D3)dT:0: VOZ(VV3)-D3dr+ V01V3V-D3dr

ButV-D3=V:(Dy;-D;)=V-D,-V-D; = p;—ps =0

J\

V3Dy-da=0(V3 =V, -V, =V, —Vy =0 on the surface r = R)

2
— VVi)-Didr+ VoV -Dadr = E, -D:xdr+0= clE;x| " dr=0
Vol ( 3) 3 Vol 3 3 Vol 3 3 Vol ‘ 3‘

= E; = 0=V, -V} = const. everywhere, and V| =V, =V}, on the surface » = R

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

(d) Fig.(a): o}, on the dielectric flate surface will not be 0, because of P is not perpendiculat to n;
Fig.(b) works the same way.
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6,11, 13, 14, 15, 18, 19, 22, 24, 26, 31, 32

Electromagnetism 2022 Fall Chap. 4 Supplement by Tien-Fu Yang (TA) Emazl: yangl68@gapp.nt/m.edu.tiv



Problem 4.2 According to quantum mechanics, the electron cloud for a hydrogen
atom in the ground state has a charge density

,O(I")Z q?) e—2r/a’

a
where ¢ is the charge of the electron and a is the Bohr radius. Find the atomic

polarizability of such an atom. [Hint: First calculate the electric field of the electron
1

cloud, E,(r); then expand the exponential, assuming r < a.

p=cE,| Rule of Thumb! Not a fundamental Law!

27 ,
1 1 1 ¢r 1 1 ro- 1 1 ¢ —r
(ﬁEe-da:—Qenc:Ee(r)= — | pdr= A 47rr’2dr':—i—j e @ rdr
o) 472'80 ;/'2 0 472'80 r2 7z'a3 0 20 ]/'2 a3 0
Feynman's Trick of Integration: Introduct another parameter A to simply the calculation
ro_ 1 _
Consider:lzj e }“ydy:—(l—e ’?‘r)
0 A
Lo,1=0,( e™ay=["0,(e?)dy={ (=v)ePdy="2(1-e* )4+ L(1+ 2e7 -
ot =oa),¢ =] 0ae y=1,\7r)¢ y—lz € P € Experiment

Hydrogen atom ~ 0.667e-30

2
r r r ﬂl’
2.051=03 Io e My = IO 03 (e_)“y )dy = J‘O (—y)2 e My = % l—e ™[ 1+ Ar+ ( 2) < Same form as required integration!
A a 3

2 ™ - Za3 ~0.09%107Y 5

2 TTE(

1 g 1 2 D) 2r/a qd p )
Ee(r)_ﬂg 2 3 7| 1-e 7/ 1+(2/a)”+( 2) ~ 37 2% 3 12%10739 ;3
07" a (2/a) 3rega” A P ~0.12x107" m
0

"
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Polarizability and susceptibility

E acro = Eself +E gy
In a linear dielectric, the polarization is said to be proportional to the filed P = EoX eE < Macroscopic

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

?
P=Np=N0¢E:>;(e:ﬂ

€0
If the density of atoms is low, it’s not far off. However, the fields used are from different viewpoints!
—Pp —Q Na P Na
Eself = and E acro = 3 Eoy +Eeoy = (1_ )Eext = = E
475y R 4718y R 38 E0Xe E0Xe
"y = Na/g :>a_380 Xe 38y &.—-1 3g n® -1
7 1-Na/3g, N 3+y, N ¢g+2 N p242
What about polar substance? Clausius-Mossotti formula Lorentz-Lorenz relation 2 e \ A
il g~ %
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Polarizability and susceptibility 4

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

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
PE  _u/kT
Iue_“/deQ J. pE ue kT gy

< > epE/kT+e—pE/kT‘
u) =
I ~u/kT 10y _[ o UKT g,

= kT—pELpE/kT —ET | kT — pE coth ( pE [kT)

. . E E\ kT
Linear region ~|P|=N|(p)| =N —Npu Np{coth| 2= |- . .
> pE kT pE Langevin equation
M ey E
~ a0 /ke
3kT
2 Comment: For large fields/low temperatures, all the
Np
= Xe = 3o kT 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 7
will it come to rest?

