ELECTRIC CHARGE AND ELECTRIC FIELD

21.63. (a) IDENTIFY and SETUP: Use Eq.(21.14) to relate the dipole moment to the charge magnitude and the
separation d of the two charges. The direction is from the negative charge toward the positive charge.
EXECUTE: p=¢gd=(4.5x10" C)(3.1x10”° m)=1.4x10"" C-m; The direction of P is from ¢, toward g,.
(b) IDENTIFY and SETUP: Use Eq. (21.15) to relate the magnitudes of the torque and field.

EXECUTE: 7= pEsing, with ¢ as defined in Figure 21.63, so

Fo_"
psing
7.2x10° N-m
o E= — - - =860 N/C
(1.4x107" C-m)sin36.9

Figure 21.63

EVALUATE: Eq.(21.15) gives the torque about an axis through the center of the dipole. But the forces on the two
charges form a couple (Problem 11.53) and the torque is the same for any axis parallel to this one. The force on
each charge is |q|E and the maximum moment arm for an axis at the center is d/2, so the maximum torque is
2(|q|E )(d/2)=1.2x10"* N-m. The torque for the orientation of the dipole in the problem is less than this

maximum.
21.64. (@) IDENTIFY: The potential energy is given by Eq.(21.17).

SETUP: U(¢)=—-p-E =—pEcos¢p, where ¢ is the angle between p and E.
EXECUTE: parallel: ¢=0and U(0°)=-pE

perpendicular: ¢ =90° and U(90°)=0

AU =U(90°)-U(0°) = pE =(5.0x107 C-m)(1.6x10° N/C) =8.0x107* J.

2(8.0x1072* J
= = SO = = =V.
(b) 2kT =AU so T 28U ( — ) 039K
3k 3(1.381><10’ J/K)

EVALUATE: Only at very low temperatures are the dipoles of the molecules aligned by a field of this strength. A
much larger field would be required for alignment at room temperature.

21.90. IDENTIFY: Use Eq. (21.7) to calculate the electric field due to a small slice of the line of charge and integrate as
in Example 21.11. Use Eq. (21.3) to calculate F.
SETUP: The electric field due to an infinitesimal segment of the line of charge is sketched in Figure 21.90.

sinf = Y
Xy
cosd = il

X [x2 + yz

Figure 21.90
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GAuUSS’s Law

Slice the charge distribution up into small pieces of length dy. The charge dQ in each slice is dQ = Q(dy/a). The

electric field this produces at a distance x along the x-axis is dE. Calculate the components of dE and then integrate
over the charge distribution to find the components of the total field.

EXECUTE: dE = ! [ 0 j— 0 [ b j

4R\ X +y? ) 4nRal| x*+y?
dE_=dEcosf = % dy 3
Tha (x2 +y2)
dE, = ~dEsin0=——2 ydy
' 7Ra (x2 +y2)

Or o dy ox[1 y T_ 0o 1
t—J.dE\,=— J. 2 232 2 =
’ ’ 47Ba”0 (x” +y7) 47Ra| x \/x2+y2 , 47Rx \[x? + &

E=fapy—-Q 2 0f 1 T__ 0 1
! 47Ra’0 (x> +y*)?  4zPa \/xz+yz ,  4rRalx Vit +d2

(b) F =¢,E
—q9 1 g0 (1 1
F =—qgE_ = i F =—qE = —_
AR AzRx x> + 4> R 472'P0a[x V¥ +d

2\1/2 P 2

@Fore>>o LA 1 )L
N x? X 2x? x 2x

90 . . 49 (1_1+a2j_ 4Qa

x ox 2% _87rP0x3

~
~

T 4zPx®’ Y 4zPa

q0

= " and F is in the —x-direction. For x >> g the charge
7Rx

EVALUATE: For x>>a, F, << F, and F =|F,

distribution Q acts like a point charge.

22.4.

