L21] The force on q, is zero. The field inside the
Spherical cavity is quite independent of

anything outside. A charge -q, is 7

uniformly distributed over the.conduct-

ing surface . The same goes for ¢, . i
Since the tofal charge on conductor A is zero,

a charge of amount q, +q. must be distributed over
its external surface. If qq4 were absent, the field
outside A would be the symmetrical, radial field,

E-= ﬂ’r_*z_‘_l_s , the same as the field of a point charge

located where the center of the sphere is located. The
influence of qq will slightly alter the distribution of
charge on A, but without affecting the total amount.

Hence for large r, the force on q4 will be approximately

qQ4(9b +9.) . The force on A must be precisely equal
—rz

and opposite to the force on qgq - [The exact value of
Fhe force on g4 is the sum of the force just given,

94 (qp +q.)/r*, and the force that would act on qq
if +the total charge on and within A were zero.]

2.3

contains half
_ — [the flux from
. /‘ the charge Q

N /U

close - up view
Using Eqgs. 8 and 9, p.100, we determine R so that half
of -@, the induced charge on the plane , is contained
within the circle of radius R :

R R R
-Q __f L _(_hrdr _[ —h ]_ -h__
_2_ .—o O—- ZTTI"dI") or 2 -of(hz +Rl)3/z - -‘|h7_+R7. A = I ",h1_+R1

|e—R—|

Thenvﬁl;-\*_—Rz;"i)or hl+Rz=1—’-h1) or R:@‘h



Calling upward force positive, the
force on this charge due to the upper
Charge Q and the two image charges
below the plane is

2 ) | )
Q [(lO-y)z Tlzy)E T (:ow)z}

setting this equal to zero we get
200+ 2y2
4y* T (100-y2)z ’

which is

a quadratic equation iny?*: 7y* + 1000y? - 10000 = 0
with a positive root y* = 9.38, giving y = 3.06

/ Force required to move this
_T_@ charge upward = Q*/(2x)*

The second student
calculates as follows :

-
) [,
[,

o0 2 3
) work = [Fdx =f(7%s dx = %1
initial state h
This is the correct answer.
Note that if two real charges Q and -Q were being
pulled apart symmetrically, the total work done

would be Q°/2h, but the agency moving @ would
supply only half of it.



3.6
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Because the wire is very long compared with its height,

the field at A will be practically thatof a wire of

infinite length, 2A/r or in this case

2 x 1000 esu/cm
500 cm

added the field that would be caused by the image,

making the total field at A 8 statvolt/cm.

The electrical force on the wire is that which would
be exerted by the field of the image acting on the
charge on the wire. The total charge on the wire is
20000 cm x 1000 esu/cm, or 2 x 0" esu. Over nearly
the whole length of the wire the field of the image
is 2A/1000cm or 2 dyne/esu. Neglecting the
decrease in field very near the ends of the wire, the
force is 2x10"esu x 2 dyne/esu, or 4 x (07 dynes.
I+ is downward, of course. [ Tt is not hard to show
that the fractional error we make in neglecting the
end effects is in first order just h/L, where h s
the height of the wire and L its length. Here
h/L = 1/40. So we have over - estimated the force

by 2.5 percent.]

, or 4 statvolts/cm. o that must be



&’__, Consider a path that runs from conductor B
across tfo conductor D, then through the interior of
t+he wire that connects D to C, then across the gap
to A, thence via the other wire, down to B. The
line integral of E around any closed path must be
zero, if E is a static electric field. But if the
fields are as shown in (C) the line integral over the
closed path just described is not zero. Each gap
makes a positive contribution, while in the con-
ductors, including the connecting wires, E is zero.
So (€) cannot represent a static field or charge
distribution. If it did, by the way, we could contrive
to violate the Uniqueness Theorem too!