0 + FIGURE 4.7

z 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. 1 rp 1 pcosd
+ Vi (7,0) = —¢-|r'p(r)dr = -
IV)>>0\ . dlp( ) 472'80 r2 ‘[ p( ) 471'80 rz 471'80 r2
E =-V= 2pcos39
dreyr p A A
= . =>E(r,0)= (2 cos OF +sin 60) Come to rest
1 psin® 471
Eg=——0pV = 3 when angle = 0 or 90 deg
r 472'807"
. xP=—¢
Ei|@p =P 3 (20089f+sin 69) >
] 4re (22) = N=pxE, = P 3 sm(2c9)(—¢)
A . A 872'807"
p= p(cos@r+sm 69)
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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 (i11) 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.]

{ pp=-V-P=0 Electron + magnet -> Electret

L > a = Like Dipole

L <« a = Like Parallel Plate Capacitor
Field 1s 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

e 2 [2(P -8)s — P].
0

{pb =-V-P E(l‘) —

[Careful: 1 said “uniform,” not “radial!]

e>00>00~00>00>00-0 — O
- 4= 4= = = +— + -

o
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Gaussian surface
+p '

fE-da =F -47mr? = %Qenc = %%'Mﬁp. So

Prob. 2.18 E— 1 .
360
E, = Lnr : :
r_ 3¢ Points outside 2 All the
r N P For field in the region of overlap charge on each sphere
d E_= _gr— were concentrated at
0 the respective center.
Jo, o, 1 gd -1
+ E +E_="—(r,-r )=—""—-d=- =
380 380 472'80 R3 380 % ] p- r
i 472'6'0 ]/'2
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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

a’ 2 S%
[2(P -8)s — P]. —

A

€0S2

{p,, --V-P E(r) =

[Careful: 1 said “uniform,” not “radial!]

g N
Again by Gauss’s Law,  E(27s){ = PIS* g =P
0 28

E=E, +E =2 (s, -5 )=—L-a=_L1P (fors <a)

280 280 I 280

P(ﬂazﬂ) - ( pﬂazﬁ)d

For points outside,

Key: Consider two cylinders of 2, 2
opposite uniform charge density E(27s)4 = pra t g _Pe g ~E=E, +E_=
whose cross sections are as shown! &0 2&ys
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Problem 4.14 When you polarize a neutral dielectric, the charge moves a bit, but Qpotal = J-V Pyt + éaVo'bda
the total remains zero. This fact should be reflected in the bound charges o}, and p,.

Prove from Eqs. 4.11 and 4.12 that the total bound charge vanishes. - ,[ V(—V ' P)df N (jSaV(P n)da =0
Problem 4.15 A thick spherical shell (inner radius a, outer radius b) is made of
dielectric material with a “frozen-in” polarization No free charge!
p k .
(r)—;l', pb__VP:_L (FZE :_i
where k is a constant and r is the distance from the center (Fig. 4.18). (There is 2 ' r 2
no free charge in the problem.) Find the electric field in all three regions by two ) +P -t =k/b ( p = b)
different methods: o, =P-n= n
{— r=—k/a (r=a)
(a) Locate all the bound charge, and use Gauss’s law (Eq. 2.13) to calculate the )
field it produces. e
, Gauss's Law = E = ey
(b) Use Eq. 4.23 to find D, and then get E from Eq. 4.21. [Notice that the second dre 2

method 1s much faster, and it avoids any explicit reference to the bound charges. ] —~FE=0forr<agandr>b

Fora<r<b, Q,,. = _—k(47ra2)+ jr(_—kj47zr’2dr' =—4rkr = E = —if'
a

a ]/"2 6‘07'

—P - PR
qSD'da=Qfenc=O:>D=50E+P=Oeverywhere:>E=— ==

y” '\'\\ » 7\4 \f’/;f
€0 LA 2
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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=0c4A=D-= % h

1s filled with two slabs of linear dielectric material. Each slab has thickness a, so 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 & wD=1-0 5+9
and on the bottom plate —o. 2 2

0, outside the plates

Z=—-01

(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).