IDENTIFY: Use Eq.(22.3) to calculate the flux for each surface. Use Eq.(22.8) to calculate the total enclosed charge.
SETUP: E =(=5.00 N/C-m)xi +(3.00 N/C-m)zK . The area of each face is L’ , where L =0.300m .
EXECUTE: A, =—[=® =E-A; 4=0.
A =+k=®, =E Ay 4=(3.00 N/C-m)(0.300 m)’z = (0.27 (N/C)-m)z .
@, =(0.27 (N/C)m)(0.300 m) = 0.081 (N/C)-m” .
g =+] =@, =E A  4=0.
5, =—k=®, =E g 4=—(0.27 (N/C)-m)z =0 (since z = 0).
fig, =+ = @, = E -Ag A4 =(-5.00 N/C-m)(0.300 m)’x =—(0.45 (N/C) -m)x.
@, =—(0.45 (N/C)-m)(0.300 m) = —(0.135 (N/C)-m?).
Ay =—i = ®, = E Ay A=+(0.45 (N/C)-m)x =0 (since x =0).
(b)Total flux: @ =®, +®, =(0.081-0.135)(N/C)-m* =-0.054 N-m*/C. Therefore, g =Rd =-4.78x10"" C.

>
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22.8.

22.21.

22.30.

EVALUATE: Flux is positive when E is directed out of the volume and negative when it is directed into the
volume.

IDENTIFY: Apply Gauss’s law to each surface.

SETUP: 0, 1s the algebraic sum of the charges enclosed by each surface. Flux out of the volume is positive and
flux into the enclosed volume is negative.

ExEcUTE: (a) @  =¢,/R =(4.00x10” C)/R =452 N-m’/C.

(b) @ =¢,/R=(-7.80x10"" C)/R =—881 N-m’/C.

(©) @, =(q,+¢,)/R =((4.00-7.80)x10" C)/R =—429 N-m*/C.

(d) @5, =(g,+¢:)/R =((4.00+2.40)x10” C)/R =723 N-m’/C.

(&) O, =(q,+q,+¢;)/R =((4.00-7.80+2.40)x10” C)/R =158 N-m*/C.

EVALUATE: (f) All that matters for Gauss’s law is the total amount of charge enclosed by the surface, not its
distribution within the surface.

IDENTIFY: Add the vector electric fields due to each line of charge. E(r) for a line of charge is given by
Example 22.6 and is directed toward a negative line of chage and away from a positive line.

SET UP: The two lines of charge are shown in Figure 22.21.

v

b
“iu.zm m A2 = —2.40 uCfm - 1 4
27 r
) (e 0.400 m
0.200 m ¢
Ay = H4.80 wuCfm
Figure 22.21

EXECUTE: (@) At point g, El and Ez are in the +y-direction (toward negative charge, away from positive
charge).
E, =(1/22R)[ (4.80x107 C/m)/(0.200 m) | = 4314x10° N/C

E, =(1/27R)[ (2.40x10°° C/m)/(0.200 m) | =2.157x10° N/C

E=E, +E,=647x10° N/C, in the y-direction.
(b) At point b, El is in the +y-direction and Ez is in the — y-direction.
E, =(1/22R)[ (4.80x10 C/m)/(0.600 m) | =1.438x10° N/C

E, =(1/27R)[ (2.40x10°° C/m)/(0.200 m) | =2.157x10° N/C

E=E,-E =72x10* N/C, in the —y-direction.
EVALUATION: At point a the two fields are in the same direction and the magnitudes add. At point b the two

fields are in opposite directions and the magnitudes subtract.
IDENTIFY: The net electric field is the vector sum of the fields due to each of the four sheets of charge.
SETUP: The electric field of a large sheet of charge is £ = o /2R . The field is directed away from a positive
sheet and toward a negative sheet.

el Joil Jod Jal _ 1

EXECUTE: (a) At 4: E, BT R R (AR AR AR
0 0 0 0 0

E, :%(5 uC/m*+2 uC/m* +4 uC/m* —6 uC/m?) =2.82x10° N/C to the left.

