I The ratio of the gravitational force Gm*/r* to the

electrical repulsnon is Gm*/e?, which is
6.7 x 10°% (16 x 1072 Y(48 x10™°)= T4 x 107
For r=10"cm the electrical force e*/r? is
2.3 x 10° dynes, equivalentto 23 newtons — about 5 pounds !

I.Z] If e?2/h*=mg +then h-.-e/(mg)"’: = 480 cm

I fa'lo M=03kg ¢g=98ms™  r-05m
/'\f F=o1Mg  F=q'/t4me,r
)V q = r(47re,F)i

1.4 OF Z\¢ .4 _ Qq
O___O_,_--,Qﬁ F = Z(Z)QZ +(J§a)2 (a/ﬁ)z
) ’, {
: Q& ~{2 i
;@ FeOfrQs(37g)q= 0957
i ’
L X Equilibrium is unstable : inward displacement
O---c--- O of a corner charge results in inward force on it.
1.5 [‘dQ:Q-C-%_-e- —dEy —%91 sin ©

7| R g

_Q (™. _ 2@

B A E n.R?.J sSin © de = e~ Rz

E.L 3 0
.6 Le“r F, be -the force between two charges of

s [0°%C each at the distance a of 0.2 m.
N@/’;\ F, =10"7ame, x .04 =0.225 N. The force
0,,'/ : ' on A= 2x6F, x cos 30°= 234N . The force
A 4g  OnB-= [(6+2) +H2VE) ' E = 196 N

F
?é T e F.e.ld E is due > only 10 excess chqrge at A
e ‘*; E= 10/ 4m€, (a/V3) = 6.74 x 10° NC ™.

micro coulomb o



L7}  Without loss of generality we can put the two

electrons on the % axis unit distance apart. For any
location of the proton the

potential energy of the system is:

e? et e?
= - Thus

@ for U=0 we require:
i
L+ -|;;-' l] M

r

One obvious location meeting the
requirement is @), with r =r,=2. Tb locate a position on

the posvl":ve %X axis, with rn =%x- z r,=2 +“i:
,".% *%+7 ~1=0. This gives the Quadraﬁc equation
2x - x* +% =0 with roots x=2.118 and % = ~.1I8

The latter root must be fhrown out, For with x<:z r, and
r, are not represenfed by X - Z and %+Z. We are left with
the point ® at x = 2.18, OF course @), at x = "2.118 is
equally good. Eq.! defines a curve in the Xx-y plane,
and a surface of revolution around the x-axis, in space.
This surface is the set of all points where the proton

can be placed to give U =0. The surface looks something

like a prolate ellipsoid, but it isn’t.

4 o 1 4 [~ <2

o L o
ks= A B

1.8 +e -e
Suppose the array has been built from the left as far
as the negative ion A. To add the next ion B, a positive

ion, requires an amount of work

e?. el ez ez _'_ - _'_ -

"5 T 2s T3 sli-1+3-3+ ]
2

The expansion of In (|+x) is -7 +% - )
for -1< x% 1. Evidently The sum in brackets above is just

convergi n g

In 2, or 0.693.
per ion,- is

Thus 1-he energy of the chain,

- 0. 6q35



191 The charge in the sphere of —

~
radius r is: g = ‘”* ’f Tts external /,d%} }
field is the same as if q were at |/ @ \l
the center. The next shell to be \c\ir,,\ P
added contains charge dq: “
dq = 47Tr7'drf The work done in
bringing up dq is therefore:
dW = rd‘L = (‘*"f’) rdr . Building up the
whole sphere +h|s way requires the work :

a 2 2
W:j (42P) r4dr = (4;”0) —g—f The charge in

the complete sphere is: Q@ = 4" a’p. Thus the
potential energy U which is 'I'he same as W, can
be written : U= 2 Q*/a.. Notice that Q%a has

the proper dimensions (charge)?’/distance. Indeed we
could have predicted that much of our result without

calculation.