b E, = —zii, for slab 1 N 5
E=—=- 280 :AV:—I E-d?:—{[——aja (——

¢ E, =——Gz for slab 2 - 3¢9

L 380 @ —o/2
P=¢eyr.E=¢ (gr —1)E=80 (5,,—1) < i=—0(1—i]i g for slab 1 W_Lg%
€0ér €y o}, =P-n=A: 2 ®
o

N =—%i, P, =—%2:>V-P=O:> 0y = 0 everywhere ig for slab 2 I :a/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 given Potential difference V between the Blates, find E,
D, and P, in each region, and the free and bound charge on all surfaces, for both

cases. d
Without dielectric E--23 +)_ - d
’ - V=— j E-di=- _[ A
0 0 (-) 0

In (a),
D=—O'2:>E={

—0/&y Z ,in air (vaccum)
—o/¢&z ,in dielectric

2 A
g \2) e\2) | 2¢ d(1+g;1) 4 (adJ(Hg_l) d \1+e; Co 1+e.
r

280

0, in air (vaccum)
) — _ =3 2Wegyle - —1) . . . ,
V. P =z (e ~1)E _ 0 (& 1) Z, in dielectric
— Z ,in air (vaccum) d ( o+ 1)
E afi+e) , r Wy (s, 1)

= £ =1 ) =) _21/‘9—0‘97’ Z, in air (vaccum) |0p =P ‘n=- 0\ (at top surface of dielectric)

—————17 ,in dielectric d(&. +1) ) d(&,+1)
d(gr+1) D =¢E = oy 2V epe
- _2V80% 4o ih dielectric or=egEy = = 20%r_ (on top plate above dielectric)
d(e, +1) d(& +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 given Potential difference V between the Blates, find E,

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

In (b),
V.. . | I E ] D [ P |
E= 7 = o=k =¢ ] in air (vaccum) Ore = 75| Z avx 5
V.. .. : 4 : : a) diclectric 2 Vg | ZanaVlg | Aol g
P=¢gyy . E=¢9y, 7 in dielectric = o}, = —&y ¥, 7 (at top surface of dielectric) E;)) aeeee @D X @D _d X ((.,.+1)0 a X
air T X X
egV eV gV . . b) dielectric vz Vg - —1)2V g
++ Otot :?T:O'b +tO0r =0y Z?T(1+ze)=7 (on top plate above dielectric) (b) dielectric 7 S A
| | 0w (top surface) | os (top plate) |
~C :g:l €0V£+8Vé :80A l+e, :>Cb21+8,, ~ =T —
v vld 2 d2) 4 2 Co 2 R i
0 (b) —(er — 1) | 9 (left); <9F (right)
0, in air (vaccum)
) P=¢gyle,—1)E= =&V ~ . .. .
V... . 0( g ) (8,, —1)—02, in dielectric
_EZ ,In air (vaccum) d [Cb l+¢, ) . (Ca 2 ]
=E=; = 2 - -
Vie . .. : ——&yZ, in air (vaccum) o 2 Co 1+,
——1Z ,in dielectric d
. d D=c¢E =+ -
—Egogri ,in dielectric g
Electromagnetism 2022 Fall Chap. 4 Supplement by Tien-Fu Yang (TA)
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Parallel Plate Method

1.40
1.20
1.00
0.30
0.60

A)
Side View

Dielectric
sheet

Load
Mass

DMM
Board

L i ok | 0.40
oGl T /'
1 . 0.20
Fo“ SD}:i]ee:;mc Alr 0 00 — L L J 1 'l A l L L 1 l 1 L L l 1 L L
0.0 0.2 0.4 0.6 0.8 1.0

Dielectric thickness {mm)

Inverse capacitance (1/nF)

Top View
Fon Foil

I \\ = o &0l
Loud D |4__-- olid a; Difion  d.;

i 1 _ NDteﬂon N 2da,f +(N_1)dd,f

Bottom

DMM Foil
Sy

Dielectric
Sheets

=
\ Cmeasured ‘9r80A gOA
i ND 2d, r—d
| | Air N 1 _ teflon + a,f d,f
Cmeasured gr,eﬁ’gOA gOA

Ref: AJP 73, 52 (2005)

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



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 ., and the axis is perpendicular to E.)