3.8

Given: 0+0, =10 esu/cm*
! z / ,_E',,|T ro; jI-‘scrﬂ

E, =4n0, E,=4ng, E.| Lo

ISCm

Since top and bottom plates are at the same poterttial,
E,5¢cm = E,8cm, or 50, = 80,

g, +0, = IO} Solving for 0, and 0 :



3.9

/\/Planes perpendicular to paper.
_q oI *a @ =0 at every point on these
: l two planes, because for any
-—— L&~ such point, > 2 =0, by symmetry.
| |
gl mleg

| /

The method wont work unless 8 = /N,
N an integer. We have to divide space info an even
nhumber of similar wedges, in order to have an alter-
nating ring of images. I+ wont work, for example, for
8 = 120°

2

#2 : | _ ba-b

If b-a4 a the capacitor is approximately equivalent
to a flat- plate capacitor of area 4mr?, where
r=a=~b, with plate separation b-a. Indeed, if we
use for r the geometric mean of a and b, the
equivalence Is exact :

T}l}? 4"b(v;—) = b 5 = C as calculated above.




31 Q@=¢,V = 10°farad x 100volt = 107 coulomb.
When the same charge Q is shared between C, and C,
connected in parallel, Q=(C,+C,)V,

(C,+C.)/C, =V,/V; =100/30 = 3.33
C,+Cy = B33pF Gy = 233pF

Energy stored was 3 QV, = 05 x 10 *Joules

For same charge at 30 volts, energy is 0.15 x 10 J’
0.35 x 10°°J of energy has been lost. That much
energy has to go somewhere before the system can
settle down to static equilibrium. If it is not
stored anywhere else (for instance, in a weight lifted
by a motor driven by the current from C, to C;) it
will eventually be dissipated in circuit resistance,
no matter how small that resistance may be.

312

C =¢,Als €, = 8.854 x 107"

A= (n/4)d* = (m/4)(015)" = 1767 x 107" m*
S= 0.04 mm = 4 x10°m
C = (8854 x 10™) % (1767 x 102)/4 x 107% = 3910 pF

213] Assume the capacitance is that of a conducting
Sphere | meter in diameter.

Then C = 50cm. 2 kilovolts = 7 statvolts

U:=3cv?= 2 x7" = 1200 erg. So 10®> ergs would be

o reasonable estimate.



3.14 Energy stored = —ZQ'EZ " If capacitance of

. . . A
conducfmg disK is 20/, = 2—%—
For uniformly charged non- conducting disk we found,
8 Q2

in Problem 2.27, U=3737%
(8/3m)/(%) = 32/3n* = 1.081. The field of the
uniform charge distribution has 8 percent more

energy. On the conductor the charge has distributed
ifself so as to minimize the energy.

35| If Ais the charge per unit length on the inner
cylinder +he field between the cylinders (except close
to the ends, a correction we shall ignore) is 2A[r.
The potential difference between the cylinders

is ‘?z‘dl:frrz&rz\‘dr = 22 dn(na/r)

If L is the length of the cylinders the total charge
Q is LA. The capacitance C is

- L _ _3  _
%9, 0 O 2ol T Th@p C Oem
45 volts = .15 statvolts

2.
Energy Stored = 7 CV? =254 x(0.15) = 0.59 erg.

3. '6 20 cm

E=o0

20 = ¥
Fem IO
T lE = 10/3

prosusnnsassramssans s

. 1o
T =4n "3

, E - 1Lg2 -2
Force on unit area = 07 =gpk = 0.442 dyne cm
Force on entire plate = 400 x 0.442 =177 dynes

Fx 3cm = 530 erg = energy stored in field,



2171 | et a be the radius of the outer sphere, ka that
of the inner sphere. Then the capacitance C is

(see Problem 3.10) .~ _ ka*  _KkK a
“a-ka T I-k

If Q is tThe charge on the inner sphere the field E,
at its surface is Q/(ka)*. The energy stored
in the capacitor is
K'a'E, _ k2(1-K) =,
2 ( ka ) - > o @

I-k
For fixed a and E, this is a maximum if
d (k-Kk") = 3k*-4k®=0: k= 3
o (k2- k") = /4