~—

.10 Setting the potential energy %Er; equal to

mc* and solving for r, :

5 el s (4.80 x 10 °)2 13
o=5met = 5 (aixi0)(3x 10°)2 = .69 x 10" cm




1.1

(a) The field E cannot be zero

of opposite sign, or at any point
closer to the greater Than to the
lesser charge. Hence the point we
seek must lie on the negative x-axis.
I+ is well to be clear about this before plunging into
algebra. Let the point lie at x=-s. The field will
vanish there if 1/s* = 2/(1+s)*, giving us the
quadratic equation S* - 2s-1 =0, with roots
s= | * vZ. The positive root locates the point
of vanishing field at x = -2.414 . What is wrong with

the other root ? (b) At (0,y) the field component

| 2
Ey has the value vE — M“l,f)?/a . This vanishes

Y

\ anywhere between two charges
\
\

\.452

91

xX=0 X =}

it 2y?=(I+ y’)a/2 which can be written

Zz/’yz = | +y*, giving y= I/(Z"’—I)Ji= 1.305

|.1Z Any point where the
electric field of the three
P i ions is aero must lie on the

axis of symmetry. Let the
side of the triangle be two
units long and let x. be
+he distance of the point A from the line connecting the
two positive ions. For E=0 at P, we require that :

| 2 . xX % = (,+xz)3/z
(x+V3)2 = (1+x*) Ni+xz T 2(x+ VB)*

This is most readily solved by iteration: Evaluate +the
right side for some guessed initigl x ; +then replace X



with that calculated value. For this equation the process
Converges rapidly on X = 0.1463 - - - A second

null point P, must lie somewhere tothe left of
the negative ion. To locate it, let positive X now
run fo the left from its previous origin. We get the
same equation except that +V3 is changed fo -V3.
Ttergtion now leads to X = 6.2045, P, lies

(6.2045 - V3) or 4.472 units to the left of the
hegative ion (much farther than in our diagram above ).

L13] @) o =E/4r 0.i/4w= 80 x 10> esu/ecm?,
(b) Let h = rainfall depth= 0.25 ¢cm, r =drop radius.
Number of drops above |cm?® = h/(4mr3/3).
Charge g on each drop = o (4mr’/3h). This charge
causes radial field of strength q/r* at surface of drop :
ql/rt = o(4nr/3h)= E(r/3h)

= 0.1 (.05/.75) = 6.1 x 10~ statvolt/cm.
This is only the field caused by the charge on that drop.
Even an uncharged drop has, in the field E, charges
on its surface, of opposite sign on top and bottom.
The associated field, which looks something

like This - is described in Section 10.10 .

.14 At a point (0,0,2) on the z axis the field

strength E, is Qz /(b*+2?)”*. Differentiating:

1 dE; _ b*- 2z° _ '
Q dz - (b1+zl)5/z . lEzl IS maximum at

z = X b/V2



On the sphere of radius r, the field

is +he same as if all charge inside3
that sphere, which amounts to ﬂ.g.ﬂ’ )
were at the center :

B =(3rp)re = AR (r2a)

Outside +he whole charge

. Er distribution the field is
ﬂ'a. A — 4 7r 3 o
3 fo ' Er"'j ?.,P (r >a)
|
a TS Er is continuous at r=q

To discuss the continuity of the electric field in the
neighborhood of the origin, look at Ex as a function
of x: Exy g.>0  clearly there is no discontinuity ;
%"" there is no singularity whatever.
Ex<O The's':ngj:}l‘arh‘y suggEesfed by plotting
Er like this: "/ 15 Spurious.
NZ e

There is, properly,no negative range of r

1.16

Use superposition :

e,



A more remarkable fact, not hard to prove, is that
within the cavity on the right the field E is perfectly
uniform in magnitude and direction. It is -E./2 at
every point in the cavity.

1.7

(@) The total flux is 4nq (Gauss’s law). The

flux through every face of the cube must be the same,
because of symmetry. Hence, over any one of the six

faces : E-dg = 4Nq/6 = 21rq/3

l
(b) <C7 Because the field of g

ATG BT is parallel to the surface

~
) _ on each of the three foces
W A, B and C, the flux
through these faces is zero.