0

(b) E,

1
2R

1
o sl led b
0 0 0 0 0

E,=—(6 uC/m* +2 uC/m* +4 uC/m* -5 £ C/m?) =3.95x10° N/C to the left.
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(2}
CE=u+————— o,|+ o5 —lo,|—|a]) -
1
E,. =E(4 uC/m*+6 uC/m* =5 uC/m? =2 uC/m*)=1.69x10° N/C to the left
0
EVALUATE: The field at C is not zero. The pieces of plastic are not conductors.
22.32. IDENTIFY and SETUP:  Eq.(22.3) to calculate the flux. Identify the direction of the normal unit vector i for each

surface.
EXECUTE: (a) E=-Bi+Cj—DK; A=1
face S A=—]

®,=E-A=E (4n)=(-Bi +Cj - DK)-(-4j) =—CL*.

®, =E-A=E-(4) =(-Bi + Cj - DK)-(4]) = +CI’.
face S,: A=-k
cDE

=E-A=E-(4A)=(-Bi +Cj - DK)-(—AK) = +DI.

-(AR)=(-Bi + Cj - DK) - (4i)=-BL*.

S

t

I

m

pTl

Il
=> M

®, =E-A=E-(4R)=(-Bi +Cj— DK)-(—4i)=+BL’.
(b) Add the flux through each of the six faces: ®, =—CL* — DL’ + CL’ + DL’ — B’ + BL’ =0
The total electric flux through all sides is zero.
EVALUATE: All electric field lines that enter one face of the cube leave through another face. No electric field
lines terminate inside the cube and the net flux is zero.
22.37. (a) IDENTIFY: Apply Gauss’s law to a Gaussian cylinder of length / and radius », where a <r <b, and calculate

E on the surface of the cylinder.
SETUP: The Gaussian surface is sketched in Figure 22.37a.

ExecuTE: @, =E(2xrl)
a |Jr1I — 0..q = Al (the charge on the
[p——— ‘ length / of the inner conductor
 a— that is inside the Gaussian
surface).
Figure 22.37a
O, = Oon gives E(27rl) = A
R R
E= 3 . The enclosed charge is positive so the direction of E is radially outward.
7Ry
(b) SETUP:  Apply Gauss’s law to a Gaussian cylinder of length / and radius r, where r > ¢, as shown in
Figure 22.37b.
";ﬁ
AP L EXECUTE: @, =E(2zrl)
! \
\ Sl r \ Q... = Al (the charge on the length /
| 1
(I I | of the inner conductor that is inside
\ L b the Gaussian surface; the outer
vy / conductor carries no net charge).

Figure 22.37b
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22.40.

O, = Oons gives E(27rl) = A
R R
E= Py The enclosed charge is positive so the direction of E is radially outward.
7Ry

(¢) E = 0 within a conductor. Thus E = 0 for r < a;

E= A fora<r<b; E=0forb<r<c;
27Br

E= e for r > ¢. The graph of E versus 7 is sketched in Figure 22.37c.
R

E

WG[V

|
|
|
a b c

Figure 22.37c

EVALUATE: Inside either conductor £ = 0. Between the conductors and outside both conductors the electric field
is the same as for a line of charge with linear charge density A lying along the axis of the inner conductor.
(d) IDENTIFY and SET UP: inner surface: Apply Gauss’s law to a Gaussian cylinder with radius r, where
b <r <c. We know E on this surface; calculate Q,

ncl*

EXEcUTE: This surface lies within the conductor of the outer cylinder, where £ =0, so @, =0. Thus by Gauss’s
law O,

surface of the outer conductor. The charge per unit length on the inner surface of the outer cylinder is —A.

outer surface: The outer cylinder carries no net charge. So if there is charge per unit length —1 on its inner surface
there must be charge per until length +4 on the outer surface.