2
For k=34 U, = 5—2'72- E, a®

- le* _
U=7¢c =

3.18

We shall neglect edge fields on the assumption
that the gap width s is much smaller than y and b.
The charge Q on sheet A will be distributed over the
area yb on both sides of the sheet. The field E on
each side of the sheet A will be

E = 4n(zp) =2 nafyb
0 on each side of sheet|

V=0 -9 =.Es = 2335 . The stored energy
2
U= %QV = "ﬁ)s . If A is allowed to move

downward, increasing y by Ay while Q remains



constant, the stored energy decreases :

2
-vU:E%’__S AY and the difference equals the
Y

work Fay done by the force F pulling down on
something else. From which we find :

TQ*s _ V?*b

by? T Hms

F =

[No‘re +that Q remains constant here as y increases,
whereas V does not. If sheet A were connected
+0 o constant voltage source, Q would increase with
increasing y and U also would increase. But in that
case the voltage source would supply energy for both
+the increase in U and the external work. The force F
would be exactly the same. OSee the solution of
Problem 3.23 for a more complete discussion of

this poinf.]

3.19] The kinetic energy of the ion, as it moves along

the circular path is _é_m\ﬁ =eV,. 1o keep it on

the circular path of radius r, requires a force mvy/r,,
fo be provided by a radial electric field E. = Zvo/ro,
We know that the field between concentric cylinders
is proportional fo I/r so it must be Er= 2V,/r,
which has the required value for r=r,. We want o
set V=0 at r=r,, so the ion will experience no
further acceleration. Then the potentials of the fwo
electrodes must be :

a

b
b
VA=fﬁdr :2'\/,&»% and Vg = 2Ye 4- =2V°,!9mF.:,

r r
r r,



[ 320

C=Li?£€) € =VI-b¥Yar

I-€

‘ r C called the * eccentricity”

If b=a, ek | and I (I+e) = €
Then C = 2ae/2e =a, the value of C for the
sphere of radius o .
Let C, be the capacitance of a sphere of unit radius,
a=b=1, and C the capacitance of a prolate
spheroid of equal volume, thatis, with b= 1/Va.

C _ _2a€ '
Then ¢ = M“‘"(:_i_f) with € =\1-L
To see whether C is greater or less than C, i+ would
suffice to calculate one case with a >, but it is
interesting o consider both large and small
eccentricity :

a: 1.0l L1 2 20

C/C,: 1.0000198  |.00182  1.1005 3.85

For large a, C/C, = 2a/4n (4a?)

A long wire can have a capacitance very much greater
than that of a sphere of equal volume. Consider a
spheroid with a =1 km and b=| mm. Tts volume is
that of a sphere of radius 10cm but its capacitance
Is that of a sphere of radius 69 meters.



3.2 "Image" charges are at

the other seven corners of
+he cube of side 2d. From

the symmetry it is obvious
that the direction of the
resultant force on Q is
parallel to the "body diagonal™

0Q. Hence we need compute . Gl/\\z q |

. ~ 7
only force components in that ~ 7%
direction:

(@) 3 negative charges at d:s‘rance 2d ;

direction makes angle cos F wri'h oQ :

2 | QZ.

F = -(—%-)z'vg = VL: 3t (Toward origin)
(b) 3 positive charges at distance 2vZd; direction makes

angle cos-'V%_ with 0Q

- 3 & V3 Q& iai

F= 3&Znar V2 = 35 & (oaway from origin)

) I negative charge q1' opposite corner ; distance V3 ‘- 2d:
Ql
F = ZvadR © |2d= (toward oragm)

3 _V3_ L 0.210 @*
Total force on Q = dz. T "gvz T ) = T4z Toward origin.