The flux through the other
three foces must therefore add up to 4mq /8, because

our cube is one of eight such surrounding q . The
three foces being symmetrically located with respect

toq , the flux through each must be %'4;“‘4 = "69‘

AN




113

! | 0= 4 esufcm? o A
.
E=4r [—3 E=4nr
E,= 8n E,= 8m >

—~—— T
quer >
T eose £- 20
¢ > —— T
E,=12% E=|12n >
] } S
| } §
(01"’—‘ +6 esu/cm? | |
| {
£
F '.‘\_ j E = l4.4n
e
s 0| !
) O, = *6esufemt
| ! All Field strengths
_ [ E in dyne/ esu
.19 v The tfotal charge per cm® is ¢ +f£d. For
//: x<0, Ex= -2r(0+Pd) and for x >d
7 Ex = 2r (o +Pd). More generally, at
—x any point x, Ex = "2 (charge per
l cm? fo right of x) + 2w (charge per
x=0 %=d

cm? to left of x)or Eyx = “2w(d-x)p
+ 27 (0 + xP) for 0<x<d.

Ex =270 - 2nfd + 4mpPx
/T:_L—-an’d ;
%

y
r no
e 4




1.20

'\/ N

/ w\s‘;wwsv% N\

} K* *'E’/'\/. \

The cylindrical tube of charge on the left has perfect axial
symmetry. Hence E., and E2 must be radial and equal
in magnitude . Applying Gauss's Law, 2nrE, = 4w,
where A is the charge per cm length of tube, and

E,= 2A/r, just as if the charge were concentrated

on the axis. Inside the tube symmetry also demands
that E, = E4. But Gauss's Law requires that the surface
in‘regral over the cylinder of radius a be zero.

Hence E,=E4;=0

For the square tube of charge the integral over the

cylinder of radius r must equal 4n x charge enclosed, but
nothing requires that E,= E, . The integral of E over the
small inner cylinder vanishes, but it can do so with

E, #E, if, asis the case, they point in opposite
directions. By comparing this tube witha square charged
conducting tube, within which the field is indeed zero,

you can deduce that Ey must point inward (if the charge
is positive).




.21} The fraction of the negative charge which lies

within a sPhere of radius r, will be given by
f pdv/f pdv. With p= ce?7™ and dv = 4nridr

all we need is the integral %,
/x'x‘ e*dx = -(x*+2x + Z)exJ =2-(x}+2x,+2)e "

]
For x =0 +he m‘regral is 2. Forr,=a,, X,=2 and the
integral is 2 -10e%. The fraction of elccfron charge
insideé r=a, is (2-10e )2 = l-(z 79z = 0.323

The net positive charge inside r=a, is therefore
0.677 x 4.8 x10™"° esu and the field Er at that radius

. =l
s 0677 x48x107° _ | 5 o7 dyne/esu
(0.53 x |0~%)2

'Ic.\ZZ E =0 . Force on A in dynes/cm?
0= - (0+ 16M)
= 321 ( downwar
/r AAAAANE=l6T % z ( d)
i, 2
B , 0=+7  on B: O_B(|61l'2| ™. = 4w (upward)
Y v v VvV YE=[27T
| _ . . (o+127) _
C E-o 0=-3 on C: 0O, > = |8w (quard)

23| E*/gm = Q%/8nr* dV 4mwr?dr  Energy within

Q" dr _
Sphere of radius R, =7 A Tz sz (' —72-,)

= 09 Q*/2R for R, = IOR.



je——8& d ___§.
* o8 dx —s— R
A+ A' -Ex=.5 (8"")()2 A._____r* fi %
! i 5 //5‘
=0.8('5-,'§)= 0.205 dyne/esu l/’c\‘?
_ f 083dx 5 B
By J, (5%+%%) N5tiE
5
- 4 dx —_ 40 —
= —_— = = 0.2
J  (B5+x) 125 V3 26 dyne/ esu
1.25 A
15000 = 2 X 2 =].5m 4neE,= L1l % 10'°