k .
Vz -V, ats =g Vip (5.9) =Zs ak cosk¢+ by sinkg)
gV, =00V, ats=a =5 k=1 .
Vour = —Egscosg fors>a \p (5,¢)=—Egscosg+ Zs_k (cx coskg+d,, sinkg)
k=1

S

c
aa =—E0a+—1, for k =1
a

akak = a_kck =y = azkak, for k #1

=
&, _EO —C—lz, for k =
a
grkak_lak = —ka_k_lck = &.a; = —a_zkck, for k #1
Ly Ly
ay =— =V (s,0)=— scosp => E(s,¢9)=
Yot in(:9) 1+ 7, /2 ¢=E(s.9)

Electromagnetism 2022 Fall Chap. 4 Supplement by Tien-Fu Yang (TA)

(ck cosk¢+W)

iak (ak cosk¢+M) = —ancos¢+ia_k (ck cosk¢+W)
) k=1

£, Y ka" ! (ay coskg+ by st ) = —Eq cos g - Zka

L k=l

= a; =c; =0 unless k =1

Eg
+ 2e/2

| /] | A
Email: yang168@gapp.nthu.edu.tw



Problem 4.24 An uncharged conducting sphere of radius a is coated with a thick
insulating shell (dielectric constant €, ) out to radius . This object 1s now placed in
an otherwise uniform electric field E,. Find the electric ﬁelq in the 1nsulator.

(Vin(l”,g):() forr<a . (I" 0)20
Viea =0 atr=a B,
Vi Fau atr=b =17y (r0)= X rt s coso)
&0,V od = €00, Vs atr=>
Vour > —Egreos® forr>b v, (r,e):—EOrcoseJrZ iﬁl (cos)
\ r

(—Eob cos@ + Z

Py (cos6) = Z[Agbf jpg (cos6)

:<ng[EA€bE -1 (g+1)bl;2j}}(cos6’)=—E0cosc9 Z (£+1) ;—2}}(%89)

bf +1 bf +1

B
a£+1

:Af =B, =0 forZ =1
B, = 4, ( p2e+1 _ a2£+1)

-3E,
2| 1-(a/p)’ |42, 142(ab) |
Blel(b3—a3)+E0b3 iy
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Problem 4.25 Suppose the region

above the xy plane in Ex. 4.8 is also filled with

'
&g, +&,

linear dielectric but of a different susceptibility x.. Find the potential everywhere. D Zo
C Py =VP ==V Goxe— = TPy
Z) Four charges involved: Ze
94 1 q .'.qb=—(1le jqéqz=Qb+q=i,
(ii) polarization charge surrounding ¢, T Ze er
4716 (111) surface charge o}, on top surface of lower dielectric
_ \ /B ~ (iv) surface charge o, on lower surface of upper dielectric
\ / y
. -1 qd /e, o, O} ~1 d
op=P-n=¢gyx.E, =5, 4 7”3/2 B 2 B D) Op 4 3/2 Le '
X 78 (r2+d2) g 28 4z (r2+d2) 1+ (2o +20)/2]
3 r T = ' '
O" _ 1 qd grle/gr
, . , o1 d/e; o o} B 3/2 '
Op =P-m=—¢ox.L: =é0ke| ] S oo i (r2+d2)/ [+ (e +22)/2]
TTE( ( 2 2) 280 280
r°+d
1 , —
4r (rz +d2) g [1+(;{e +;(e)/2]
1 q gl +q r_ r_ '
Vaco & 4 Ny (e —xe)4 _(Er grji,szo: 1 q/2, . 4
gl"

472'80 \/x2+y2+(z—d)2

- 28;[1+(}(e+}(é)/2:| - 471'80 \/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 < 0, r<a
(JSD-da:Qfenc:D: 0 ,V>a:>E:<47zgr2’b>r>a
4’
Lz’ I/'>a
| 4megr
1 1 0’ 10 40 1 (® 4 0° (1 g
.‘.Wz—jD-Edrz— 4 —J. rr dr+—j rortdr | = —+ =<
2 2(4%)2 £da gy vb 8neg\la 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

Q P

F = —.
471'60 R3

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?*!

F=(p9)E=[ L0y | 13- 29 ©

4rey s dreys 47y R
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