222 From the geometry of the ellipse :

———————ey

T h? + b? = aq*. The rod extends
|\ 1 from one focus 1o the other and has
.

uniform linear charge densH'y A.
The potential at P, is

h
9= (2 xgp YnZ¥BE +h
S P VR+b: - h
z
a+Var-b? | + €

2“""?-_\/?—7-—52 = A dw T=¢ , Where G:\/I_ba_’;
The total charge inside the surface is
Q= 22Ah = 2AVat-br = 2 Aae
Q Zéae
The capacitance C =g = XA € Q.E.D.
| ~€
We could have used any other point, suchas P,,
with +he same result,

2.23] (a) Neglecting end effects,we assume charge Q is

uniformly distributed along cylinder. Then field E is that
of an axial line charge of density A = @/L. That is,

E = Z—r’—\ = %_ﬁ_ . The potential difference g is:
b
cpasz%_g_gr_r._.%_g-,&u% . Since Q=C9,, , the
a
L

capacitance C is given by C :m"(—%) . If b-a«a,

Un(B)= b (1+52) = 2% Then C =al/2(b-a)
But 2mal is the area of the inner cylinder and b-a
is The plate separation, so this is just what we would
get using the formula for the parallel plate capacitor:

_ 1 _area
C = 3% Separation



(b) Consider the energy changes
involved in a downward displacement,

by AL, of the inner cylinder. The

capacitance increases from Za—)
. . LraL - L

C~2M% +O C+AC_Z»&IL% ‘ I' + 9

With constant potential t..J_/. ! _:é‘—u%

difference Jab, the stored S| - "

. 1 .
electrical energy ECCPab increases >
AC 4 2
b\/ =z (yab .
At the same time, an amount of charge AQ = PabAC

flows into the capacitor. The battery thereby does work,
in amount 9,,2Q = QZAC' This is twice the increase
in stored energy in The field. The difference is the work
done against the external force F which balances the
electrical attraction of the cylinders. That is :

cp:b AC —7 "z‘c?aszC[ increase in field energﬂ

[work done by \F‘ AL [work done againﬁ

battery external force

L g2 Lg% AC .
Hence FaL =z%bAC from which we get F =2%wAL. This

is a quite general formula. In the case at hand

AC ! .
—_— = -3 = - -
AL = ZInE - With bla = 3/2 and ¢,,= 5000 volts = 167 stat-

!
we get F=Z(167) z5 = IT! dynes

Note : End effects do not spoil the accuracy of this simple result, for the
downward displacement of the inner cylinder leaves the end fields
themselves unaltéred ; it simply lengthens the region
where the field is nicely cylindrical. That is, we can safely
ignore the end fields in calculating dC/dL, even when
they would seriously affect C itself, Neverthe less,
the origin of the force just calculated lies in the very

end fields that our method permits us to ignore , for it is
only at the ends that we find vertical components of the

electric field .

inner cylinder here

c Force down on

Force upon outer
¢ylinder here



3.24

Imagine charge Q smeared out in
s a urg'Form sheet of densi'?/ s
O =& . This cannot affect o
the total amount of induced |§| £
QC: charge on each plate,

E| E,
% g fact q; i q—F

% , and Q,. In fact G is

e~

.7-//.

9%
Jjust Q, smeared out and
Q; is Q, smeared out. «5-by

!
Q, -,b;

Thus : Q. =
§z0  geo0 :
A Q smeared out

rea A
as a sheet

AN

o

SRS

But from Gauss's law, ©;, = E, /4w
and 0; = E, /4w. Also, because the two plates are at
the same potential, E b = E,(s-b). Hence:

Ql - q - E - éi’_ 1

@ o ° F: = 352 . Therefore, with due

- b
regard 1o sign, we have : @,=-Q(352) @, = Q% .

3.25 . V. /charge \2  charge?
(Po‘i‘en'f'lal) (m) NaTs’r—ar—w% ~ 'FOI"CG
() esu)?
(1 statvolt)” = G cm))?- = | dyne

3 8
(1 megavolt)? = (—5'%0- smTvoH')z = '—g— dynes

- 10®
9 x 453 x 980

pounds = 25 pounds



3,26 B3 ¢,=0

F
R T T —
Qz = Czuc,?. M szdz LT‘ .-

Make 4, =0 by connecting @ to @ Then

E = q)./r‘ and EZ d)/s 47]'Q' = AE. + AEZ
Ac?( +<) Hence C, =_A17 'rl"""é'

&
By similar orgument, C,, = ‘fw _1': .,,_ls_)
E d,
When cpz =0 ) sz Cz‘ (?, ) Clnd here QZ = 2 A= 4An'5 .