4me,r
A = 15000 x 1.1 %10 x 1.5/4 = 6.3x10  C|m =6.3%107"C/km

.26

a dq = Aade = =

.._c_'__
A P
¥ 4 f‘
%‘9 A dq = Ady = Arde (a
(8 d;T. N
Y dq d

I r




.21} For the 7 x7 board the work

done in removing the central charge, °
. . 2 . . 0| e
expressed in units of e%/s, is : (;/L
L1, ) L1 1 Lol L
w=4(r-2+3) +4(Emaag) * 8 (% ) _|B|CE
o
W= .44 (It looks like VZ, but it isn't!) W is
positive, which is not surprising since the four nearest
neighbors are all of the opposite sign. The path along
which the charge is carried away doesn’t matter and
ought not fo have been specified in +he statement of

the problem. For larger arrays we used a computer,
with the following results :

\‘1\ \"

e

N % N 21 % 2] 99 x 99 101 % 10] 103 x 103
wi(E) 154324 1.60120  1.60148 160175

For +he infinite board W must be close to [.614

1.28

There are IS5 pairs,
the 12 edges and
the 3 diagonals.

+
Sum == over
all pairs :

~2.121 e*a

it

\
W
D
\V
&

=

S
i



1.29

\ AY
\ \
\7 \
N\
E=4n0 E=2m0
> & —_—
E=0 o E=2n0 E
S e
/ field of /
isolated
b O\ disk ,
/ /

E at center of hole:2no

The field of the complete charged spherical shell is a
superposition of the field of the charged disk and the field of

t+he shell with a hole.

.30 ‘ bQ" o bdr
U = g‘r‘;jEzdv= g';rfﬁthrr"dr = —Z-—f =

a a
_Q L L
-2 (3 ")
|.3I
a\ Ve o= Q/47rRl
N E = Q/R pressure P
—> . OE _ 4
B [ PR T
A
2
Force on bottom of tank = nR*P Lé%’

Equal force required to hold hemisphere down.



1.2

tangential field at q due
Q sin 22.5°

// to Q = (Z cos 22597 = .21 Q

‘/ tangential field ot q, due to the

\ other q = —X_ &in 45° = . 3536

\ q WP sin 45 q
\

q &

Total tangential field zero if Q = 3.154q
1.33 , elec‘rronjelly

field at radius r:

r?y\
E, = -2e<—55)ﬁ = - zae’r

R— charge inside radius r

N/ EZ\\\
‘I A1 3/]
\

total charge
-2e

Fotal force on proton

imbed k=b—te-bA is zero if :
protfons in +: . +’é Ze:b - e’; or
electron jelly: ° b
b =a/2

Tension must be same in all

strings. Call it T. @) is in
€quilibrium if qz/(251'n9)z = 2Tsin®,
Similarly, force on @) is zero
if Q2/(2cose)" = 2 TcosO,
Together these equations give
Q'sin®6 = g%cos®6 or q*/Q%= tun%0.




To solve by minimizing the energy, note that the only
variable terms in the energy sum-over- pairs are
Q*/2cos6 and q*/2sin®. Condition for minimum is :

- _Q_ Q* + Q" - z2 5in8 _ 2 cos@
O T de (cose sane) = Q Ccos?e 9 sSin%@ or

q*/Q* = tan %6

1.35

e
E = —e- =
'orz & rze+pt - 2rbcoso
E,
cos V = r-bcoso
(r2 +p2-2rbcos6)"2
e
® E,-E, = EE,cos ¥

[- -

sz ". ez(r-—bc:ose),l"{dr
J dg fs'”ede #E(r2 4 b2-2rbcos 6) ¥z
0 0

space

foo (r - bcos8) dr -2 w_ 1
(r*+b*-2rbcos@)¥2 = -(r*+b*-2rbese) | b

o

nm ™
2 . e?.

JE “E,dv=E[dp [sinede = I Q.E.D,
[o]

0