EVALUATE: The electric field lines between the conductors originate on the surface charge on the outer surface
of the inner conductor and terminate on the surface charges on the inner surface of the outer conductor. These
surface charges are equal in magnitude (per unit length) and opposite in sign. The electric field lines outside the
outer conductor originate from the surface charge on the outer surface of the outer conductor.

IDENTIFY: Apply Gauss’s law.

SETUP: Use a Gaussian surface that is a cylinder of radius » and length /, and that is coaxial with the cylindrical

=0. The surface encloses charge A/ on the inner conductor, so it must enclose charge —A/ on the inner

ncl

charge distributions. The volume of the Gaussian cylinder is 7’/ and the area of its curved surface is 277l . The
charge on a length / of the charge distribution is ¢ = A/, where 1= pzR*.

2
EXECUTE: (a) For r<R, O, = prr’l and Gauss’s law gives E(2zrl) = QE;““ =L 7;’; ! and F = % , radially
0 0 0
outward.
(b) For >R, Q. ,=Al = prR’l and Gauss’s law gives E(27rl) =2 prR’l and E = PR _ 1 radiall
» Cena =M =P & "R R TRy 27Rr° Y

outward.

(c) At » =R, the electric field for BOTH regions is E = %, so they are consistent.
0

(d) The graph of E versus r is sketched in Figure 22.40.
EVALUATE: For r > R the field is the same as for a line of charge along the axis of the cylinder.



21-6

Chapter 21

22.42.

22.48.

1 r
R 2R

Figure 22.40

IDENTIFY: Apply Gauss’s law.
SETUP: Use a Gaussian surface that is a sphere of radius 7 and that is concentric with the conducting spheres.
ExecuTe: (a) For r<a, E =0, since these points are within the conducting material.

L9 ince there is +q inside a radius 7.

47l F()) r2 ’
For b <r<c, E =0, since since these points are within the conducting material

%, since again the total charge enclosed is +¢.
47B r
(b) The graph of E versus r is sketched in Figure 22.42a.
(c) Since the Gaussian sphere of radius r, for b < r < ¢ , must enclose zero net charge, the charge on inner shell
surface is —q.
(d) Since the hollow sphere has no net charge and has charge —g on its inner surface, the charge on outer shell

For a<r<b,E=

For r>c, E =

surface is +q.

(e) The field lines are sketched in Figure 22.42b. Where the field is nonzero, it is radially outward.

EVALUATE: The net charge on the inner solid conducting sphere is on the surface of that sphere. The presence of
the hollow sphere does not affect the electric field in the region » <b .

(@) (b)
Figure 22.42

IDENTIFY: Apply Gauss’s law.
SET UP: Use a Gaussian surface that is a sphere of radius r and that is concentric with the sphere and shell. The

4 2
volume of the insulating shell is V' = E;z([2R]3 - R3) = %R3 .
3
. 3
EXECUTE: (&) Zero net charge requires that —Q = 28”3PR ,S0 p=— 28QR3 .
T

(b) For r <R, E =0 since this region is within the conducting sphere. For» >2R, E =0, since the net charge
enclosed by the Gaussian surface with this radius is zero. For R <r <2R, Gauss’s law gives

4mp 0 P e ;

E(4zmr* _Q ., Hmp s and E = + 7’ —R*). Substituting p from part (a) gives

(4mr”) P 3P0( ) porwe 3P0r2( ) gp part (a) g

E=-2 or The net enclosed charge for each r in this range is positive and the electric field is outward.

“ 7R’ 287PR*
(c) The graph is sketched in Figure 22.48. We see a discontinuity in going from the conducting sphere to the
insulator due to the thin surface charge of the conducting sphere. But we see a smooth transition from the uniform
insulator to the surrounding space.
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22.51.

22.53.