Thus Cy = -4'?}'5 . Clearly a similar argument with

I's and 2’s interchanged will give Cp = -L—f?‘T—S i

2.27 Ql = C“(p. + CIZ ¢2 QZ. = Cz|<p| + CZZ dz

Process (@) : Step | = 9, =0 §, goes from O to Q¢ .
P ] 2
dg, = C,dd, Work ={"¢,C,dd, =2 CiQis
0

Step2: 9 =4 ; ¢, goes from Oto Py - dQ, =C,,dd,
Paf
sz = C22d¢z Work j(¢FC'z+ q)z 22)d¢2 C.z(yﬂ:cpzf 2C21¢2‘F

Total work done = z Cnd)lF +2 z szq)zf + Co P Por

M' In process (b) I’s and 2’s are interchanged
Throughou+ Hence the express:on for total work done
must be 72 Cudip +2 7 Co d2¢ + Cu P dyp . Since the
final state is the same and there is no dissipation of
energy in the charging process, the work done must be
+the same, if energy is fo be conserved.

I+ follows that C, = Cq .



3.28) Consider the potential ¢ for \

. . . \ \2
a single line charge of density A, A \o ‘.
in esu/cm. Letd=0 at r=r,. —3
Th nce E=22¢ 44 ; Y

en since E=4£2F  the ; B
potential at a distance r, /

r

from the line is : ¢ = __f er dr = ZA,bru—:l
Mo

1
o ®Y)  With two line charges located
as shown,

9= 2)\1"1!77-(—,2 + 2(-}\).&w%f
X=X, , X =%, % d = 2A % T’:_.;z_._

Now to show that % = constant defines a circle :

-
Let 7 =k>1 i} =(x+x +y? r?=(x-x)" +y?

(x+x) +y? = k2[(x -xp)* +y2] which reduces to

2
x? +y? —Z%x,x + % = 0

A circle of radius f, centered at x =b, y=0 has
the equation Xx* +y%2- 2bx + b* -P% =0
which is the same as the preceding equation if we

take b= S2lw, and Pr=p2 o, This

all applies in the right half -plane, where r,/r, > 1.
In the left half - plane r/r,<| and d<o.

\
7\

— T
,l
[
\
AN
\J\—-—




3'2q C?(X +6 Yo»z ) (?(xo;\/o;zo)+ —% + _2_' o X2 +—6_ ax3+“
2 N2 53 a?d

¢(x SYO) 0) ~¢(x0)\l°)z) 5’9; +-§2— .§?¢ _Z_ ax3+”

(xo>YO+S Z,) = cy(x,,,yo,z )+ $2¢ + & &9 +‘é'3 2> + .

efc.
The average of the six values of ¢ is
L% %9 4
i [6a 000 te,20) + 82 (B * 57 +302) + 87

I—FVZC? 0, we are left with d = 9(%,,v,,Z,) + SH(---

232 @ =C,9 *+C,9, (1)
b@ Q =Cu9 *+Cp D, (2)
#!
o For the spherical capacitor we

found in Problem 3.10 C =9b/(b-a).
The charge Q on the inner sphere is :

_ ab _ ab _ ab
=0 (4-4) =59 —pig %

b -
Comparmg with (l) we see that C” = -g—_—a ; C|z= BaTd

The tofal charge on #2 Is the charge -Q,
inside , plus bd, on the outside . That is,

Qo= -2 @-4,)+ b, = 229, +(Z2 +1b) 9,

Comparing with (2) we see that C, =C,;

as expected, and that C,,= Ba:% +b = bb_za