EVALUATE: The expression for £ within the insulator gives £=0at r=2R.
E

70/(287e,R2) -

R 2R
Figure 22.48

IDENTIFY: The net electric field is the vector sum of the fields due to the sheet of charge on each surface of the
plate.
SETUP: The electric field due to the sheet of charge on each surface is £ = o /2R and is directed away from the

surface.
EXECUTE: (a) For the conductor the charge sheet on each surface produces fields of magnitude o /2R and in the

same direction, so the total field is twice this, or o /R .

(b) At points inside the plate the fields of the sheets of charge on each surface are equal in magnitude and opposite
in direction, so their vector sum is zero. At points outside the plate, on either side, the fields of the two sheets of
charge are in the same direction so their magnitudes add, giving £=0/R .

EVALUATE: Gauss’s law can also be used directly to determine the fields in these regions.

IDENTIFY: There is a force on each electron due to the other electron and a force due to the sphere of charge. Use
Coulomb’s law for the force between the electrons. Example 22.9 gives E inside a uniform sphere and Eq.(21.3)
gives the force.

SETUP: The positions of the electrons are sketched in Figure 22.53a.

+2e

If the electrons are in
equilibrium the net force on
each one is zero.

Figure 22.53a

EXeEcUTE: Consider the forces on electron 2. There is a repulsive force F, due to the other electron, electron 1.

The electric field inside the uniform distribution of positive charge is £ = QPrR3 (Example 22.9), where
a 0

O =+2e. At the position of electron 2, » = d. The force F,, exerted by the positive charge distribution is

2e)d
F,=ek= & and is attractive.
0

The force diagram for electron 2 is given in Figure 22.53b.
Fud 'F|
- @ >

Figure 22.53b
1 & 2e%d

Net force equals zero implies F| = F; and = 5
47 4d° 47RR
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22.61.

Thus (1/4d2)=2d/R3, sod’=R/8andd =R/2.

EVALUATE: The electric field of the sphere is radially outward,; it is zero at the center of the sphere and increases
with distance from the center. The force this field exerts on one of the electrons is radially inward and increases as
the electron is farther from the center. The force from the other electron is radially outward, is infinite when d =0
and decreases as d increases. It is reasonable therefore for there to be a value of d for which these forces balance.

(a) IDENTIFY: Use E (F) from Example (22.9) (inside the sphere) and relate the position vector of a point inside

the sphere measured from the origin to that measured from the center of the sphere.
SETUP: For an insulating sphere of uniform charge density p and centered at the origin, the electric field inside

the sphere is given by £ =Qr'/47RR’* (Example 22.9), where ' is the vector from the center of the sphere to the

point where E is calculated.
But p=30Q/4zR’ so this may be written as E = pr/3R. And E is radially outward, in the direction of

F', so E = pf'/3P.
For a sphere whose center is located by vector b, a point inside the sphere and located by F is located by the

vector F'=F —b relative to the center of the sphere, as shown in Figure 22.61.

\r -b
r

b

ExecuTe: Thus E:M

(%)
S0

Figure 22.61

EVALUATE: When b = 0 this reduces to the result of Example 22.9. When T = 5, this gives E =0, which is

correct since we know that £ =0 at the center of the sphere.

(b) IDENTIFY: The charge distribution can be represented as a uniform sphere with charge density p and

centered at the origin added to a uniform sphere with charge density —p and centered at F = b.

SeETUp: E=E, .. +E
Ehole is the field of a sphere located at the hole and with charge density —p. (Within the spherical hole the net
charge density is +p—p=0.)

where E is the field of a uniformly charged sphere with charge density p and

uniform hole uniform

= r oo
EXECUTE: E m= p—P, where T is a vector from the center of the sphere.

0

, at points inside the hole.

pr [-~(F-B)) b
3R 3R | 3R

EVALUATE: E is independent of F so is uniform inside the hole. The direction of E inside the hole is in the
direction of the vector b, the direction from the center of the insulating sphere to the center of the hole.



